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Introduction

Eukaryotes developed the defense system referred to as immune system to guard them
against invading pathogens such as bacteria, protozoan parasites, and viruses. The immune
system encompasses non-specific physical barriers and cellular responses as well as
pathogen-specific immune responses to a single microbial type (of species) (Charles A
Janeway, 2001). Noteworthy, CRISPR-Cas-based adaptive and heritable immunity was
discovered recently in prokaryotes (Garneau et al.,, 2010, Bhaya et al., 2011, Koonin and

Krupovic, 2015).

The so-called innate (non-adaptive) immune system builds the front-line defense against
pathogen attack. The intrinsic immune mechanisms act immediately after an infectious
agent enters the host but do not generate lasting protective immunity. The innate system is
an evolutionarily older defense strategy and is the dominant immune system found in fungi,
insects, plants, and in primitive multicellular organisms. The complement cascade system
derived from hepatocytes and leukocytes such as natural killer cells, eosinophils, mast cells,
basophils, and phagocytic cells (including macrophages, neutrophils, and dendritic cells) is an
essential part of the innate immune system (Charles A Janeway, 2001). In contrary, acquired
immunity (specific) are driven by the responses of lymphocytes (B and T cells) after the
exposure of a particular pathogen. Acquired immunity creates immunological memory
(memory B cells and memory T cells) after an initial response to a specific pathogen, leading
to an enhanced response to subsequent encounters with that same pathogen, which is the
basis of vaccination. The system is highly adaptable because of somatic hypermutation (a
process of accelerated somatic mutations), and V(D)J class switch recombination (an
irreversible genetic recombination of antigen receptor gene segments). This mechanism
facilitates a small number of genes to produce a large number of distinct antigen receptors,
which are then exclusively expressed on each individual lymphocyte. Lymphocytes, NK cells
(O'Sullivan et al., 2015), antigen presenting cells, antibodies and various cytokines are the

components of the adaptive immune system.

The immune system may be unsuccessful to neutralize a pathogen which as a result causing

deleterious health issues, consequently, may lead to death. Viruses such as Human
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Immunodeficiency Virus (HIV) are a classic example of invading the human immune system,
replicate, damage the immunity and ultimately causing Acquired Immunodeficiency
Syndrome (AIDS). Human immunodeficiency virus type-1 (HIV-1) belongs to the family of
Retroviridae and genus Lentivirus. The disease of AIDS was observed for the first time in
1981 (Gottlieb et al., 1981) in the United States. In 1983, research groups led by Robert Gallo
and Luc Montagnier independently declared that a novel retrovirus infection leads to the
disease (Gallo et al., 1983, Barre-Sinoussi et al., 1983), and the term HIV was coined in 1986

(Coffin et al., 1986).

HIV-1 infection causes a dramatic reduction in CD4+ T cells (T helper cells, cell count below
200 cells/pul blood (Opportunistic Infections Project Team of the Collaboration of
Observational et al., 2012)). Primate lentiviruses such as HIV, simian immunodeficiency virus
(SIV) use the cell receptors CD4 and a chemokine co-receptor to enter the host cells.
Macrophages and T helper cells are the target cells for HIV-1. As the infection progresses to
the AIDS phase (2-10 years post infection), the severely damaged human immune system
cannot prevent the infections normally controlled or neutralized. In addition the incidence of
tumors increases during the decay of the immune system. It is chiefly believed that the HIV
strains (HIV-1 and HIV-2) originated and evolved from the strains of SIVs (SIV¢, in
chimpanzees and SIV¢mm, in sooty mangabeys) and likely transmitted to humans through the
blood contact with primates during hunting activities in Africa (for a review see, (Sharp and
Hahn, 2011). HIV is primarily transmitted via human to human sexual contact, or by using

contaminated syringes and blood transfusions.

AIDS continues to be a major global health issue with estimated deaths of more than 25
million over last three decades. According to the latest survey carried out by World Health
Organization (http://www.who.int/gho/hiv/en/) in 2015, there were 36.7 million people
approximately living with HIV with 2.1 million new infections. It was estimated about 1.1
million AIDS-related deaths in 2015, significantly lower than the 2.3 million in 2005. Sub-
Saharan African population (25.5 million) contributed 69.5% of the total infected people. As
a result of research done over 30 years, valuable information about the HIV replication cycle
in humans and the mechanisms it adapts to escape from innate restriction factors was
identified. Administration of highly effective antiretroviral drugs (cART-combination

antiretroviral therapy) can stop the virus replication and the destruction of the immune
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system will be stopped, the damaged immune system can recover and the infected
individual might have a regular life expectancy. However, we do not have a cure for or a

vaccine against this epidemic.

A topic in the field of HIV research is the understanding of human lentiviral restriction
factors. Like other viruses, HIV-1 relies on various host cellular factors (dependency factors)
for infection. These affirmative factors are facilitating the entry, reverse transcription and
the integration of the viral genome into the host genome. In contrary, there are regulatory
factors in the host that inhibit the spreading of HIV at different stages of the virus life cycle.
Deep understanding of host restriction factor-virus interaction at a molecular level may help
for the development of promising new antiretroviral therapeutics and preventive measures.

This dissertation emphases on the molecular understanding of the action of APOBEC3A
(A3A), A3C and A3G on retroviruses and studied the following host-viral interaction: HIV-1
Vif with human A3C and A3G; murine leukemia virus glycosylated gag (glycogag) with human
A3A and mouse A3; foamy virus Bet with human A3G. Also, the knowledge was further
extended to understand the restriction of retroelements (LINE-1 element) by A3C and the
role of APOBEC4 were explored. An outline of background knowledge and basic facts about
retroviruses, retroelements, foamy viruses, human APOBEC3 family proteins are narrated

below.

Retroviruses and retrotransposons

Retroviruses and retroelements are found in mammals, plants and some insects. Their
replication is essentially dependent on host cellular machinery. Mobilization of
retroelements in genomes and infection of retroviruses are known to cause deleterious
effects in the host. This section discusses the structure, genome organization and

pathogenesis of some retroviruses and retroelements.

Retroviruses
Retroviruses belong to the family of enveloped RNA viruses, Retroviridiae (Murphy et al

1995) possess two copies of single-stranded RNA (+ strand) which are often termed as
3



‘pseudodiploid’ as only one integrated copy of the viral DNA is detected after infection with
single virion (Principle of virology, second edition). The basic genome organization of simple
retrovirus is shown in Figure 2A. The genome is composed of gag (group specific antigen),
pol (polymerase) and env (envelope) genes flanked by LTRs (Long terminal repeats). The
genetic message stored in the RNA genome is reverse transcribed into double-stranded
cDNA by viral reverse transcriptase (RT). The retro synthesized DNA is then transported into
the nucleus and incorporated into the host genome at random location by the enzyme viral
integrase (IN). Thus irreversibly integrated viral DNA, referred as a provirus, can survive for
the lifetime of the infected cell. The host cell aids the expression of viral genes with the help
of host cellular machinery, thus produces viral proteins and RNA genome to make new

copies of the virus.

Evolution of Retroviruses

The genetic closeness or the distance among retrovirus families based on the sequence of
viruses is shown in a phylogenetic tree (Kenyon and Lever, 2011) (Fig. 1). Immunodeficiency
viruses such as HIV-1 and its subtypes, SIV, and FIV collectively fall into lentivirus genus.
Studies concerned with lentiviruses (exogenous retroviruses) are of particularly interesting
because some cause AIDS, while others seem not to harm their hosts. Intriguingly, the
presence of endogenous lentiviruses such as leporid retroviruses like RELIK in rabbits and
prosimian immunodeficiency virus (PSIV) in Lemurs of Madagascar was discovered recently
(Goldstone et al., 2010, Katzourakis et al., 2007, Keckesova et al., 2009, Gifford et al., 2008,
Gilbert et al., 2009). It suggests that lentiviruses are more widespread than thought before,
can be incorporated into the host germline, and are ancient, existing prior to 12 million years

(van der Loo et al., 2009, de Matos et al., 2011).

Humans, like other mammals, possess retroviruses that exist in two forms: as normal genetic
elements in the chromosomes (endogenous retroviruses) and as horizontally transmitted
infectious viruses which can be spread among human (HIV and human T cell leukemia virus,
HTLV) (Cloyd, 1996). As the viruses are constantly facing the pressure from the immunity of
the host, they co-evolve continuously to counter-adapt from the host restriction machinery

(Arnaud et al., 2007). Host-virus co-evolution aged deep time (many million years), the
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“arms race” between lentivirus and its host is ongoing (Gifford, 2012, Daugherty and Malik,

2012).
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Figure 1: Phylogenetic tree of retrovirus families. Unrooted phylogenetic tree of retrovirus
families according to its relatedness in their genetic sequence. Virus models used in this
thesis are highlighted with a box and arrow. (Figure was adapted from (Kenyon and Lever,
2011) with permission from Oxford University press).

Human immunodeficiency virus type 1 (HIV-1)

The basic genetic organization of a retrovirus is given in Fig. 2A. Mature spherical HIV-1
virions are about 145 nm in diameter (Briggs et al., 2003). The genetic and the structural
components of HIV-1 are shown in Figs. 2B and 2C. HIV-1 consists of two single-stranded
RNA with the size of 9.7 kb. In addition to the basic retroviral genes gag, pol and env, HIV-1
genome contains genes for accessory proteins as shown in Fig. 2B (it possesses nine ORFs
that encode 15 proteins). A detailed functional report of HIV-1 proteins are listed in
(Swanson and Malim, 2008). Regulatory proteins Tat (transactivator of transcription) and
Rev (regulator of expression of virion proteins) play crucial roles in virus replication (Dayton
et al., 1986, Fisher et al., 1986, Pollard and Malim, 1998), in particular Tat upregulates the

expression of all viral genes (Jeang et al., 1999), Rev on the other hand mainly enhances Gag,



Pol and Env protein expression while down regulating the Rev and Tat expression (Felber et
al.,, 1990). Accessory proteins such as Vif and Vpu are counteracting cellular restriction
factors (Neil et al., 2008, Yu et al., 2003). Together with Vpr and Nef these auxiliary proteins
strongly inhibit the barrier to escape from adaptive and innate immunity of the host (Li et al.,

2005, Malim and Emerman, 2008, Yan and Chen, 2012, Li and De Clercq, 2016).
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Figure 2: Retroviral genomes and HIV-1 particle: A): Portrayal of a simple retrovirus genome
organization. Flanking LTRs are shown in green (terminals), genes gag, pol and env are
represented in three different colors. B) & C): Schematic illustration of the genomic and
structural organization of HIV: A) retroviral genomes are typically made up of three
structural genes namely, gag, pol and env. The gag region codes matrix (MA), capsid (CA)
and nucleocapsid (NC) proteins. The pol gene in HIV makes protease (PR) and reverse
transcriptase (RT) and integrase (IN). The env gene encodes a surface protein (SU) and a
small transmembrane anchoring protein (TM). In addition, HIV has six accessory genes such
as tat, rev, vif, net, vpr and vpu for various regulatory functions during infection. LTR, long
terminal repeats in both ends. B) The spherical structure of the virus is conferred by its
membrane that contains surface protein gp120 and transmembrane protein gp41 (proteins
involved in the entry of virus into the human cells by binding to their receptors). Two copies
of the viral RNA (pseudodiploid) are coated with nucleocapsid (p7). Viral protease (p10)
functions to cleave the polyproteins (gag, pol, and env). Reverse transcriptase (p66) and
integrase (p32) forms complex machinery to incorporate proviral DNA into the host genome.
The matrix proteins (p17) cover the viral core. The capsid proteins (p24) build the core shell.



(Figure was adapted from Harrison’s Principles of Internal Medicine 17" Edition with
permission from the McGraw-Hill Companies).

HIV-1 replication cycle

In order to formulate a therapeutic or preventive measure against HIV infection, one has to
look closely at the mode of HIV-1 infection and replication in the host (Fig.3). The replication
cycle of HIV starts as soon as it enters the blood stream (reviewed in (Stevenson, 2003)). It
infects CD4" target cells either as a free virus particle or transmitted by dendritic cells via the
virological synapse. Binding of HIV surface protein gpl120 to CD4 receptor triggers
conformational changes in the protein complex allowing a domain of gp120 to interact with
the chemokine receptor CCR5 or CXCR4 (Clapham and McKnight, 2002). This, in turn, permits
gp41 to penetrate the cell membrane, resulting in the fusion of viral membrane (Sierra et al.,
2005). Only the viral core enters the cytoplasm and undergoes uncoating to release the RNA
and viral enzymes, and reverse transcription initiated by binding of cellular tRNAs and viral
RT (Harrich and Hooker, 2002). Viral ssRNA reverse-transcribed to dsDNA and the viral cDNA
imported to the nucleus. With the catalytic activity of IN, the cDNA gets integrated into the
chromosomal DNA at the random locus generating a transcriptionally active provirus (Van
Maele and Debyser, 2005). Cellular transcription factors initiate transcription of the
integrated provirus by interacting with the viral promoter in the 5" LTR region. Newly
translated viral polyproteins assemble with viral genomic RNAs at the cytoplasmic
membrane and together with cellular proteins such as APOBEC3G, nascent particles are

formed and bud out of the infected cell.

Viral escape strategies to evade human cellular restriction factors

The biology of HIV-1 depends on specific interactions with cellular proteins that support its
infection in human cells. The role of the dependency factors (such as the CD4 receptor used
for cell entry or the interaction of host Cyclophilin A is required for capsid uncoating)
contrasts the function of cellular antiviral proteins called restriction factors. At each step in
the course of HIV-1 infection in human cells, the virus is subjected to encounter diverse

intrinsic cellular antiviral restriction factors (for detailed reviews, see (Jia et al.,, 2015,
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Goubau et al., 2013, Yan and Chen, 2012, Harris et al., 2012)). Most prominent examples of
HIV-1 restriction factors are APOBEC3G, TRIM5a, Tetherin and SAMHD1 (Malim and
Bieniasz, 2012, Schaller et al., 2012). Very recently, the list is further extended with the
discoveries of SLFN11, MxB (GTPase), and SERINC5 (counteracted by Nef) proteins (Haller,
2013, Li et al., 2012, Liu et al., 2013, Razzak, 2012, Goujon et al., 2013, Kane et al., 2013,
Sood et al., 2017, Rosa et al., 2015, Usami et al., 2015, Fricke et al., 2014). It appears that the
key role of some HIV’s accessory proteins is the counteraction of cellular restriction factors,
eg: HIV proteins Vif and Vpx trigger the degradation of A3 proteins and SAMHDI,
respectively (illustrated in Figure 3 and 5). The SLX4 protein complex was identified as
cellular factors for Vpr-mediated G2/M cell cycle arrest and HIV-1 escape mechanism from
immune sensing. Vpr induced premature activation of the SLX4 complex was achieved by

direct interaction of Vpr with SLX4 and following events causing replication stress (Laguette
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Figure 3: Intrinsic antiviral factors against HIV1. Host restriction factors such as SERINCS5,
MxB, TRIM5, APOBEC3G, tetherin, SAMHD1, SLFN11 target multiple steps that occur in virus
life cycle. HIV-1 has evolved strategies to counteract these antiviral factors, through
accessory proteins such as Vif, Vpu and VpX or other unknown mechanisms. gRNA, genomic
RNA; ssDNA, single-stranded DNA; dsDNA, double-stranded DNA (Figure was adapted from
(Yan and Chen, 2012) with permission from Nature publishing group)

For lentiviruses, it has been proposed that the virus (HIV-1) benefits from a partially active
APOBEC3 by exploiting this particular cellular mechanism of innate immunity to enhance
viral diversity (Kim et al., 2010, Munk et al., 2012a, Sadler et al., 2010, Wood et al., 2009).
This dissertation mainly focuses on the antiviral activity of APOBEC3 (A3) family proteins -
the IFN induced, post-entry inhibitor of HIV 1 infection. As a theme, this thesis studied A3s
activity against HIV-1, SIV, Murine leukemia virus (MLV), prototype foamy virus (PFV) and
retroelements. The following section elucidates the known facts and the antiviral role of A3

family enzymes.

APOBEC3 family enzymes

Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC3, A3) genes are
found only in placental mammals, but might be evolutionary, as old as the origin of
mammals (LaRue et al., 2009, Miink et al., 2012b, Miink et al., 2008). APOBEC3G (A3G) was
recognized as an HIV restriction factor in the search to understand the lack of replication of
HIV-1 variants lacking vif gene expression (HIV-1Avif) in certain cells such as peripheral blood
mononuclear cells (Sheehy et al., 2002); discovered as a DNA deaminase (Harris et al., 2002)
and as a member of putative RNA editing family by genome sequencing (Jarmuz et al., 2002).
A3G belongs to the family of APOBECs that include in humans AID, APOBEC1, APOBEC2,
APOBEC4, APOBECS and seven A3s (A3A, A3B, A3C, A3D, A3F, A3G, and A3H). All seven
human A3 proteins are single-strand DNA (ssDNA) cytidine deaminases known to inhibit
diverse retroviruses, retroelements, RNA and DNA viruses (Arias et al., 2012, Chiu and
Greene, 2009, Sheehy and Erthal, 2012, Holmes et al., 2007, Cullen, 2006, Chiu and Greene,
2008) and can be induced by interferons (Peng et al., 2007, Peng et al., 2006, Tanaka et al.,
2006, Berger et al., 2010, Mohanram et al., 2013). Cytidine deamination of single-stranded

DNA (ssDNA) was shown to be the principle activity of A3 proteins (Yu et al., 2004a, Suspene
9



et al., 2004, Harris and Dudley, 2015, Browne et al., 2009), several biochemical and
biophysical properties such as DNA and RNA binding and oligomerization features,
deamination activity, three-dimensional structures, inter and intramolecular interaction
were studied in detail in recent years (Strebel and Khan, 2008, Belanger et al., 2013, Hache
et al., 2005, Huthoff et al., 2009, Ilwatani et al., 2006, McDougall et al., 2011, Salter et al.,
2009, Salter et al., 2016, Marino et al., 2016), they are collectively elaborated in chapter I, of

this thesis (Vasudevan et al., 2013).
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Figure 4: HIV restriction by APOBEC3 proteins. APOBEC3 proteins can be encapsidated into
HIV virions and result in the deamination of cytidines to uridines in viral cDNA upon initiation
of reverse transcription (RT) in target cells. Uracil templates adenine upon second-strand
synthesis, resulting in a G to A hypermutation. These viral cDNAs are subsequently degraded
(still controversial in the field) or integrated (although many are rendered non-functional).
(Figure was adapted from (Harris et al., 2012) with permission from ASBMB).

Depending on the experimental conditions, infectivity of HIV-1Avif particles can be reduced
by human A3G up to 1000-fold by accumulative mechanisms (Hultquist and Harris, 2009,
Malim and Bieniasz, 2012). Under laboratory settings, the Vif protein of HIV-1 counteracts
efficiently, but not completely A3D, A3F, A3G and A3H (Hultquist and Harris, 2009). In HIV-
1Avif infected cells, A3G binds to the viral nucleocapsid protein and gets incorporated into

the budding virus particle (Fig. 4) (Malim and Bieniasz, 2012). In the next round of infection,
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after cell entry, the viral (+) strand RNA is reverse transcribed into (-) strand DNA that is the
template for the (+) strand DNA synthesis, generating a complete, double-stranded DNA. The
particle-delivered A3G can inhibit HIV-1 through multiple mechanisms early in the infection
cycle, and viral genomes isolated in the first hours post infection contain many G-to-A
mutations also called hypermutations (Harris et al., 2003, Mangeat et al., 2003, Mariani et
al., 2003, Zhang et al., 2003). A3s deaminate cytidines in the single-stranded viral (-) strand
DNA, mutating them to uracils. As a consequence, the viral coding (+) strand shows G-to-A
changes (Fig. 4). The A3-induced editing of the viral genome can cause missense or nonsense
mutations in the viral genes and can damage the viral regulatory elements. In addition, A3G
interferes with multiple steps of reverse transcription (Bishop et al., 2008, Guo et al., 2006,
Guo et al., 2007, Langlois and Neuberger, 2008, Li et al., 2007, Mbisa et al., 2010, Wang et
al., 2012, Mbisa et al., 2007, Iwatani et al., 2007, Mink et al., 2012a) and A3G and A3F can
directly interact with the viral integrase and negatively affect the integration efficiency of
HIV-1Avif (Luo et al., 2007, Mbisa et al., 2010). The HIV-1 genomes with hypermutations that
accomplish to get integrated as a provirus may be defective, depending on whether
mutations occurred in the promoter regions or the tat gene. Conversely, HIV virus evolution
may benefit by sub-lethal mutation of host APOBEC3s (Dapp et al., 2013, Jaszczur et al.,
2013, Munk et al., 2012a, Bourara et al., 2007).

A3 acts as carcinogen

Many important aspects of the biology of A3 proteins are not resolved, and it is still
unknown how A3s distinguish self from non-self ssDNA. Evidence inferred that A3B impairs
genome stability by inducing base substitutions in genomic DNA in human cells (Shinohara et
al., 2012). Enforced overexpression of A3A causes DNA damage (double strand breaks-DSB)
and mutation that consequently trigger cell cycle arrest (Landry et al., 2011, Stenglein et al.,
2010, Suspene et al., 2011, Shee et al., 2013, Caval et al., 2013). Recent data support a role
of human A3 proteins, especially for A3B, to act oncogenic and cause C-to-T mutations in
breast cancer tissue (Burns et al., 2013a, Nowarski and Kotler, 2013, Taylor et al., 2013, Nik-
Zainal et al., 2012a). Somatic mutations from 21 breast cancer genomes reported recently,
they found a fascinating phenomenon of localized hypermutation, termed “kataegis” was
observed (Nik-Zainal et al., 2012a, Nik-Zainal et al., 2012b, Taylor et al., 2013). Evidence for

A3B mutagenesis pattern in multiple distinct cancers were recently reported (Burns et al.,
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2013b, Roberts et al., 2013). Thus the A3 family proteins can act as “double-edged sword”:
to protect the host from viral pathogens, and conversely can affect self-genome integrity, in
consequence, causing detrimental diseases. A short review on A3’s involvement in cancers is

given in chapter VI.

Viral infectivity factor (Vif): A protein that determines species specificity and
engages in intracellular duel with A3 proteins

The Vif protein of HIV-1 is required for the virus replication in A3G expressing cells (Gabuzda
et al., 1992, Strebel et al., 1987, von Schwedler et al., 1993, Yu et al., 2003, Yu et al., 2004b).
Vif binding to A3G will induce polyubiquitination and degradation of A3G by the cellular
proteasome machinery. The A3-Vif interaction is thought to be an important species
specificity determinant for HIVs and the related SIVs: A3 proteins that do not interact with
Vif are not counteracted (Mariani et al., 2003). The Vif protein governs species specificity:
For example, the Vif proteins of HIV-1 and chimpanzee SIV (SIVcpz) can induce the
degradation of human (h) A3G, enabling these viruses to infect humans. Conversely, hA3G is
resistant to the activity of SIVagm Vif, and humans are resistant to infection by this virus. In
addition, agmA3G is resistant to HIV-1 Vif, although it is susceptible to SIVagm Vif (Mariani et
al., 2003, Bogerd et al., 2004, Mangeat et al., 2004, Zhang et al., 2008).

To achieve polyubiquitination and subsequent degradation of A3G, Vif acts as an A3G
substrate receptor molecule by mimicking the SOCS-box component of a cellular E3 ubiquitin
ligase in the Vif-Cullin 5-Elongin B/C ubiquitin ligase complex (Bergeron et al., 2010,
Kobayashi et al., 2005, Liu et al., 2005, Marin et al., 2003, Mehle et al., 2004, Stanley et al.,
2008, Wolfe et al., 2010, Yang et al., 2001, Yu et al., 2004b, Wissing et al., 2010, Jager et al.,
2012b). The SOCS-box in Vif (residues 144—173), which consists of the BC-box and the Cullin-
box, is required for multimerization. The BC-box recruits EloC and the Cullin-box interacts
with Cul5 (Mehle et al., 2004, Yang et al., 2001, Yu et al., 2004b, Donahue et al., 2008,
Stanley et al., 2008, Wolfe et al., 2010).
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Figure 5: The interplay of Vif and APOBEC3G: Vif diminishes the intracellular pool of A3s
impairing virion encapsidation

(1) Vif defeats the antiviral activity of hA3 principally by both binding to hA3 and recruiting
an E3 ligase complex that mediates polyubiquitylation (Ubn) of hA3. Vif connects the cellular
E3 ubiquitin ligase with A3 which initiates the polyubiquitination of the A3 proteins by 26S
proteosomes. (2) Vif also partially impairs the translation of hA3 mRNA and thus reduces the
cellular protein pool. (3) These dual effects of Vif effectively deplete hA3 in the virus-
producing cells; thus, hA3 is not available for incorporation into virions budding from these
cells. Other auxiliary functions of Vif have been proposed, including the physical exclusion of
hA3G from virion encapsidation in the absence of degradation, perhaps owing to
sequestration of hA3G away from the sites of viral assembly/budding. (Figure was adapted
from (Chiu and Greene, 2008) with permission from Annual Reviews)

The binding of Cul5 to Vif is also mediated by the zinc-binding HCCH-box (residues 108—139)
and the T(Q/D/E)x5ADx2 (I/L) motif (residues 96—-107) (Wolfe et al., 2010, Yu et al., 2004b,
Dang et al., 2010b, Luo et al., 2005, Mehle et al., 2006, Xiao et al., 2006, Xiao et al., 2007). Vif
additionally hijacks the transcription cofactor CBF-B (Core binding factor B) to form this
active protein complex to degrade A3G and promote HIV-1 infection (Fig. 5) (Jager et al.,
2012b, Salter et al., 2012, Zhang et al., 2012, Matsui et al., 2014, Guo et al., 2014). There is
little knowledge about the regulation of Vif; it is not associated with kinases (Jager et al.,
2012a) and here as a part of this thesis, it was reported that Vif is not a phosphoprotein, and

serine/threonine phosphorylation of A3G or Vif is not required for Vif mediated A3
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degradation and viral infectivity (Kopietz et al., 2012) (in contrary to (Shirakawa et al., 2008,
Yang et al., 1996)). Several A3-Vif interaction motifs have recently been described in Vif such
as for A3G the G-box (residues 40-44) together with the WxSLVK motif (residues 21-26), the
FG-box (residues 55-72), the LGxGxxIxXW motif (residues 81-89) and the T(Q/D/E)xsADx,(l/L)
motif (Dang et al., 2010a, Dang et al., 2010b, Dang et al., 2009, He et al., 2008, Pery et al.,
2009, Russell and Pathak, 2007). Vif mutants that have a defect in binding to A3G, or Cullin 5,
or Elongin C are unable to counteract the antiviral activity of A3G by degradation. Besides
depleting A3G, Vif exploits alternative pathways to block packaging of A3G. In experimental
systems that lack Vif dependent A3G degradation, the presence of Vif, still protected HIV-1
particles from A3G, suggesting that binding of Vif to A3G can be sufficient (Kao et al., 2007,
Kao et al., 2004, Opi et al., 2007). Thus, it is possible that Vif induces structural changes in
A3G that prevent packaging and/or inhibit the enzymatic function of A3G (Dang et al., 2009,
He et al., 2008, Pery et al., 2009). In addition, Vif may specifically also inhibit the translation
of A3G mRNA by 30% - 50% and packaging of A3G into nascent virions (Fig. 5) (Kao et al.,
2003, Stopak et al., 2003).

There are a few reports that describe the activity of Vif on the cell cycle (DeHart et al., 2008,
lzumi et al., 2010, Sakai et al., 2006, Wang et al., 2007) suggesting that Vif has a role in
pathogenesis, in addition to its function of A3 counteraction. By expressing Vif, lentiviruses
can induce the degradation of APOBEC3 proteins, thereby overcoming these intrinsic
restriction factors. How viruses such as EIAV, MLV, HTLV, or foamy viruses (which do not
carry vif genes) resist inhibition by APOBEC proteins is an interesting issue.

Vif is a 23 kDa basic protein (192 amino acids), which is expressed late during the HIV-1
infection. Vif was found to interact with RNA and to short single- and double-stranded DNA
(Bernacchi et al., 2007, Dettenhofer et al., 2000, Henriet et al., 2005, Henriet et al., 2007,
Khan et al., 2001, Zhang et al., 2000). The disordered region of Vif protein, which contains
Cullin box was not observed in the crystal structure (Stanley et al., 2008). Results from
molecular modeling and mass spectrometry analysis also suggested that the C-terminal
domain (CTD) of Vif may be intrinsically unstructured which may gain its structure upon
binding the co-factors or during self-assembly (Auclair et al., 2007, Balaji et al., 2006,
Barraud et al., 2008). High resolution molecular structural determination of Vif by X-ray
crystallography or NMR has been precluded by an inability to produce soluble full-length Vif

protein (Barraud et al., 2008, Gallerano et al., 2011, Marcsisin and Engen, 2010, Marcsisin et
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al., 2011), recently it was reported that co-expression of human CBFB in E. coli greatly
increased the solubility of full-length Vif (Zhou et al., 2012).

The first complex structure containing HIV-1 Vif-CBFB-CUL5-ELOB-ELOC was solved recently.
Vif structure contains two distinct regions namely a-domain and a/B domain. CBFB binds to
the larger a/B domain (similar to RUNX1 binding) and ELOC/CULS interacted cooperatively

with small a-domain of Vif (Guo et al., 2014).

Retroelements

Retrotransposons or retroelements are the mobile genetic elements, ubiquitously present in
many eukaryotic genomes, and might mediate the genome evolution (Baltimore, 1985).
Human genome sequencing demonstrated that about half of the genome comprised of
transposon or its remnants. Retrotransposons contribute about 42% of the genome whereas
DNA transposons account merely 2-3% (Lander et al., 2001, Venter et al., 2001, Li et al.,
2001). Very recently, it was proposed that induced pluripotent stem (iPS) cells of human and
non-human primate (NHP) revealed differences in the regulation of L1 by APOBEC3B and
PIWIL2 gene expression, suggesting that L1 retrotransposons are differently active during
primate development. Differences in L1 mobility may have differentially shaped the
genomes of humans and NHPs and could have continuing adaptive significance (Marchetto

et al.,, 2013).

Genetic organisation and L1 replication cycle

Retrotransposons are classified into two sub-categories on the basis of the presence or
absence of long terminal repeat (LTR) regions. The Long Interspersed Elements type 1 (LINE-
1 or shortly, L1) retrotransposons are a group of proliferating, autonomous, non-LTR
elements that represent a major evolutionary force acting on the structure and composition
of eukaryotic genomes (and diseases) (Beck et al., 2010, Goodier and Kazazian, 2008, Huang
et al., 2010, Iskow et al., 2010, Kazazian et al., 1988). Approximately 21.1% of our
chromosomal DNA consists of L1 sequences (about 520,000 copies) (Lander et al., 2001,
Lindblad-Toh et al., 2005, Schumann et al., 2010). But only 80-100 L1s are functional and

retrotransposition competent in the average genome (Brouha et al.,, 2003). Unlike SINEs
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(short interspersed repeat elements) which lack internal RT, L1 RNA consists of two open
reading frames that encode functional ORF1p and ORF2p proteins, respectively (Figure 6A).
ORF1p is an RNA binding protein that has nucleic acid chaperone activity in vitro (Kolosha
and Martin, 1997, Martin and Bushman, 2001, Kolosha and Martin, 2003, Khazina and
Weichenrieder, 2009) and ORF2p has endonuclease (Feng et al.,, 1996) and reverse
transcriptase activities (Dombroski et al., 1994, Mathias et al., 1991). Like other retroviruses
and retrotransposons, L1 elements replicate via an RNA intermediate using a ‘copy-and-
paste’” mechanism. Strikingly, for retroviruses and LTR retrotransposons, reverse
transcription takes place in the cytoplasm (Goodier and Kazazian, 2008). In contrast, for non-
LTR retrotransposons reverse transcription occurs in the nucleus and is directly coupled to

genomic integration by target-primed reverse transcription (TPRT) (Cost et al., 2002, Luan et

al., 1993).
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Figure 6: Genetic organisation of L1 and its retrotransposition cycle. A) A functional L1
element is 6 kb long that includes a 5’-untranslated (UTR) region, consisting of an internal
promoter, two open reading frames (ORFs) separated by a 63 nucleotide intron and a 3’ UTR
terminating in a poly (A) tail (Dombroski et al., 1991). B) Reverse transcribed L1 mRNA (red)
exported to the cytoplasm, produce ORF1lp and ORFp2 proteins with host machinery and
forms RNP complex. This complex is then imported back to the nucleus for the site primed
reverse transcription by its ORF2 and integrate into the host chromosome (Figure courtesy:
Dr. Elena Khazina and Prof. Oliver Weichenrieder)
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After transcription, L1 mRNA is exported to the cytoplasm for the synthesis of L1 proteins:
ORFlp, ORF2p. The products subsequently bind their own mRNA and form
ribonucleoprotein (RNP) complexes (Hohjoh and Singer, 1996, Kulpa and Moran, 2005)
which will gain access to the nucleus where it is reverse transcribed into cDNA more likely
via TPRT by its RT enzyme (Cost et al., 2002, Feng et al., 1996) and integrated into the
genome (Fig. 6B) (Zingler et al., 2005).

Effects of retrotransposition

Mobilization of L1 elements and other transposons can be detrimental to the human
genome. L1 retrotransposon activity can cause diseases by insertional mutagenesis,
recombination, providing enzymatic activities for other non-long terminal repeat (non- LTR)
retrotransposons, and perhaps by transcriptional over-activation and epigenetic effects
(such as methylation changes in DNA) (Goodier and Kazazian, 2008, Solyom and Kazazian,
2012). Genetic disorders such as haemophilia (Kazazian et al., 1988), cystic fibrosis, muscular
dystrophy, neurofibromatosis, breast and colon cancer, altogether 96 diseases up to date,
were shown to be the consequences of genomic instabilities caused by L1, Alu and SVA
elements (Hancks and Kazazian, 2012). Recent reports propose that the endonuclease
activity of L1 may facilitate genome instability and chromosomal breaks (Gasior et al., 2006,

Lin et al., 2009).

In order to limit such lethal effects of retrotransposition, host cells have adopted different
strategies to control the propagation of transposons. Mechanisms such as DNA methylation
(Bourc'his and Bestor, 2004, Yu et al., 2001), small RNA (siRNA) mediated regulation (Aravin
et al., 2007, Malone and Hannon, 2009, Yang and Kazazian, 2006), DNA repair factors (Gasior
et al., 2008, Suzuki et al., 2009), and restriction by TREX1 DNA exonuclease (Stetson et al.,
2008) and recently the member of APOBEC3 cytidine deaminase family (Muckenfuss et al.,
2006, Kinomoto et al., 2007) (for an in-depth review, see (Levin and Moran, 2011)). Here the
effect of APOBEC3C on LINE elements and their mechanism of action of retrotransposition

was investigated, which is included in the thesis chapter X (Horn et al., 2014).
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Foamy Viruses
In addition to retroviruses HIV or SIV, peculiar retroviruses such as the foamy virus (Fig. 1)
were reported to be prevalent in African monkey species. The following section describes its

origin, molecular features, infectivity cycle and foamy virus Bet protein.

Historical perspective

The first description of foamy virus (FV) was reported in 1954 (Enders and Peebles, 1954). It
was found as a contaminant with an atypical cytopathic effect (CPE) with the formation of
multinucleated and vacuolated giant cells in primary kidney cell cultures from Old World
monkeys of the Macacaceae family. The name foamy virus or spumavirus was derived from
the foam-like appearance of syncytia in the infected monolayer cell cultures. Foamy viruses
were classified as retroviruses after the detection of FV RT enzyme. The first isolate of the
“foamy viral agent” was in 1955 (Rustigian et al., 1955). In 1971, a viral agent with FV-like
characteristics was isolated and identified from lymphoblastoid cells from a Kenyan patient
suffering from nasopharyngeal carcinoma (NPC) (Achong et al., 1971). At the time it was
called SFVcpz (hu) because of its origin and its marked similarity to the Simian Foamy Virus
found in chimpanzees. The origin of SFVcpz (hu) was debated until 1994, when SFVcpz was
cloned and sequenced (Herchenroder et al., 1994). The 86 to 95% amino acid identity
between SFVcpz and SFVcpz (hu) suggested that SFVcpz (hu) is likely a variant of SFVcpz and
not a unique isolate (Herchenroder et al., 1994). Sequence comparisons between the
original SFVcpz (hu) isolate and SFV from four distinct subspecies of chimpanzee
demonstrate that SFVcpz (hu) is most closely related to FV from Pan troglodytes
schweinfurthii, whose natural habitat includes Kenya. Since the original human foamy virus
(HFV) isolate came from a person who might have had contact with P. troglodytes
schweinfurthii in Kenya, the virus was probably acquired as a zoonotic infection
(transmission from animals to human) (Meiering and Linial, 2001) (for a detailed review on
Foamy Virus Epidemiology and Infection, see (Meiering and Linial, 2001, Gessain et al.,
2013)). HFV has now been renamed as the Prototype foamy virus (PFV) although it is much

III

of debate, whether the “real” origin of the virus isolates spread through in vivo cross-species

transmission from chimpanzee or if it is originated from a cell culture contamination
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(Gessain et al., 2013). Notably, most monkeys which are infected by foamy viruses carry also

an SIV infection.

Host-Virus co-speciation and evolution

FV genomes display a high evolutionary conservation among all the species infected and FV
genetic variability within one infected animal is very low overtime (<1% variation) (Schweizer
et al.,, 1999). The phylogenetic analysis of SFV polymerase and mitochondrial cytochrome
oxidase subunit Il (COll) from African and Asian monkeys and apes provide very similar
branching order and divergence times among the two trees, supporting the co-speciation.
Molecular clock calibrations revealed an extremely low rate of SFV evolution, 1.7 x 10 base
substitutions per site per year, making FV the slowest-evolving virus documented so far
(observed that the substitution rates for the host and SFV genes were very similar). These
results revealed highly congruent relationships, indicating virus-host co-evolution for at least
30-40 million years, making them the oldest known vertebrate viruses (Switzer et al., 2005,
Holmes, 2008). This ancient relationship may be responsible for the non-pathogenic
phenotype of SFV. The various SFVs do not seem to cause any recognizable disease in their
natural hosts, despite they are highly cytopathic in tissue culture (Linial, 2000, Meiering and
Linial, 2001, Murray and Linial, 2006, Gessain et al., 2013). There are reports of
recombination events between several circulating FV strains as well as deletions and
mutations have been reported in wild-living chimpanzees, in spite of their global genetic

stability (Liu et al., 2008).

When retroviruses get access to gametocytes, the resulting endogenous form of the virus
can be passaged in the germline along with the host cell genome and is no longer
transmitted as an exogenous virus (Holmes, 2011, Katzourakis and Gifford, 2010). The recent
discoveries of endogenous foamy viruses in the Madagascar aye-aye (Daubentonia
madagascariensis, a strepsirrhine primate/a primitive prosimian), a Chinese bat and the two-
and three-toed sloth from South America (Choloepus hoffmanni), of foamy virus-like
insertions within the genome of a “living fossil,” the Coelacanth (Latimeria chalumnae) that
provides the details of FV-host coevolution represents an age of over 400 million years ago

(MYA) (so the oldest known virus-host relationship), most recently from platyfish
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(Xiphophorus maculatus) and cod species (Han and Worobey, 2012a, Han and Worobey,
2012b, Katzourakis et al., 2009, Schartl et al., 2013, Wu et al., 2012). These finding of novel
endogenous and exogenous FVs not only extend the age of FVs, but the finding in non-
mammalian vertebrate phyla, supports the concept of the great evolutionary success of this

retroviral subfamily (Rethwilm and Bodem, 2013).

SFVs are highly prevalent in captive primate populations, with infection rates ranging from
70% to 100% in adult animals (Gessain et al., 2013, Meiering and Linial, 2001, Murray and
Linial, 2006). People like hunters, poachers, zookeepers, temple workers and villagers who
are occupationally exposed to non-human primates (NHP) can become infected with SFV
(Switzer et al., 2004, Wolfe et al., 2004, Gessain et al., 2013, Schweizer et al., 1995, Jones-
Engel et al., 2008) (documented in review (Gessain et al., 2013)). Such transmission in
personnel from zoos or primate centres was also recently demonstrated in Gabon and in
China (Huang et al., 2012, Mouinga-Ondeme et al., 2012, Mouinga-Ondeme et al., 2010),
recent study also confirmed the mode of cross-species transmission in hunters in Gabon is as

a result of severe bites (saliva) from gorillas (Mouinga-Ondeme et al., 2012).

Molecular biology of FV

Foamy viruses, also known to be as syncytial or spumaretroviruses represent an unusual
branch of the retrovirus family tree (Meiering and Linial, 2001). They have complex genomes
like HIV or HTLV [ranging from 10.5 kbp (Feline FV (Bodem et al., 1998)) to 13kbp (SFV,
chimpanzee strain (Herchenroder et al., 1994))] that encode Tas (or bel-1) (a nuclear
transcriptional transactivator) and Bet (an auxiliary protein), in addition to Gag, Pol and Env,
and their replication strategies differ from those of other retroviruses (Figure 8) (Linial,

1999); genome is flanked by LTRs.
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Figure 8: Genome organization of FV and replication strategies of viruses using RT. A)
Similar to HIV-1, FV possesses gag, pol, and env genes. The regulatory and accessory bell
and bel2 genes are localized between env and the 3’'LTR. The Bet protein is a product of a
spliced transcript and consists of Bell and Bel2 parts (self-made figure modified from (Lukic
et al., 2013)). B) Replication cycle: Orthoretroviruses (RNA genome in the virion) such as HIV
replicated through dsDNA intermediate and require integration of viral genome into host
genome for propagation, hepadnaviruses (ds DNA in the virion) in contrary, doesn’t
integrate their genome but require RNA intermediate (late RT) for its replication. FVs are
bridging these pathways, as they integrate their genome (DNA) into host (like
orthoretroviruses), they undergo late reverse transcription (like hepadnaviruses), in the virus
particles the genomes are mostly made of DNA. Moreover, the release of FV depends on
their related glycoprotein (Lindemann and Goepfert, 2003) as in hepadnaviruses, while
budding of orthoretroviral particles is Env-independent. RT, reverse transcriptase, RNA and
DNA molecules are denoted by blue lines with U and brown lines respectively. Arrows in the
figure guide the path of the viral replication event. (self-made figure adapted from
(Rethwilm and Bodem, 2013))

Foamy viruses can retrotranspose within a single cell and, even when viral particles are
released, reverse transcription occurs mainly in producer cells such that extracellular virions
contain double-stranded DNA (Yu et al.,, 1999). Regulation of FV genome expression,
multisplicing at the internal promoter and nuclear export strategies are reviewed in
(Rethwilm, 2010). Very recently, reviews on foamy virus molecular virology, tropism,

zoonotic transmission (Kehl et al., 2013), unique nature of foamy virus gag proteins (Mullers,
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2013), FV budding and release (Hutter et al., 2013), host interaction and intracellular
trafficking (Berka et al., 2013), RNA-protein interaction during the FV replication (Rethwilm,
2013), and evolution of FV (Rethwilm and Bodem, 2013) were appeared, implying that the
focus of researchers are being attracted towards the understanding of FV biology. FV are
promising candidates for the development of potential retroviral vectors for gene delivery
and vaccination (Lindemann and Rethwilm, 2011, Rethwilm, 2007, Trobridge, 2009,
Schwantes et al., 2003, Erlwein and McClure, 2010), due to their non-pathogenicity in any
species. In addition, FV may serve as a model for developing antiretroviral drugs for HIV-1 as
three-dimensional structure of FV integrase was the first solved retroviral integrase protein
by X-ray crystallography (Hare et al., 2010, Krishnan et al., 2010, Maertens et al., 2010,
Valkov et al., 2009). Recently, with crystallography and cryo-electron microscopy techniques,
structures of the intasomes from B-retrovirus mouse mammary tumor virus (Ballandras-
Colas et al., 2016), a-retrovirus Rous sarcoma virus (Yin et al., 2016), lentivirus maedi-visna
virus (Ballandras-Colas et al., 2017), and HIV-1 (mutated IN) (Passos et al., 2017) were solved

(Engelman and Cherepanov, 2017).

FV auxiliary protein Bet

FVs are the only member of Spumaretrovirinae and possess a complex genome that encodes
the accessory protein Bet (Fig. 8B). While Bet is found in vast amounts in the cytoplasm of
infected cells (Cullen, 1992) its exact function is not well understood (Linial, 1999). Studies in
past years provided debatable results. PFV Bet has been suggested to be involved in
resistance to viral superinfection (Bock et al., 1998).

Bet protein from feline foamy virus (FFV) was shown to inhibit cytidine deamination of the
viral genome and in particular, hinders the antiretroviral activity of the feline APOBEC3 (fe3)
without triggering their proteolytic degradation (Lochelt et al., 2005, Chareza et al., 2012,
Mink et al., 2008). The Bet protein domain involved in A3 counteraction was just identified
(Lukic et al., 2013). A mechanism for FFV Bet activity has not been identified, but an
interaction of FFV Bet and feline A3s was demonstrated to be vital (Chareza et al., 2012). For
the PFV system, controversial data regarding the function of Bet as an A3G antagonist have
been reported (Russell et al., 2005, Delebecque et al., 2006). Russell et al. (36) demonstrated

that human A3G and A3F proteins inhibit PFV due to a specific Gag-A3 interaction and
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induce guanine to adenine mutations in viral reverse transcripts. They also presented
binding of PFV Bet to human A3F and A3G, but not to murine A3 (mA3). PFV Bet could
rescue the infectivity of PFV Abet and Vif-deficient HIV-1 in the presence of A3G (Russell et
al., 2005). In contrast, Delebecque et al. found that PFV can be effectively restricted by A3G,
independent of Bet; they demonstrated human A3G, A3F (but not A3C), and A3G from
chimpanzee and African green monkey and mA3 were potentially restricted FV replication in
cell culture irrespective of Bet; FV Bet did not rescue the HIV-1Avif defect in presence of
hA3G (Delebecque et al., 2006). Like the Bet activity of FFV, the mechanism of PFV Bet’s
inhibition of the antiviral activity of A3G has not been resolved. This conclusion, however,
leaves open the question of how foamy viruses persist in their native, APOBEC3-expressing
hosts.

Strikingly, it was reported recently that PFV Bet inhibits antiviral activity of human A3C using
PFV and Lentiviral based reporter vector system. Bet binding to A3C failed to induce
degradation of A3C but instead, it inhibited the crucial dimerization of A3C (Perkovic et al.,
2009). Here, the thesis aimed to address whether PFV Bet can protect PFV and lentiviruses
against the antiviral activity of human A3G and attempted to understand the fate of A3G
bound Bet in human cell line (Jaguva Vasudevan et al., 2013), presented in chapter V. In
addition to cellular A3 factors, tetherin was also reported to inhibit the release of PFV and

FFV (Dietrich et al., 2011, Xu et al., 2011).
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Strategic findings of this thesis

e A point mutation in A3C (S61 to P61), boost the catalytic activity and enhances the
antiviral activity of A3C

e A3C prefers 5’-TTCA motif in single-stranded DNA (ssDNA) substrate as a hotspot for
cytidine deamination

e A3C.S61P hypermutates the viral genomes of SIVAvif and MLV but not of HIV-1Avif,
indicating an unknown escape mechanism of HIV-1

e A3C from a primate, sooty mangabey (smmA3C) potently restricts the replication of
HIV-1 in a deamination-dependent manner (reportedly, it resist Vif-mediated
degradation)

e Replacing the N-terminal region of hA3C with that of smmA3C drastically enhances
hA3C’s antiviral activity against HIV-1Avif

e Enzymatically active, producer cell and target cell A3A restrict MLV

e Glycosylated Gag (glycogag) of MLV inhibits the encapsidation of A3A, and to a lesser
extent of murine A3; but target cell A3A was not affected by glycogag

e Foamy virus Bet binds to A3G and prevents its encapsidation into virus, without
inducing its degradation but by impairing its cytosolic solubility

e The Bet - A3G interaction is independent of RNA, presumably a direct binding, this
does not affect the catalytic activity of A3G

e The catalytic activity of A3C is not required for inhibiting L1 retrotransposition, but
the self-association of A3C appears crucial for interacting with L1 ORF1p proteins,
thereby inhibiting RT activity of L1

e Unlike A3s, APOBEC4 did not exhibit ssDNA cytidine deamination, weakly interacted
ssDNA, enhanced the production of HIV-1
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Abstract: The APOBEC3 (A3) family of cytidine deami-
nases plays a vital role for innate defense against retro-
viruses. Lentiviruses such as HIV-1 evolved the Vif protein
that triggers A3 protein degradation. There are seven A3
proteins, A3A-A3H, found in humans. All A3 proteins can
deaminate cytidines to uridines in single-stranded DNA
(ssDNA), generated during viral reverse transcription.
A3 proteins have either one or two cytidine deaminase
domains (CD). The CDs coordinate a zinc ion, and their
amino acid specificity classifies the A3s into A3Z1, A3Z2,
and A3Z3. A3 proteins occur as monomers, dimers, and
large oligomeric complexes. Studies on the nature of A3
oligomerization, as well as the mode of interaction of A3s
with RNA and ssDNA are partially controversial. High-res-
olution structures of the catalytic CD2 of A3G and A3F as
well as of the single CD proteins A3A and A3C have been
published recently. The NMR and X-ray crystal structures
show globular proteins with six o-helices and five § sheets
arranged in a characteristic motif (o1-p1-p2/2"-02-B3-03-
B4-04-B5-05-006). However, the detailed arrangement and
extension of individual structure elements and their rel-
evance for A3 complex formation and activity remains a
matter of debate and will be highlighted in this review.
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Introduction: APOBEC3s — mammal-
specific antiviral polynucleotide
cytidine deaminases with
oncogenic potential

Apolipoprotein B mRNA editing enzyme, catalytic poly-
peptide-like (APOBEC3, A3) genes are found only in pla-
cental mammals, but might be evolutionary, as old as
the origin of mammals (LaRue et al., 2008; Miink et al.,
2012b). All seven human A3 proteins (A3A, A3B, A3C,
A3D, A3F, A3G, and A3H, Figure 1A) are single-strand DNA
(ssDNA) cytidine deaminases known to inhibit multiple
retroviruses, retroelements, RNA and DNA viruses (Arias
et al., 2012). Many important aspects of the biology of A3
proteins are not resolved, and it is still unknown how A3s
discern self from non-self ssDNA. Recent data support a
role of human A3 proteins, especially for A3B, to act onco-
genic and cause C-to-T mutations in breast cancer tissue
(Nik-Zainal et al., 2012; Roberts et al., 2012; Burns et al.,
2013; Nowarski and Kotler, 2013; Taylor et al., 2013).

The deaminases possess either one or two conserved
zinc-coordinating (Z) motifs, in which the zinc is coordi-
nated by a histidine and two cysteines. Z motifs can be
classified into three groups (Z1, Z2, Z3), but share the con-
sensus amino acid signature H-X-E-X,,  C-X,,C (where X
can be nearly any residue) (Jarmuz et al., 2002; Conticello,
2008; LaRue et al., 2008, 2009; Miink et al., 2008, 2012b)
(Figure 1B).

A3G, the best-studied A3 protein (Harris et al., 2002;
Jarmuz et al., 2002), is an inhibitor of variants of HIV-1
lacking the Vif gene expression (HIV-1AVif) in peripheral
blood mononuclear cells (Sheehy et al., 2002). During
retroviral budding, A3G binds to the viral nucleocapsid
protein, can be incorporated into HIV-1AVif progeny parti-
cles, and carried over within the virion. In the virion, A3G
proteins are then processed and cleansed of an inhibi-
tory RNA by the viral RNase H (Soros et al., 2007). After
cell entry, the viral genomic (+) strand RNA is reverse
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Figure1 Human APOBEC3 proteins.

(A) Schematic representation of human APOBEC3 (A3) cytidine deaminases. All A3 proteins share at least one zinc (2)-coordinating cata-
lytic motif. The color code indicates the amino acid specificity of the different Z-motif-containing deaminase domains (Z1, Z2, and Z3).
In humans, seven A3 proteins are detectable, A3A-A3H. (B) Amino acid sequences of indicated domains. Group-specific distinctions of

Z-domains are highlighted.

transcribed into the (-) strand DNA that is the template
for the (+) strand DNA synthesis, generating a complete,
double-stranded viral DNA. Particle-delivered A3G pro-
teins can inhibit HIV through multiple mechanisms early
in the infection cycle, by cytidine deamination of the
ssDNA and by reducing the reverse transcription and inte-
gration (for recent reviews, see Albin and Harris, 2010;
Wissing et al., 2010; Miink et al., 2012a). In the virus-
producer cell, Vif binding to A3G will induce polyubig-
uitylation and degradation of A3G, resulting in A3G-free
progeny virions. To achieve polyubiquitylation and sub-
sequent degradation of A3G, Vif acts as an A3G substrate
receptor molecule by mimicking the SOCS-box compo-
nent of a cellular E3 ubiquitin ligase in the Vif-Cullin5-
Elongin B/C ubiquitin ligase complex (Marin et al., 2003;
Sheehy et al., 2003; Yu et al., 2003, 2004; Mehle et al.,
2004; Bergeron et al., 2010). Vif additionally recruits the
transcription cofactor CBF-B to form this active complex
(Jager et al., 2012; Zhang et al., 2012). The A3-Vif interac-
tion is critical: Vif efficiently, but not completely, coun-
teracts A3C, A3D, A3F, A3G, and A3H. A3 proteins that do
not bind to Vif are not neutralized and likely inhibit HIV
(for a review, see Miink et al., 2012a). A3 antagonists that
presumably play a similar role as Vif proteins of lentivi-
ruses have been described for other viruses, too: the Bet
proteins in foamy retroviruses, the nucleocapsid protein
in human T-cell lymphotropic virus type 1, and the glyco-
sylated Gag protein (glyco-Gag) of murine leukemia virus
have been implicated in the counteraction of the anti-
viral activity of A3 proteins (Mariani et al., 2003; Lochelt
et al., 2005; Russell et al., 2005; Derse et al., 2007; Miink
et al., 2008; Perkovic et al., 2009; Kolokithas et al., 2010;

Chareza et al., 2012; Ooms et al., 2012; Jaguva Vasudevan
et al., 2013; Stavrou et al., 2013).

A3G is a two-domain deaminase with a Z2 and a Z1
domain (Z2g-Z1c, Figure 1B). These two functionally dis-
tinct subunits, the N-terminal pseudocatalytic domain
(CD1, residues 1-196), which is more positively charged
under physiological conditions, and the C-terminal cata-
lytic domain (CD2, residues 197-384) give the protein an
internal pseudosymmetry (Huthoff et al., 2009; Chelico
et al., 2010; Feng and Chelico, 2011). Genetic and bio-
chemical data illustrate that the CD2 in the context of the
full-length A3G alone is responsible for the deamination
activity, whereas the CD1 is more important for binding of
RNA or ssDNA (Hache et al., 2005; Navarro et al., 2005;
Schumacheretal., 2008; Huthoff etal., 2009; Chelico et al.,
2010; Feng and Chelico, 2011). After binding randomly to
ssDNA, but not to double-stranded DNA (dsDNA), A3G
translocates arbitrarily in small steps by sliding along the
polynucleotide and in larger steps by jumping/hopping
or intersegmental transfer (Chelico et al., 2006, 2008;
Nowarski et al., 2008; Shlyakhtenko et al., 2011, 2012).
The deamination in the CCC motif occurs processively,
i.e., one A3G molecule catalyses multiple deaminations
on the same ssDNA prior to attacking a different substrate
(Chelico et al., 2006, 2008). In the A3G recognition motif,
the pyrimidine rings of the -2 and -1 cytidine residues are
essential for motif recognition and deamination of the
third (0) cytidine residue (Rausch et al., 2009). Several
studies indicate that A3G deaminates predominantly in
the 3’-to-5” direction, where the CD1 domain is probably
required for introducing this bias (Chelico et al., 2006,
2008, 2010; Holden et al., 2008; Furukawa et al., 2009).
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Oligomeric organization of
APOBEC3s

What is the preferred oligomerization state of A3G and
other A3 proteins in human cells? Does the cytidine deam-
ination activity or the antiviral function of A3s require
monomers, dimers, or higher-order oligomers? Questions
like this have been addressed by many investigations
using several different techniques.

A3G and A3F isolated by gel filtration chromatog-
raphy from human or baculovirus-infected Sf9 cells
revealed protein complexes of >700 kDa, implicating
either homomultimerization of A3s and/or interactions
with additional protein species (Chelico et al., 2006; Chiu
et al., 2006; Kozak et al., 2006; Kreisberg et al., 2006).
Studies also described dimerization and higher-order oli-
gomers of A3B and A3C in living cells as well as in vitro
(Chiu et al., 2006; Wedekind et al., 2006; Niewiadomska
et al., 2007; Chen et al., 2008; Holden et al., 2008; Wang
et al., 2008; Huthoff et al., 2009; Salter et al., 2009; Stauch
et al., 2009; Chelico et al., 2010; Shandilya et al., 2010).

A3G can exist as monomers, dimers, or megadalton
oligomers, the so-called high molecular mass (HMM) com-
plexes (Jarmuz et al., 2002; Chiu et al., 2006; Wedekind
et al., 2006; Bennett et al., 2008). Resting CD4 T cells and
monocytes show low molecular mass (LMM) A3G com-
plexes, and activation of CD4 T cells promotes the recruit-
ment of LMM A3G and subsequent formation of HMM
complexes (Kreisberg et al., 2006). A3G has RNA-binding
properties (Jarmuz et al., 2002; Iwatani et al., 2006; Kozak
et al., 2006; Huthoff et al., 2009). RNA digestion in cell
lysates initially containing HMM complexes resulted in
LMM complexes supporting the notion that HMM com-
plexes are ribonucleoprotein complexes (Kreisberg et al.,
2006). Using tandem affinity purification techniques
coupled with mass spectrometry, specific components of
the HMM A3G and A3F complexes were identified to bind
RNA like in Staufen-containing RNA-transporting gran-
ules and in Ro ribonucleoprotein complexes (Chiu et al.,
2006), poly(A)-binding proteins (Kozak et al., 2006), in P
bodies (Gallois-Montbrun et al., 2007, 2008), and in stress
granules (Kozak et al., 2006; Gallois-Montbrun et al.,
2007, 2008). Analysis of RNAs in these complexes revealed
HIV-1 RNA, Alu, small Y RNAs, certain mRNAs (such as
that encoding A3G itself), and the 7SL RNA of the signal
recognition particle (Chiu et al., 2006; Kozak et al., 2006;
Gallois-Montbrun et al., 2008).

To obtain structural models of the A3G HMM or LMM
complexes, small-angle X-ray scattering (SAXS) was
applied to Sf9 cell-derived A3G (Wedekind et al., 2006).

A.A. Jaguva Vasudevan et al.: Structure of DNA cytidine deaminases = 1359

Low-resolution molecular envelopes were derived from
the SAXS data. RNase A treatment of the samples resulted
in an SAXS profile consistent with an A3G dimer. The
SAXS-derived molecular envelope of the untreated A3G
was significantly larger and could accommodate two
A3G dimer envelopes with no spatial overlap (Wedekind
et al., 2006). The authors described the shape of the RNA-
containing A3G oligomer, which likely presents a minimal
HMM particle, as an elongated cylinder, formed by two
A3G dimers. These two A3G dimers appear to associate
in a tail-to-tail fashion (protein-protein interactions via
the C termini) rather than in a head-to-head or head-to-
tail configuration. In contrast, cross-linking experiments
showed A3G dimers that appear to be arranged in a head-
to-head fashion with the two N-terminal CD1 domains
forming the contact. Mutating the CD1 of A3G abrogates
its RNA binding and self-association potential (Navarro
et al., 2005; Friew et al., 2009). Specifically, the conserved
W94, Y124, and W127 within the CD1 domain mediate A3G
oligomerization and packaging into HIV-1 virions (Bulliard
et al., 2009; Huthoff et al., 2009). Oligomerization-defi-
cient A3G proteins associate less efficiently with several
cellular RNA molecules, supporting a model that occu-
pation of the positively charged pocket by RNA promotes
A3G oligomerization (Bulliard et al., 2009; Huthoff et al.,
2009). Because native A3G can form oligomers larger
than dimers, an additional oligomer interface apart from
CD1-CD1 is likely to exist (Chelico et al., 2010).

The oligomerization state of A3G was analyzed by
multiangle light scattering (MALS) (Chelico et al., 2010).
Purified A3G is a polydisperse mixture, primarily contain-
ing dimers (~80%), along with subpopulations of mono-
mers (~18%), and higher-order oligomers (~2%). These
findings are in agreement with analytical ultracentrifuga-
tion data (Salter et al., 2009). A3G is packaged into HIV
particles as a multimer, perhaps by interacting with the
Alu portion of 7SL RNA or HIV RNA, but presumably not
as a monomer (Burnett and Spearman, 2007; Strebel and
Khan, 2008). To characterize the oligomerization state
of A3G while catalyzing the deamination of HIV proviral
cDNA, atomic force microscopy (AFM) was employed to
investigate the dynamics and structural determinants of
A3G bound to ssDNA (Chelico et al., 2008, 2010; Shlyakht-
enko et al., 2011, 2012).

The first reported A3G AFM experiments suggested
that A3G forms stable complexes of higher-order oligom-
ers with ssDNA, and the stoichiometry of these complexes
depended on salt concentrations and divalent cations
(Chelico et al., 2008, 2010). Without salt, the binding of
ssDNA appears to cause A3G dissociation from higher-
order oligomers to predominantly monomers and dimers
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Figure 2 Possible ways of (in vitro) A3G-ssDNA interaction studied by AFM.

A hybrid DNA substrate made up of dsDNA (thick) and an ssDNA tail (where A3G binds). One blue oval unit represents a full-length A3G mol-
ecule. Free A3G can exist as monomers and dimers (RNase treated). A3G complexed with ssDNA is primarily dimeric, but A3G monomers or
higher-order oligomers (HMM; high molecular mass complexes) can also bind ssDNA substrates (adapted from Shlyakhtenko et al., 2011).

(Chelico et al., 2008). Applying an improved hybrid ssDNA
substrate Shlyakhtenko et al. demonstrated later that
ssDNA-complexed A3G is mostly dimeric, unbound A3G
was predominantly monomeric, and A3G monomers,
dimers, and higher-order oligomers could bind ssDNA
substrates in a manner independent of strand polarity and
availability of free ssDNA ends (Shlyakhtenko et al., 2011,
2012). Together, these data suggest that RNA-free A3G oli-
gomerizes upon binding ssDNA substrate, that the dimers
form more stable complexes than monomers, and that
oligomerization equilibrium is toward dimers (Figure 2).

NMR and crystal structures of
APOBEC3s

Three nuclear magnetic resonance (NMR) structures and
four X-ray crystal structures of the A3G CD2 catalytic
domain have been published to date (Chen et al., 2008;
Holden et al., 2008; Furukawa et al., 2009; Harjes et al.,
2009; Shandilya et al., 2010; Li et al., 2012). In addition,
crystal structures of the A3F CD2 catalytic domain (Bohn
et al., 2013) and of A3C were determined (Kitamura et al.,
2012). Very recently, the NMR structure of A3A became
available (Byeon et al., 2013). However, an experimental
structure of the full-length A3G is still missing.

The characteristic architecture of A3G CD2 is a
hydrophobic five-stranded core B sheet surrounded
by six o-helices, called B1-5 and ol-o6, respec-
tively, throughout this review. Please note a different

numbering scheme in two of the original papers where
the N-terminal helix was missing (Chen et al., 2008) or
termed 00 (Furukawa et al., 2009). Structures have been
determined for variants of different length reflecting the
wild type and two CD2 mutants (dubbed A3G-2K3A and
A3G-2K2A) of human A3G (see Table 1 for details). In
A3G-2K3A, the solubility of the monomeric protein was
increased by lysine substitutions L234K and F310K in
combination with C243A, C321A, and C356A to minimize
the chance of intermolecular disulfide bond formation
and to promote long-term stability (Chen et al., 2008). In
A3G-2K2A, C321 was not mutated in order to study C321’s
interaction with the inhibitor compound MN30 (Li et al.,
2012). Structure elements in A3G CD2 are arranged in the
order of a1-B1-B2/2"-02-B3-03-B4-0a4-B5-05-006 (Figure 3A).
The second B strand is divided and forms a $2-bulge-f2’
region (Chen et al., 2008; Furukawa et al., 2009; Harjes
et al., 2009; Shandilya et al., 2010). Only one X-ray struc-
ture shows a continuous B2 strand (Holden et al., 2008),
resembling the distantly related APOBEC2 structure
(Prochnow et al., 2007), but this continuous 2 strand in
A3G CD2 was heavily disputed and might be an artifact
(Harjes et al., 2009; Shandilya et al., 2010). Autore et al.
observed a general trend toward the ordered conforma-
tions of the B2 strand during molecular dynamics (MD)
simulations of the NMR structures, which had a distorted
starting conformation of B2 (Autore et al., 2010). This
revealed that this distortion is dependent on preferen-
tial hydration of residues within the 2 strand, which in
turn forms a continuous 3 sheet in the full length CD1
and CD2 assembly.
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Table1 APOBEC3 and APOBEC2 structures with references.
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Subject Method PDB code Protein Reference
Human APOBEC3G X-ray crystallography 3E1U/ A3G (Holden et al., 2008)
31QS AA 197-380
3IR2 A3G (Shandilya et al., 2010)
AA 191-384 mutation 2K3A?
3V4K A3G (Lietal., 2012)
AA 191-380 mutation 2K2AP
3V4) A3G (Lietal., 2012)
AA 191-384 mutation 2K3A?
MN30 bound
Solution NMR 2JYW A3G (Chen et al., 2008)
AA 198-384 mutation 2K3A?
2KBO A3G (Furukawa et al., 2009)
AA 193-384
2KEM A3G (Harjes et al., 2009)
AA 191-384 mutation 2K3A?
Human APOBEC3F X-ray crystallography 410U A3F (Bohn et al., 2013)
AA 185-373 mutation 11X¢
Human APOBEC3A Solution NMR 2M65 A3A (Byeon et al., 2013)
AA 1-199
Human APOBEC3C X-ray crystallography 3vow/ A3C (Kitamura et al., 2012)
3VM8 AA 1-190
Human APOBEC2 X-ray crystallography 2NYT A2 (Prochnow et al., 2007)
AA 41-224
Modeled Homology modeling A3G (zhang et al., 2007)
structures AA 1-384
A3G (Harjes et al., 2009)
AA 1-384

A3G dimer model (Bulliard et al., 2009;
Huthoff et al., 2009)
A3C (Stauch et al., 2009)

AA 1-190

32K3A Mutation: L234K, F310K, C243A, C321A, C356A.
®2K2A Mutation: L234K, F310K, C243A, C356A.

11X Mutation: Y196D, H247G, C248R, C259A, F302K, W310D, Y314A, Q315A, K355D, K358D, F363D.

MN30, methyl-3,4-dephostatin; AA, amino acid.

The catalytic zinc is coordinated directly by H257,
(288, and C291 and indirectly by the catalytic residue
E259 via a water molecule (Holden et al., 2008). The zinc-
coordinating active site, 02-f3-0.3, is anchored within the
platform of B strands. The catalytic site is further sup-
ported by the a5- and a6-helices, which make extensive
stabilizing hydrophobic contacts with the -strand plat-
form (Chen et al., 2008). Despite the common character-
istic fold of the published A3G CD2 structures, they show
conformational differences in several functionally impor-
tant regions.

The first NMR structure of A3G198-384 (2K3A mutant,
PDB accession 2JYW) was reported by Chen et al. (2008).
Residues 198-384 of A3G were sufficient for DNA deami-
nation. The authors also titrated ®N-labeled A3G-2K3A
with a nonlabeled 21-base ssDNA and recorded a series of

2D HSQC NMR spectra of the protein to understand how
A3s recognize ssDNA. Resulting changes in NMR signal
position (chemical shift perturbation, CSP) or NMR signal
intensity indicate binding of the ligand. The strength of
the CSP observed for a given amino acid residue is often
inversely related to the distance of this residue to the site
of binding in the complex. Significant CSPs were detected
for the conserved R215 and R313, residues adjacent to R313
within the loop between B4 and o4 (B4-04 loop) and the
catalytic E259 (Chen et al., 2008). These results suggested
a DNA-binding model in which a brim of positively charged
residues (arginines 213, 215, 313, 320) positions the target
cytosine for catalysis that cannot access the catalytic glu-
tamate E259 without flipping out from the phosphodiester
backbone (Figure 3B). The presumable orientation of the
ssDNA relative to A3G in the complex was deduced from
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Figure 3 Structure of the CD2 (Z1c) of A3G.
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(A) A3G-CD2 structure [PDB 3IR2 (Shandilya et al., 2010)] composed of a core hydrophobic five-stranded f sheets (31-85) surrounded by six
o helices (01-06). The coordinating zinc atom is represented as a sphere. (B) A3G CD2 catalytic domain-DNA interaction model based on
the report by Chen et al. (2008). Positively charged residues (arginines) surrounding the active site and the catalytically active E259 are
labeled. Hhypothetical DNA binding path and the polarity are shown in black dashed line.

previous deaminase crystal structures (Xiang et al., 1997;
Teh et al., 2006; Chen et al., 2008).

The solution structure of wild-type A3G193-384 and
the position of a 10-mer ssDNA in the complex were also
determined in an independent NMR study (Furukawa
et al., 2009) (Figure 4). CSPs were observed for residues
in the ol and B1 loop (N208 and R215), in the $2’-02 loop
(C243, A246, E254, R256, and H257), in o2 (L260, C261, F262,
1263, V265, and 1266), in B4 (V305 and S306), in the B4-o4
loop (D316 and G319), in B5 (I337), in o5 (D348), and in the
o5—a6 loop (V351, D352, and D362). This CSP pattern was
similar to the one observed in the above titration of A3G-
2K3A with ssDNA (Chen et al., 2008). However, additional
CSPs were observed upon ssDNA binding to wild-type
A3G193-384 (Furukawa et al., 2009). These data imply that
the substrate cytidine is positioned close to catalytic E259,
conserved S284-W285-S286, and zinc-coordinating H257.
The exact location of the interacting ssDNA is controver-
sial. Three different models of the complex were proposed
based on CSP data in the two NMR studies and on the
crystal structure of wild-type A3G197-380 (Figure 4B) (Chen
et al., 2008; Holden et al., 2008; Furukawa et al., 2009).
It is possible that different modes of A3G-ssDNA interac-
tions coexist in solution. Furukawa et al. also observed the
deamination reaction of a 10-mer ssDNA carrying a C4,
C5, and Cé6 target sequence by wild-type A3G193-384 in
an NMR sample tube in real time in a series of 2D 'H-5C
HSQC spectra. Conversion of C6 to U6 was completed
within 30 min. Deamination of C5 occurs on a much
slower time scale of hours (Furukawa et al., 2009).

Another NMR study on the elongated A3G191-384
carrying the 2K3A mutation demonstrated that several

residues within ol stabilize the catalytic core (Harjes et al.,
2009). This NMR data was also used to build a model of
the full-length A3G that suggested that the CD1 pseudo-
active site and the CD2 catalytic domain are located on dif-
ferent faces of the holoenzyme (Harjes et al., 2009).

Recently, the high-resolution NMR structure of full-
length human A3A, the single CD A3Z1a protein, was pub-
lished (Byeon et al., 2013) (Figure 5). Comparison with other
APOBEC structures reveals that the A3A solution structure
most closely resembles crystal structures (see below) of
A3C (Kitamura et al., 2012) and of the catalytic CD2 of A3G,
in particular, of the mutated A3G-2K3A (Shandilya et al.,
2010) and A3G-2K2A (Li et al., 2012) variants (Figure 5),
while it shows local differences to published NMR solu-
tion structures of the A3G CD2 (Byeon et al., 2013). The A3A
structure displays an interrupted B2 strand (2-bulge-p2’)
and an N-terminal helix ol. NMR-based analysis of A3A
titrations with various ssDNA substrates showed that
specific binding of the substrate involves five A3A regions:
the active site, the 2’02 loop, the 33-03 loop, the B4-04
loop, and helix o4. These regions are situated in a local-
ized manner and cluster around the active site in the A3A
structure (Byeon et al., 2013), which strongly contrasts the
mapping of ssDNA binding to the CD2 of A3G (Chen et al.,
2008; Furukawa et al., 2009). In addition, NMR was used
to determine binding affinity of A3A for diverse single-
stranded oligonucleotides and to follow substrate deami-
nation in real time (Byeon et al., 2013).

The first crystal structure of A3G CD2 (PDB ID: 3E1U,
residues 197-380) was reported by Holden et al. (2008).
This protein was soluble, but differed to full-length
A3G with a 25-fold lower specific deamination activity,

Brought to you by | Heinrich Heine Universitat Dusseldorf
Authenticated
Download Date | 5/30/17 3:52 PM



DE GRUYTER

Figure 4 A3G CD2 NMR structure (Furukawa et al., 2009).

A.A. Jaguva Vasudevan et al.: Structure of DNA cytidine deaminases =—— 1363

(A) Residues close to the zinc-coordinating active center are highlighted in sticks. The possible position of the substrate cytidine is high-
lighted by an oval shape. (B) Predicted DNA-binding path through the active center of A3G CD2. The broken lines indicate the three different
positions of the ssDNA substrate proposed by Chen et al. (2008) (red), Holden et al. (2008) (blue), and Furukawa et al. (2009) (black) are

collectively presented.

a twofold reduced processivity, and virtually no 3’ to 5
deamination bias. The 2.3-A resolution structure shows a
core 3 sheet that is composed of five § strands surrounded
by six o-helices (Holden et al., 2008). In the active site
of A3G CD2, a zinc atom is coordinated by the residues
H257, C288, and C291, plus a water molecule. In the crystal
structure, the CD2 loops 1 and 3 and the regions near
the active site form a continuous ‘substrate groove’ hori-
zontally around the active center. The orientation of this
putative substrate groove differs (by 90°) from the groove
predicted by the NMR structure (A3G-2K3A) of Chen et al.
(2008) (Figure 4B). The groove leads into a deep pocket
where the zinc atom is located and continues toward the
left side over the a6-helix.

The second crystal structure of A3G CD2 (A3G residue
191:384-2K3A, PDB ID 3IR2) with a resolution of 2.25 A was
presented by Shandilya et al. (2010). This high-resolution
crystal structure revealed four extensive protein interfaces
(Figure 6A and B), of which one or more may be important

Figure5 Structure of A3A.

NMR structure of full-length human A3A [ruby, PDB 2Mé65 (Byeon
etal., 2013)] superimposed with the crystal structure of A3G CD2
[yellow, PDB 3IR2 (Shandilya et al., 2010)] and the crystal structure
of A3C [light blue; PDB 3VOW; (Kitamura et al., 2012)]. Interrupted
B2 sheet of A3A and A3G CD2 is pointed with a dashed line.
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Figure 6 The interfaces of A3G CD2 (PDB 3IR2).
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(A) Interface I, the largest interface between two A3G CD2 molecules in the crystal asymmetric unit (computed by PDBePISA). Residues that
make this interface are shown in sticks; unique nonconserved residues (W211, R213, Q318) are labeled in red. (B) Interface Il, the second
largest interface, which coordinates intermolecular zinc (red sphere) through H248 and H250 of one molecule and C261 and D264 (through
water-mediated H bond) of the second molecule. The structures were taken from Shandilya et al. (2010).

for A3G oligomerization and HIV restriction activity. The
surfaces that form the full-length A3G oligomers remain
unclear. SAXS studies have implicated that the C-terminal
half of A3G takes part in oligomerization (Wedekind et al.,
2006; Bennett et al., 2008). In contrast, coimmunopre-
cipitation studies demonstrated that N-terminal residues
in CD1 are required for RNA-mediated dimerization (Friew
et al., 2009; Huthoff et al., 2009). In the A3G CD2 crystal
structure (PDB ID 3IR2), the largest interaction interface
is determined primarily by contacts between identical
residues in the ol-loop-B1 region from both molecules in
the asymmetric unit. The second largest interface involves
the B2’-loop-02 residues 247-254 in each of the two mol-
ecules of the asymmetric unit. This loop also coordinates
an intermolecular zinc-binding site for a second zinc ion,
indicating a metal-mediated modulation of A3G oligomer-
ization. The third interface involves residues at N-terminal
(B1-B2 strands) and C-terminal ends of A3G-2K3A. The
fourth interface is made up of the tops of the o5 and 06
helices (Shandilya et al., 2010). These interaction inter-
faces observed between molecules in the crystal were

explored by the Protein Interfaces, Surfaces and Assem-
blies Service [PDBePISA (Krissinel and Henrick, 2007)].
It is likely that the residues lining the largest interaction
interface (901 A?) are essential for both A3G deaminase
and antiviral activity and that the second largest interface
(604 A?) of A3G contributes to its zinc-mediated oligomeri-
zation, which may not be essential for A3G’s HIV restric-
tion activity. Using NMR, it was further shown that the
addition of zinc triggers the oligomer formation, which
can be reversed by chelating agents. Based on analyses of
the A3G CD2 crystal 3IR2, a variety of potential surfaces
could be involved in A3G oligomerization, and a full-
length A3G model may give a better understanding about
the oligomerization surfaces.

The highest resolution of an A3G CD2 crystal structure
(A3G residue 191:384-2K2A, PDB ID 3V4K) published up to
now amounts to 1.38 A and provides full resolution of most
amino acid side chains (Li et al., 2012). In the same study,
the crystal structure of A3G 191380-2K3A in complex with
the small molecule inhibitor MN30 was solved at 2.04 A
resolution (PDB ID 3V4]). However, the position of the
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inhibitor in this crystal structure does most likely not
present the primary MN30-binding site in the CD2 of A3G
(Li et al., 2012). The authors proposed a model in which
the inhibitor molecule MN30 binds specifically to a pocket
adjacent to the A3G CD2 active site, reacts covalently with
(321, and pushes Y315 into the active site, thereby steri-
cally blocking the entry of substrate DNA cytosines.

The crystal structure of catalytically active and HIV-1
Vif-binding domain of A3F CD2 (A3F residues 185-373-11X,
PDB ID 4I0U) was recently solved at 2.75 A resolution
(Bohn et al., 2013). The 11-amino acid-substitution con-
struct rendered enhanced solubility and catalytic activ-
ity of the recombinant protein. A3F CD2 has a canonical
DNA cytosine deaminase fold, comprised of five B strands
and six a helices with the Zn coordination catalytic motif
(residues H249, C280, C283, and indirectly by the catalytic
residue E251 via a water molecule) (Figure 7). The Zn-
coordinating residue C283 and the catalytic residue E251,
which are located in helices o2 and o3, define the catalytic
pocket. Unlike the disrupted 2 strand of most A3G CD2
structures, A3F CD2 possesses an extended sheet as in A3C
and APOBEC2. Despite low sequence similarity, A3F CD2

AL

)
\'E\

Figure 7 Structure of A3F CD2.

The crystal structure of A3F , __-11X: A3F CD2 crystal structure asym-
metric unit consists of four chains (A, B, C, and D given in green,
wheat, yellow, and cyan, respectively). Superimposition of A3F

CD2 chains depicts the characteristic fold (five B strands and six o
helices) and conformational plasticity in the B1-2 loop region of the
protein (marked with a box). The conserved motif sequence 305-R
LYY FW D-311in the B4-0.4 loop region involved in heterologous
interface colored as the same as the chain color. Isologous interface
motifs of f1-f2 loop 223-EVVKHHS PV S-232in chainA, B, C, D
are colored as magenta, red, brown, and raspberry, respectively.

A.A. Jaguva Vasudevan et al.: Structure of DNA cytidine deaminases = 1365

structure shares the conserved helix (ol helix) and loop
regions with A3G CD2 and A3C (but not with APOBEC2).
Four molecules of A3F CD2 build the crystal asymmetric
unit. As seen in the A3G CD2 crystal structure (PDB ID
3IR2), A3F structure possessed two unique intermolecular
interfaces, but it does not contain the second Zn coordi-
nation site as in A3G CD2. The largest isologous interface
formed across identical regions of the two chains B and
D (Figure 7) and buries a total of 657 A? surface area. The
contacts occurred between B1-2 loop, o2-B3 loop, o3-B4
loop, and o4-B5 loop regions. The second heterologous
interface was observed twice (between chains A and B and
C and D) in the asymmetric unit and buries a total of 569
A2 (Figure 7). It is interesting to note that the p1-p2 loop
region involved in the formation of both interfaces (inter-
face 1 and 2) exists in two distinct conformations depend-
ing on the interface.

A highly conserved sequence motif across the various
human A3s is 305-RLYYFWD-311 in A3F-CTD (B4-04
loop), which is also conserved across mammalian species
infected by lentiviruses. This motif in CD1 and CD2 of A3F
is involved in viral encapsidation (Song et al., 2012). In
contrast, the less conserved motif of $1-32 loop region
(223-EVVKHHSPVS-232), involved in forming both inter-
molecular interfaces is not conserved across A3 family
members with the exception of A3D-CD2 (Bohn et al.,
2013).

The negatively charged molecular surface of A3F
CD2 raised some discussion about the Vif A3F interaction
(Bohnetal., 2013). It was previously reported that Vif binds
to negative surfaces in the o3-04 helices/the B4 strand
and the 02-03 helices/B3 strand of A3F CD2 (Albin et al.,
2010; Smith and Pathak, 2010; Kitamura et al., 2012). This
negative surface extends further into the f1-B2 loop region
(Bohn et al., 2013). Overall, the negative A3F CD2 surfaces
are electrostatically complementary to HIV-1 Vif, a highly
basic, intrinsically disordered protein. In addition, BLAST
search revealed that both A3F motif sequences (305-
RLYYFWD-311 and 223-EVVKHHSPVS-232) align closely
with sequences within HIV-1 Vif: 108-HLYYF*D-113 and
23-SLVKHHMYVS-32 (Bohn et al., 2013). This suggests that
perhaps HIV-1 Vif evolved to mimic portions of A3F and
that the molecular mimicry of Vif could play a role in mod-
ulating oligomerization or another molecular recognition
event.

The crystal structure of the single CD protein A3C
was presented by Kitamura et al. (2012). This structure
is of interest because it contains a Vif-binding interface
that is absent in A3G CD2, but present in A3G CD1. The
full-length A3C protein (residues 1-190) has a core plat-
form composed of six o-helices (0:1-06) and five  strands
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Figure 8 Comparison CD2 of A3G (Z1c) with A3C (Z2b).

(A) Comparison of A3G CD2 (cyan) [PDB 3IR2 (Shandilya et al., 2010)] and A3C (gold) [PDB 3VOW (Kitamura et al., 2012)] crystal structures,
conserved amino acids in loop 1 (purple), loop 3 (magenta), loop 5 (brown), and loop 7 (green) are labeled with the residue numbers. (B)
HIV-1 Vif-interacting interface on A3C. Structure-guided mutation analysis revealed the critical residues involved in Vif binding. The surface
structure depicts the position of the Vif-binding interface on A3C (resides between 0.2 and o:3; shown in wheat), color red (>50% resistance)
and raspberry (40-45%) indicates the resistance levels of Vif binding to A3C when they are mutated. Arrows guide to show rotations of the

A3C structure.

(B1-B5), with a coordinated zinc ion. Comparing the A3C
structure with the structure of A3G CD2 (PDB 3IR2) shows
that the core structures are highly conserved, but the loop
regions, particularly loops 1, 3, 5, and 7 of the A3C and
A3G CD2 structures, are distinct (Figure 8A). The A3C and
A3F CD2 structures exhibit a continuous well-ordered [32
strand that is different from the discontinuous 32 strand
of the A3G CD2 and the A3A (PDB 2Mé65). In contrast to
the APOBEC2 crystal, where a dimer is formed by pairing
two long B2 strands (Prochnow et al., 2007), there were no
indications of intermolecular contacts between 32 strands
in the A3C crystals (Kitamura et al., 2012). The Vif-bind-
ing interface was determined by structure-guided site-
directed mutagenesis and revealed the involvement of 10

amino acids for Vif binding located in an area between the
o2 and o3 helices, which forms a shallow cavity encom-
passed by hydrophobic and negatively charged residues
(Figure 8B). Additional investigations demonstrated that
the Vif-binding interfaces are highly conserved among
human Z2-type cytidine deaminases, including A3C, A3F,
and A3D, but not A3G (Kitamura et al., 2012).
Coimmunoprecipitation assays with mutants identi-
fied by a homology model indicated that aromatic residues
F55 and W74 in the respective B2 and o2 region of A3C are
important for A3C oligomerization and cytidine deamina-
tion activity (Stauch et al., 2009). The core structure of the
model A3C was quite similar to that of the experimental
crystal structure. The superimposition of model structure
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Figure 9 Model structure of A3C.

A.A. Jaguva Vasudevan et al.: Structure of DNA cytidine deaminases = 1367

(A) Superimposition of A3C crystal [PDB 3VOW (Kitamura et al., 2012)] (brown) and model (Stauch et al., 2009) (olive) structures; spheres
represent zinc. (B) Model structure of A3C showing the putative substrate-binding pocket (residues shown in surface representation; R122
is colored green), active site amino acid C97 (red) and zinc (sphere), and key dimerization residues (blue sticks).

of A3C core onto the A3C crystal structure (PDB 3VOW)
for 98% of the backbone atoms exhibited a Co. root mean
square (RMS) deviation of 1.082 A (187 out of 191 residues)
(Figure 9A). R122 in A3C, critical for nucleic acid binding,
has essential roles in the efficient RNA-dependent packag-
ing of A3C into virions (Stauch et al., 2009). This residue is
involved in the formation of a nucleic acid-binding pocket
primarily consisting of loops 1, 3, 5, and 7 of A3C, which is
approximately 15 A distal from the zinc ion coordination
site (Figure 9B).

Major challenges

In the last few years, advancements have been made in
elucidating the structure of the CD2 catalytic domain of
A3G and A3F as well as of A3C and A3A. However, an
NMR or crystal structure of the full-length A3G, contain-
ing both the CD1 and CD2 domains, is still lacking and
urgently needed for defining the biology of this protein.
In addition to exploring the structures of all human
A3s, there is a need for structures of nonhuman A3, like
murine A3 or feline A3s, to describe the structural evolu-
tion of these positively selected proteins. Work has to be
directed to better understand the regulation of the A3
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Abstract

The retroviral restriction factors of the APOBEC3 (A3) cytidine deaminase family catalyze the deamination of
cytidines in single-stranded viral DNA. APOBEC3C (A3C) is a strong antiviral factor against viral infectivity
factor (vif)-deficient simian immunodeficiency virus Avif, which is, however, a weak inhibitor against human
immunodeficiency virus (HIV)-1 for reasons unknown. The precise link between the antiretroviral effect of A3C
and its catalytic activity is incompletely understood. Here, we show that the S61P mutation in human A3C
(A3C.S61P) boosted hypermutation in the viral genomes of simian immunodeficiency virus Avif and murine
leukemia virus but not in human immunodeficiency virus HIV-1Avif. The enhanced antiviral activity of
A3C.S61P correlated with enhanced in vitro cytidine deamination. Furthermore, the S61P mutation did not
change the substrate specificity of A3C, ribonucleoprotein complex formation, self-association, Zinc
coordination, or viral incorporation features. We propose that local structural changes induced by the
serine-to-proline substitution are responsible for the gain of catalytic activity of A3C.S61P. Our results are a
first step toward an understanding of A3C's DNA binding capacity, deamination-dependent editing, and
antiviral functions at the molecular level. We conclude that the enhanced enzymatic activity of A3C is
insufficient to restrict HIV-1, indicating an unknown escape mechanism of HIV-1.

© 2017 Elsevier Ltd. All rights reserved.

residues into dU. During viral assembly, A3 proteins
are incorporated into progeny virions bound to viral
RNA and structural proteins [16—23] and exert an

Introduction
The APOBEC3 (A3) family of cytidine deaminases

builds an intrinsic immune barrier against retrovi-
ruses, retrotransposons, and other viral pathogens
[1-3], and recently, members of A3 were implicated
in genome-wide mutation events associated with
cancers [4-6] (for a review, see Ref. [7]). Humans
have seven A3s (ASA-A3D, ASF—-A3H). A3G, which
exhibits anti HIV-1 activity, is the best-studied
enzyme [8-10], and a second HIV-1 restriction
factor, A3F, also displayed potent antiviral activity
[11-15].

A3 enzymes mutate retroviral single-stranded
DNA (ssDNA) by catalyzing the deamination of dC

0022-2836/© 2017 Elsevier Ltd. All rights reserved.

antiviral effect upon subsequent infection by causing
mutations in the newly reverse transcribed viral
minus strand ssDNA [2]. The dC-to-dU base
modification in the minus strand DNA results in dA
instead of dG in plus strands, leading to coding
changes and premature stop codons in the viral
genome, which abort viral replication [24-26].
Additionally, deamination-independent modes may
restrict the virus, for example, by inhibiting reverse
transcription or interfering with integration [27-33].
As a countermeasure, lentiviruses developed the
viral infectivity factor (Vif) protein that binds A3s to

J Mol Biol (2017) 429, 1171-1191
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target them for polyubiquitination and proteasomal
degradation [34-36], thereby preventing the
incorporation of A3s into budding virions. These
A3-Vif interactions are often species-specific
[14,37-40].

A characteristic of mammalian A3 deaminases
is the presence of either one or two conserved
zinc-binding (Z) domains, in which Zn?* is coordinat-
ed by a Z signature (H-X-E-X54.31C-X5.4C, where X
can be any amino acid) motif, and these domains are
further classified into Z1, Z2, and Z3 domains [41-44].
A3A (Z1), A3C (Z2), and A3H (Z3) contain a single Z
domain, whereas A3B (Z2-Z1), A3D (Z2-Z2), A3F
(Z22-22), and A3G (Z2-Z1) are double Z domain
proteins. All seven human A3 genes are encoded on
chromosome 22, and it was speculated that duplica-
tions of single-domain genes led to the evolution of the
double domain A3s [42,44]. A3C shares a high
primary sequence identity of 77.4% with the
C-terminal part of A3F (termed, A3F-C-terminal
domain (CTD)). Of note, both A3C and A3F-CTD
proteins possess the DNA deaminase catalytic
function and the HIV-1 Vif binding region [14,45-48].

A3C was reported to have antiviral activity against
simian immunodeficiency virus (SIV) from the African
green monkey (agm), hepatitis B virus, herpes
simplex virus, certain human papillomaviruses, mu-
rine leukemia virus (MLV), and HIV-1 [37,47,49-54],
but there are several contradictory findings regarding
its viral packaging and deamination activity [55-59].
A3C is ubiquitously expressed in lymphoid cells
[60-62]. Its mMRNA expression level can be stimu-
lated by HIV-1 infection [55,57], and it was found to
be significantly elevated in HIV-1 elite controllers
[63]. However, A3C has no strong antiviral activity
against HIV-1 lacking vifgene (HIV-1Avif) [9,52,55].
The moderate deamination activity of ASC on HIV-1
genomes was linked with the evolution of viral
diversity rather than viral restriction [60]. Interestingly,
the capacity of HIV-1 Vif to induce degradation of
A3C is conserved in the majority of HIV-1 subtypes
[64].

The structure of A3C, with putative DNA substrate
binding pockets, was reported [46,47]. However, the
biochemical aspects of A3C catalytic activity and
their relevance for antiviral activity are not well
explored [65]. The goal of this study was to
understand the antiviral function and catalytic activity
of A3C using three different viral systems. Here, we
identified a single amino acid change (S61P) that
increased A3C's antiviral function solely due to the
enhancement of catalytic activity. We further report
that the S61P substitution in A3C did not affect
A3C's viral encapsidation, dimerization, nucleic acid
binding, and target motif for cytosine deamination.
Compared to the restriction of SIVAvif and MLV,
HIV-1Avif was found to be rather resistant to this
A3C mutant, suggesting an elusive escape mecha-
nism of HIV-1Avif.

Results

Viral restriction capacity of encapsidated A3C in
HIV-1Avif, SIVAvif, and MLV

To determine the antiviral activity of human A3C
(hA3C), we produced luciferase reporter viruses of
HIV-1Avif, SIVagmAvif, and MLV in the presence or
absence of A3C, pseudotyped with the glycoprotein
of vesicular stomatitis virus (VSV-G), and tested
their infectivity. Figure 1a shows that hA3C inhibited
SIV replication by about 2 orders of magnitude. In
contrast, infectivity of MLV and HIV-1Avif virions
produced in the presence of A3C was only reduced
to 58% and 62%, respectively, confirming the results
of other studies [9,52,55]. ASC was incorporated to
similar extent into all tested viruses; thus, differential
encapsidation of A3C into the viral particles cannot
explain the differences in antiviral activity (Fig. 1b
and c).

We then compared the impact of ASC orthologs on
HIV-1 infectivity. We produced HIV-1Avif particles
with A3C from chimpanzees, agm, and cat A3Z2b
and with human AS3F full-length or A3F-CTD (resi-
dues 184-373). Human, chimpanzee, and agm A3C
proteins similarly reduced the relative infectivity of
HIV-1Avif to 60%, whereas feline A3Z2b did not
inhibit HIV-1Avif (Fig. 2a). The full-length A3F
inhibited HIV-1Avif by nearly 2 orders of magnitude
relative to the control, whereas A3F-CTD resulted in
weak inhibition (Fig. 2a). In contrast to A3Cs and
full-length A3F, A3F-CTD expression was low, and
the packaging of ASF-CTD into HIV-1Avifwas below
the detection limit in our immunoblots (Fig. 2b). To
possibly enhance the expression of ASF-CTD, the
conserved N-terminal amino acids of A3C 'MNPQI
were inserted in A3F-CTD to replace '®‘LKEIL.
However, this variant also failed to form detectable
levels of protein (data not shown), and hence, we
used full-length A3F throughout this study.

Comparison of A3C and A3F-CTD structures

Because of its only moderate anti HIV-1 activity,
deamination by A3C has not been extensively
characterized [9,24,55]. To address why A3C is not
very catalytically active [55], we compared the
sequence and the three-dimensional structure of
prototype Z2-domain protein A3C with those of the
catalytically active C-terminal domain of the Z2-Z22
domain protein, A3F-CTD (Fig. 3a). The X-ray
structures of hA3C and catalytic A3BF-CTD were
recently solved [46,66—68]. Superimposition of the
structures of A3C (PDB ID: 3VOW) and A3F-CTD
(PDB ID: 444J) exhibits a Ca rmsd of 0.794 A, and
the overall canonical DNA cytosine deaminase fold
is intact (Fig. 3b). Given the critical roles of
conserved residues in preserving the conformation
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Fig. 1. Effects of encapsidated A3C on the infectivity of
HIV-1Avif, SIVAvifand MLV. (a) HIV-1Avif, SIVAvif, and MLV
reporter viruses were produced in the presence and absence
of hA3C. Infectivities of (RT normalized) equal amounts of
viruses, relative to the virus lacking A3C, were determined by
quantification of luciferase activity in 293T cells. Values are
means + standard deviations (error bars) for three indepen-
dent experiments. Unpaired ttests were computed to
determine whether the differences between vector and each
A3 protein reach the level of statistical significance. Asterisks
represent statistically significant differences: ***, p < 0.0001.
(b) Immunoblot shows the amount A3C in cell and the viral
lysates of HIV, SIV, and (c) MLV. HIV and SIV capsids
(anti-p24/27), MLV capsid (anti-p30), and A3C (anti-HA) were
detected with respective antibodies, and GAPDH served as a
loading control. “a” represent anti-antibody.

of the catalytic center and its DNA binding properties
[46,48,69-71], amino acids located close to the
Zn?*-coordinating motif were selected for mutagen-
esis to possibly impact deamination activity. The
amino acid sequence regions of A3C and A3F-CTD
depicted in Fig. 3a differ in four positions only (a total
number of 38 differing residues present in full-length
A3C compared to A3BF-CTD). We replaced the two
variable amino acids of A3C located most closely to
the Zn?*-coordinating motif with the ones found in
A3F-CTD (Fig. 3a, arrow mark). Thus, in A3C,
aspartate 99 in helix a3 was mutated to glutamate
(D99E), and serine 61 in the flexible loop 3 was
converted to proline (S61P). In addition, a double
point mutant of A3C carrying both S61P and D99E
was generated.

S$61P mutation in human A3C (A3C.S61P) shows
increased antiviral activity

We first tested the antiviral effect of the three A3C
mutants against HIV-1Avif, SIVagmAvif, and MLV
generated in the presence or absence of AS3s,
respectively. Compared to wild-type (WT) A3C, the
D99E mutant showed slightly reduced antiviral activity
against all tested viruses (Fig. 4a). In contrast, the
proline mutation S61P of A3C reduced the relative
infectivity of HIV, SIV, and MLV by a factor of 2, 4, and
2.5, respectively. The double mutant A3C.DS-EP
showed an activity lower than that of A3C.S61P but
stronger than that of WT A3C (Fig. 4a).

We next determined if the amino acid change(s) in
A3C resulted in modified expression, cytosolic solubil-
ity, or viral packaging of A3C in transfected 293T cells.
The amount of A3C variants in cell lysates and viral
particles was determined by immunoblotting. Expres-
sion and viral packaging of WT and mutant A3C were
found to be very similar in all three virus systems
(Fig. 4b and c). Furthermore, ASC and A3C.S61P
exhibited viral core localization in HIV-1Avif, SIVagmA-
vif, and MLV (Supplementary Fig. S1). To explore the
role of proline 61, we constructed an alanine mutant,
A3C.S61A, and compared the antiviral effects of
A3C.S61A, A3C.S61P, and WT A3C. Only
A3C.S61P inhibited all tested viruses effectively in a
dose-dependent manner; A3C.S61A restriction was
similar to or less efficient than WT A3C (Supplementary
Figs. S2a and S2b). Additionally, a catalytically inactive
A3C mutant A3C.C97S [47] was tested for anti HIV-1
and SIV activity in a dose-titration experiment.
A3C.C97S caused no inhibition of HIV-1Avif and a
very mild inhibition of SIVagmAvif at the highest
transfected plasmid concentration, which suggests
the involvement of an active site Zn®*-coordinating
residue (cysteine 97) in antiviral activity (Supplemen-
tary Fig. S2a). These observations posed the question
of why the proline mutant A3C.S61P showed stronger
antiviral activity than WT A3C.
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amounts of viruses, relative to the virus lacking A3C, were determined by the quantification of luciferase activity in 293T cells.
Values are means + standard deviations (error bars) for three independent experiments. Unpaired ttests were computed to
determine whether differences between vector and each A3 protein reach the level of statistical significance. Asterisks represent
statistically significant differences: ***, p < 0.0001; ns, not significant. (b) Amount of proteins in the cell lysate and A3 viral
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Fig. 3. Sequence and structure homology of A3C and A3F-CTD. (a) Sequence alignment of A3C and A3F-CTD amino acids
spanning the active center. The vertical lines above the sequences indicate the Zn®*-coordinating residues involved in catalytic
activity, and the bottom arrow specifies the variable amino acids that were taken into account for this study. (b) Superimposition of
A3C crystal structure (PDB 3VOW; blue) and A3F-CTD crystal structure (PDB 4J4J; pale orange) was made using Pymol
software and shown in cartoon. Residues in A3C, D99 (helix a3), S61 (loop 3), and its equivalent residues in A3F, E282 and P244
are displayed in sticks and surface model. Zinc atoms are represented as sphere.
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Fig. 4. A3C.S61P but not D99E mutant gained antiretroviral activity. (a) HIV-1Avif, SIVagmAvif, and MLV reporter viruses

were produced in the presence of vector only, A3C, A3C.D99E,

A3C.S61P, and double mutant ASC.DS-EP. Infectivities of (RT

normalized) equal amounts of viruses, relative to the virus lacking A3C, were determined by quantification of luciferase activity in
293T cells. Please note that the break in the y-axis of SIVagmAvifgraph was made for presentation purpose. Values are means +
standard deviations (error bars) for three independent experiments. Unpaired ttests were computed to determine whether
differences between vector and each A3 protein reach the level of statistical significance. Asterisks represent statistically
significant differences: ***, p < 0.0001. (b) Immunoblot shows the amount A3C in cell and viral lysates of HIV-1Avif, SIVAvif, and
(c) MLV. HIV and SIV capsids (anti-p24/27), MLV capsid (anti-p30), and A3C (anti-HA) were detected with respective antibodies,
and GAPDH served as a loading control. “a” represents anti-antibody.

Protein-RNA and protein—protein interaction
features of A3C are not altered by S61P mutation

To further characterize the impact of the S61P
mutation on A3C, we analyzed its tendency to form
intracellular oligomers. A3C was reported to bind
RNAs, which was found to be important for its activity
[47,72]. A recent study on diffusional mobility of A3C
fused to enhanced green fluorescent protein (EGFP) in
living cells suggested the presence of A3C in high-
er-order molecular mass (HMM) complexes, although
brightness analysis identified A3C as predominantly
monomeric [73]. The cellular HMM of A3G, found as
ribonucleoprotein complexes and the RNA-dependent
multimerization of A3G, was correlated with viral
packaging efficiency [16,48,73—78].

To explore whether A3C and A3C.S61P form similar
higher-order protein species by interacting with RNA,

we performed velocity sucrose gradient centrifugation.
Wild-type A3C and A3C.S61P distributed throughout
the gradient and were largely found in HMM com-
plexes, as tracked with ribosomal S6 protein (Fig. 5a).
Treatment with RNAse reduced the amount of higher-
order molecules of both A3C and A3C.S61P in the
maximum sucrose fractions and did not form low-
molecular-mass complexes but instead elevated as
aggregates (Fig. 5a, the last fraction) and sedimented
as pellet (Fig. 5b). A3F also resides in the HMM
complexes; however, unlike A3G, the A3F HMM
complexes are insensitive to RNase treatment [79],
suggesting that A3C forms unique HMM complexes
that are stabilized by RNA molecules.

A3C oligomerization was found to be crucial for
antiretroviral activity and LINE-1 inhibition, and A3C
was reported to form at least dimers in vivo [47,72].
However, molecular brightness analysis characterized
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immunoprecipitates (IP) and the cell lysates were subjected to immunoblot analysis using anti-HA and anti-V5 antibodies. Tubulin

7]

served as loading control. “a” represents anti-antibody.

EGFP-labeled A3C to be preferentially monomeric in
cells [73]. To determine whether A3C.S61P also forms
dimers, we performed pull-down assays. Then, 293T
cells were co-transfected with plasmids encoding
V5-tagged WT A3C (A3C-V5) plus hemagglutinin
(HA)-tagged WT A3C (A3C-HA), A3C.S61P-HA, or
mutants A3C.F55A-HA and A3C.W74A-HA that lack
the propensity to oligomerize [47]. Using experimental
conditions as before [47,72], WT A3C-HA and
A3C.S61P-HA co-precipitated an equal amount of
A3C-V5 in cell lysates prepared with radioimmunopre-
cipitation assay (RIPA) buffer. Treatment with RNAse A
did not reduce the co-precipitation of the V5-tagged
protein (Fig. 5¢c and Supplementary Fig. S3a), possibly
suggesting that ASC complexes were not bridged by

RNA. Consistent with our previous data, A3C mutant
F55A-HA did not precipitate the A3C-V5, and
W74A-HA precipitated A3C-V5 weakly (Supplementa-
ry Fig. S3a). Together, these data confirm that the RNA
binding and self-association of A3C are two separate
functions and that the S61P mutation did not affect
these inherent properties of A3C.

In addition, we performed co-immuno precipitations
(CO-IPs) using a mild lysis buffer containing 0.5%
Triton X-100 to confirm the RNA-mediated A3G-A3G
interaction [75,80]. Using this lysis condition, we found
no precipitation of A3C-V5 by A3C-HA or
A3C.S61P-HA, irrespective of RNAse treatment (Sup-
plementary Fig. S3b). This may indicate that the 0.5%
Triton X-100 containing mild lysis buffer did not isolate
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multimeric A3C complexes but was sufficient to isolate
cytosolic localized A3G multimers (Supplementary Fig.
S3b), supporting the previous observations that A3G
HMMs are stabilized by both protein—protein and
protein—RNA interactions [73,75,76,80,81]. In contrast,
the HMM complexes of A3C were stabilized mainly by
RNA, as the mild lysis condition did not isolate A3C
dimers but ASC RNA-HMM complexes and
RNA-deficient A3C aggregates (Fig. 5).

The S61P mutation in A3C enhances the editing
of viral DNA

Yu et al. showed that A3C produced substantially
fewer mutations than A3G in HIV-1Avif and
SIVagmAvifgenomes [55]. Hence, we tested wheth-
er virion-incorporated A3C and A3C.S61P caused
similar levels of DNA editing during infection. By
using the sensitive 3D-PCR [82,83], we selectively
amplified A3-mutagenized sequences of HIV-1Avif,
SIlVagmAvif, and MLV (a 714-bp segment of the
luciferase gene of the viral vector). DNA mutated by
A3s contains fewer GC base pairs, resulting in a
lower melting temperature during PCR. Therefore,
successful amplification at lower denaturation tem-
perature (Ty4; 83.5-87.6 °C) in 3D-PCR is an
indicator of mutagenized sequences.

3D-PCR amplification with HIV-1AvifA3C samples
formed amplicons until T4 is 86.3 °C, whereas
HIV-1AviffASC.S61P amplicons formed at 85.2 °C.
Control reactions using virions produced with A3G and
A3F resulted in amplification at lower Ty (84.2 °C;
Supplementary Fig. S4a). A3C and A3C.S61P pack-
aged in SIVagmAvif formed amplicons at 84.2 °C,
which was comparable to A3G- and A3F-containing
SIVagmAvif virions, indicating the possibility of hyper-
mutation. A similar finding was obtained with MLV; in
these samples, A3C.S61P formed PCR products at
84.2 °C, whereas WT A3C protein-induced mutations
were detected at 85.2 °C. A3G and A3F amplicon
formation appeared at 85.2 °C. Importantly, for the
control experiments (no A3), PCR amplicons could be
amplified only at the higher Ty (87.6 °C and weakly at
86.3 °C).

To characterize the G-to-A abundance and local
nucleotide context, the amplified PCR products from
the lowest denaturing temperature were cloned, and
independent clones were sequenced. In cases with
identical clones, only one is presented. Supplementary
Fig. S4b shows the overall viral G-to-A mutation load
(given as “X” %) and frequency of each tested A3 in a
dinucleotide context. Supplementary Fig. S5 illustrates
the extensive mutagenesis profiles observed in the
presence of the respective A3s in the tested viruses.

In HIV-1Avif, ASC and A3C.S61P induced a mutation
rate of around 6%, whereas A3G and A3F caused a
hypermutation rate of around 17% and 15%, respec-
tively. We defined hypermutation as an overall mutation
rate of >6% [84]. The majority of clones had a low

number of mutations, and only a few clones showed
exceptionally high levels of G-to-A mutations (49 and
39 mutations using A3C and A3C.S61P, respectively;
Supplementary Fig. S5). In contrast, ASC caused
hypermutations in SIVagmAvif and MLV, with rates of
14% and 8%, respectively. With A3C.S61P, the
amount of mutations was strongly enhanced in
SIVagmAvif and MLV to 23% and 19%, respectively,
and it surpassed the mutation rate caused by A3G and
A3F in viruses. Notably, the antiviral activity of A3G and
A3F against SIVagmAvifand MLV was lower than that
of A3C and A3C.S61P (Supplementary Fig. S6a).
Together, the data show that A3C is a DNA mutator
enzyme of SIVagmAvif and MLV, but it has a much
lower effect on HIV-1Avif, moreover, its point mutant
S61P enhances the net mutation rate (Supplementary
Figs. S4b and S5). These results together with those
obtained using the active site mutant A3C.C97S
(Supplementary Fig. S2a) support the model that
A3C inhibits SIVagmAvif and MLV primarily by DNA
deamination.

A3 proteins preferentially deaminate selected
cytidines to uridines with high specificity for a
substrate dinucleotide motif. The C-to-U deamina-
tion in the viral negative strand induces the G-to-A
mutation in the viral (plus strand) reverse transcripts
[24,55,85]. Thus, we analyzed the nucleotide context
of individual G-to-A mutations (5 nts) preceding and
succeeding the G hotspot on the coding (plus) strand
of the viral DNA induced by A3G, A3F, A3C, and
A3C.S61P, testing all three viruses. Using the ob-
served total mutations, the sequence logos were
plotted (Fig. 6a). These plots confirmed that A3G
favored the motif GG (mutated G underlined)
[9,24,26,85]. In contrast, A3F preferred the sequence
GAA irrespective of the virus source. A3C and
A3C.S61P also favored GA predominantly, but they
could mutate GG to a lesser extent (Fig. 6a and b).

A3C.S61P possesses improved in vitro catalytic
activity

Based on the mutation signatures of A3C detected in
three different viruses, we identified TTCA in the minus
strand (TGAA of the viral plus strand) as an ideal target
sequence of A3C. We performed in vitro deamination
assays using A3s isolated from cell lysates and viral
particles and ssDNA oligonucleotides containing the
preferred motif. We adapted the PCR-based in vitro
deamination assay described by Nowarski and Kotler
[86] by using different oligonucleotides. The assay
depends on a cytidine-to-uridine change in an 80-nt
ssDNA by A3. A subsequent PCR generates a double-
stranded DNA, replaces the uridine with thymidine, and
thus generates a new restriction site. The efficiency of
the restriction enzyme digestion is monitored using a
similar 80-nt ssDNA containing uridine instead of a
cytidine in the hotspot (Fig. 7, lane U). For cell-derived
A3s, 293T cells were transfected with A3-encoding
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plasmids together with viral plasmids. Then, 2 days
later, the cells were lysed, and HA-tagged A3s were
immunoprecipitated using anti-HA beads. A portion of
the beads was used for in vitro deamination assays
(Fig. 7) and another portion for the immunoblots
(Supplementary Fig. S6b). The reaction mixtures for
the assay were untreated or treated with RNAse A to
eliminate potential inhibitory RNA [87,88]. A3G deam-
inated the CCCA substrate efficiently as reported
previously [24,89] (Fig. 7a), and a very low-level
deamination was also observed for A3C and
A3C.S61P. In the experiments applying A3Cs, the
deamination product was very faint, and it was only
detectable after RNase A treatment. For the CCCA
substrate, the gradient of activity can be expressed as
A3G >>> A3C.S61P > A3C. Conversely, the cytidine
in the TTCA oligonucleotide was preferentially deam-

inated by A3C and A3C.S61P, but no activity was
detected with A3G (Fig. 7b). Remarkably, the deami-
nation activity of A3C.S61P was much stronger than
that of A3C in all three virus samples. Of note, similar
levels of in vitro deamination activity were observed for
the tested A3s precipitated from cell lysates that were
co-expressed with viral proteins in 293T cells to
produce virus particles (Fig. 7a and b).

The enzymatic activity of virion-incorporated A3
proteins may differ from that expressed in producer
cells. To test this possibility, we produced viral particles
packaging A3C, A3C.S61P, or A3G and subjected one
fraction of the pelleted virus to immunoblot analysis
(Supplementary Fig. S6b) and another fraction to the in
vitro deamination assay (Fig. 7). With the CCCA-
containing substrate, A3C and A3F deamination was
hardly detectable, whereas deamination by A3C.S61P
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Fig. 7. In vitro catalytic activity of ASC.S61P is enhanced. Deamination of the activity of A3 from the cell lysate (expressed
together with viral proteins) and viral particles was performed using two substrates containing (a) CCCA and (b) TTCA motif. To
enrich the A3 from cell lysate, we immunoprecipitated HA-tagged A3 proteins and the HA-beads bound to the proteins were used
in the activity assay (please note that A3F from IP did not yield enough protein due to less pipetted affinity beads in the HIV
sample; hence, we repeated this experiment and presented it in Supplementary Fig. S8). Virions were concentrated and lysed in
a mild lysis buffer and equal amount of lysate used for the assay. The amount of A3s used in the assay was shown in the
immunoblot (Supplementary Fig. S6b). Evident activity enhancement of A3C.S61P was highlighted with a dashed box. RNAse
treatment was included; oligonucleotide-containing uracil (U) instead of cytosine served as a marker to denote the migration of
deaminated product after restriction enzyme cleavage. S, substrate; P, product. Note that MLV/TTCA/virus experiment shown

was stained with SYBR gold.

was evident, and A3G was highly active, as expected
(Fig. 7a). Whereas with TTCA substrate, ASC.S61P
formed more products than A3C when packaged into
SIV and MLV particles, similar to the findings using
proteins precipitated from transfected cells (ASF >>>
A3C.S61P > A3C; Fig. 7b).

Although A3C.S61P showed increased deamination
activity compared to WT A3C when isolated from cells,
HIV-1 virion isolated A3C and A3C.S61P both had
similar low activity (A3F >>> A3C.S61P = A3C). To
further study the increased deamination activity of
the A3C mutant when packaged into SIVagmAvif
virions, we evaluated the dose-dependent activity of
virion-incorporated A3C and A3C.S61P (Fig. 8).
When we tested the incremental amount of virion
lysate (= packaged A3C), A3C.S61P showed en-
hanced catalytic activity, whereas A3C had fourfold
lower in vitro deamination activity (Fig. 8). Together,
these data indicate that virion-encapsidated A3C and
A3C.S61P were catalytically active in SIVagmAvifand
MLV, but HIV-1Avif evades much of the A3C-
mediated deamination in vivo by as yet unknown
mechanisms.

A3C and A3C.S61P form stable ssDNA complexes
in vitro

To determine whether the interaction of A3C with
the substrate DNA was differentially influenced by the
S61P mutation, we performed electrophoretic mobility
shift assays (EMSAs) using recombinant purified
glutathione S-transferase (GST)-tagged proteins
from 293T cells (Supplementary Fig. S7a). A3G is
known to form three distinct DNA-protein complexes
(Supplementary Fig. S7b) [81,86,90]. Recently, we
established EMSAs for A3C with a 30-nt DNA
oligonucleotide probe (TTCA) [91]. In a titration
experiment with protein concentration ranging from 2
to 1000 nM (2, 20, 40, 80, 160, and 1000 nM), we
found the formation of similar DNA—protein complexes
for both A3C and A3C.S61P (Fig. 9). Importantly, the
GST moiety did not affect the binding, and all DNA—
protein complexes in the EMSA could be efficiently
disrupted by adding the 80-nt unlabeled competitive
DNA carrying the same probe sequence at 200-fold in
excess [91].



1180

Deaminase-Dependent Antiretroviral Activity of ASC

A3C
kDa

A3C.S61P

g

-~ o HA (A3)

S T el
' i {ig

A3C

A3C-S61P

Uu 0 01 1 15 2 25 5 0.1

115 2 25 5 MIVLP

RTINS

L T T T T T YY" I™IE

HEEEY

- A3C.S61P
S 8
2
g 4 A3C
>
= 2
5
o 1
0.5 T T T

L L L] L] L] L] L] L} 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55

VLP (in pl)

Fig. 8. Dose-dependent in vitro deamination activity of viral encapsidated A3C and A3C.S61P. Immunoblot shows the
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obtained from three independent measurements.

Compared to A3C-GST, A3C.S61P-GST from
293T cells were found to be more catalytically active
in a dose-dependent manner (Fig. 10a).

Zinc incorporation is unaltered in A3C.S61P

A recent study suggested that the addition of Zn®*
enhanced the catalytic activity of ASG and likely A3A
due to Zn?* binding at the allosteric or secondary zinc
binding site in A3G [92]. Conversely, another study
reported an A3F-CTD structure lacking a zinc atom at
the catalytic center and suggested that zinc is not
necessarily required for catalytic activity of A3F [93].
Hence, we tested the effect of zinc supplementation

and depletion on A3C catalytic activity by adding
ZnCl,, ZnSOy4, or EDTA, respectively (Fig. 10b and c).
The addition of zinc enhanced the activity of
A3C.S61P further and mildly of WT A3C, but even at
the maximum concentration of zinc, the activity of A3C
did not reach the activity of A3C.S61P (Fig. 10b). The
effect of increasing the amount of EDTA to chelate
the coordinated Zn?* ion showed a similar dose-
dependent inhibition for A3C-GST and A3C.S61P-
GST activity (Fig. 10c). Using atomic absorption
spectroscopy, the zinc content of A3C and
A3C.S61P from 293T cells and Escherichia coli was
found to be similar (Table 1). Together, these data
demonstrate that the activity enhancement of
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A3C.S61P was not due to the involvement of extra
Zn?* coordination and that the Zn?* coordination is
unaffected by the S61P mutation in A3C.

Mutation in P244 moderately affects the antiviral
function of full-length A3F

To determine whether a mutation in analogous
proline 244 can influence the antiviral properties of
A3F, we tested the antiviral effect of A3F, ASF.P244S,
and A3F.P244A against HIV-1Avif, SIVagmAvif, and
MLV. Mutation in P244 increased the infectivities of
SIVagmAvif and MLV marginally but not of HIV-1Avif
(Supplementary Fig. S8a). Production of A3F and its
mutants in cells and viral encapsidation were found to
be nearly similar (Supplementary Figs. S8b and S8c).
We also characterized the enzymatic activity of these
proteins from 293T cells (enriched by immunoprecip-
itation) and HIV-1 packaged proteins. Compared to
WT, A3F.P244S showed a reduction in product
formation, and this trend was further diminished for
A3F.P244A (Supplementary Fig. S8d).

Discussion

In contrast to A3G, knowledge about the catalytic
activity and nucleic acid binding capacity of A3C is

very limited, despite the presence of a 3D structure
[24,46,47,94]. Importantly, A3C is known to be a
potent enzyme that restricts vif-deficient SIV [55,95],
but several reports show little to no effect of hA3C on
HIV-1Avif[9,11,12,52,57-59,96,97]. The results of this
study reveal the importance of A3C's deamination
function to restrict SIVagmAvifand MLV [9,52,55]. The
anti-MLV activity described here contrasts previous
reports of resistance of MLV to inhibition by A3C [55,98]
and may be explained by the use of slightly different
reagents and experimental conditions.

Our findings support reports that A3C is efficiently
incorporated into viral cores of HIV-1Avif, SIVagmAvif,
and MLV particles [52,55,99], but they essentially
contradict other studies describing the absence of
A3C in these virions [57,59,98]. Like A3C in HIV-1Avif,
murine A3 was reported to have limited anti-MLV
activity, although it was packaged efficiently [100].
Given the level of uncertainty about A3C, we set out to
identify the determinants of A3C's catalytic activity and
postulated that an enhancement of A3C's activity could
direct the inhibition of HIV-1Avif. Using sequence and
structure comparison of A3C and A3F-CTD, we
identified two residues near the catalytic center in
A3C that are different compared to A3F-CTD. Of those,
only the S61P mutation enhanced the activity of A3C.
During this manuscript preparation, Wittkopp etal. [101]
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reported a single nucleotide polymorphism of A3C RS143646385). The analogous proline (P244) mu-
(serine 188 to isoleucine) that acted more antiviral.  tation to serine or alanine in the full-length A3F did not
S61P is not found as a human single nucleotide  determine its antiviral function; yet, it was required for
polymorphism variant of A3C, while D99E is present ~ optimal catalytic activity (Supplementary Fig. S8).
in some humans (accession number, dbSNP:  A3F.P244S lost a moderate amount of its antiviral
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Table 1. Zinc content in GST tagged A3Cs purified from
293T cells and E. coli

Sample Concentration of SD %
Zinc mean (mg/L) (mg/L) RSD
Cell A3C-sample 1 0.04 0 0.42
A3C.S61P-sample 1 0.045 0.001 2.59

A3C-sample 2 0.042 0 0.1
A3C.S61P-sample 2 0.042 0.001 2.06

E. coli A3C 0.045 0.001 1.9
A3C.S61P 0.044 0 1.13

Purified proteins were subjected to atomic absorption spectros-
copy, and the Zinc content of the samples was calculated as
described in the Materials and Method section.

activity against SIVAvif but not against HIV-1Avif,
further suggesting that the A3C interaction with SIV
and HIV-1 differs.

Although many tested protein features of A3C and
A3C.S61P, such as oligomerization, formation of
HMM complexes, and viral core localization, were
found to be similar, the deamination-based virus
inhibition of ABC was enhanced markedly by the
S61P mutation. Our study identified a TTC nucleo-
tide substrate preference of A3C, which explains the
weak A3C in vitro deamination reported previously
using a CC substrate [55].

Several studies of A3 proteins have confirmed the
importance of the catalytic Zn®* coordination motif
(H-E-C-C), but few studies have described the role of
single amino acids of A3 in substrate binding and
catalytic and antiviral functions [13,29,47,65,67,83,102].
Using time-resolved nuclear magnetic resonance
spectroscopy, kinetic parameters of A3G's deamina-
tion within the preferred CCC motif was determined in
real time [70,94,103]. H216 of A3G was found to play a
key role in substrate binding through the protonation of
its imidazole ring below physiological pH [103].
Interestingly, Rathore et al. modified the dinucleotide
substrate specificity of A3G from CC to TC by
replacing loop 7 with the one found in A3A; they also
demonstrated that D317 was a determinant of the
substrate specificity [89]. Moreover, they reported that
the replacement of loop 3 enhanced A3G's enzymatic
function. These data support our findings of enhanced
A3C.S61P deamination activity that is governed by a
residue in loop 3 of A3C.

Two models of DNA binding grooves in CTD of
A3G and A3F were proposed [48,68—71], and the
involvement of loop 7 present in both NTD and CTD
of A3F was discussed [45]. Alanine scanning in the
DNA binding groove residues of A3F-CTD resulted
in reduced affinity for ssDNA, and the YYFW motif in
loop 7 determined the TC substrate specificity [68].
This suggests that the similar YYFQ motif in loop 7 of
A3C may have a positive regulatory role for DNA
binding and TTC substrate specificity. Another report
confirmed that the insertion of a tyrosine instead of

C320 in A3D (A3D.C320Y) in an equivalent CYFW
motif (loop 7) resulted in a deamination-dependent
antiviral effect, whereas the introduction of cysteine
in the aromatic motif in A3G, A3B, and A3F
abolished the antiviral function [104]. Thus, given
the similarity of DNA binding sites in A3C and
A3F-CTD and that the position of proline 244 in loop
3 is distal to the DNA binding region (loop 7) but in
proximity to the catalytic center, we postulated that
the S61P mutation in A3C might play a vital role in
the enzymatic activity. We found that a proline
mutation but not an alanine mutation at position 61
increased the catalytic and antiviral exertion of A3C
without altering TTC specificity. Thus, we hypothe-
sized that the presence of proline in the loop 3
contributes to changes in protein folding that in turn
promote deamination.

Structurally, proline is a rigid amino (imino) acid
(lacks an amide hydrogen) that generally occupies
tight turns/coils in the protein structure, and it is
widely used as a helix conformation breaker; it also
contributes to favorable conformation stability in
certain B-turn positions [105—110]. Proline is expect-
ed to decrease the conformational entropy of the
unfolded state, thereby stabilizing energetically
favored conformations [108], which are a feature
favorable for many enzymes [108,111-113]. Xu
et al. [113] noted that in cyclophilin A, Pro16 located
between two beta strands distal from the catalytic
site was crucial for the maintenance of structural and
functional integrity. Serine 16 substitution for proline
16 correlated with increased flexibility of the loop
connecting beta strands, impaired the catalytic
function, and decreased the stability by making
indirect contacts with a hydrophobic pocket. Likewise,
we speculate that the exchange of serine 61 to proline
61 in A3C might influence the deamination activity,
likely by anchoring the substrate DNA toward the
catalytic center or by stabilizing the catalytic site
conformation. Based on our EMSA data from 293T
cells and the fact that proline 244 is not part of ASF DNA
binding groove, we propose that the proline at position
61 did not influence the substrate binding in A3C.S61P.
Because the DNA binding of A3C is unaltered by the
S61P mutation, we assume that the enhancement of
deamination and virus inhibition is a reflection of
proline-induced minute structural changes around the
active site of A3C. The zinc content measurement
revealed that A3C and A3C.S61P coordinated similar
amounts of zinc; thus, the S61P-mediated enhance-
ment of deamination is zinc-independent.

Herein, we propose a model in which A3C packaged
into retroviruses is catalytically active, although the
power of inhibition varies among different viruses. The
A3C.S61P variant acts similar to WT A3C but catalyzes
more cytidine deamination, likely due to the rigid
microenvironment provided by proline 61. Lack of anti
HIV-1 activity of either ASC or ASC.S61P appears to be
not due to a lack of catalytic function and needs further
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investigation to understand how HIV-1 can escape
from the deamination-dependent antiviral defense of
A3C.

Materials and Methods

Cell culture

HEK293T cells were maintained at 37 °C in a
humidified atmosphere of 5% CO, in Dulbecco's
high-glucose modified Eagle's medium (Biochrom,
Berlin, Germany), supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 50 units/ml penicil-
lin, and 50 pg/ml streptomycin.

Virus production and isolation

We transiently transfected 293T cells using
Lipofectamine LTX and plus reagent (Invitrogen,
Karlsruhe, Germany) with appropriate combination
of viral vectors (HIV-1: 600 ng pMDLg/pRRE, 600 ng
pSIN.PPT.CMV.Luc.IRES.GFP, 250 ng pRSV-Rev,
150 ng pMD.G with 600 ng A3 plasmid or pcDNA3.1;
SIVagm: 1400 ng pSIV Tan-Luc Avif, 150 ng pMD.G
with 600 ng A3 plasmid; MLV: 750 ng pHIT60, 750 ng
pMP71-luc, and 150 ng pMD.G with 600 ng A3
plasmid, unless otherwise mentioned) together with
A3 plasmid or as a vector control pcDNA3.1 empty
vector in 6-well plate. Then, 48 h post-transfection,
virion-containing supernatants were collected and
concentrated by layering on 20% sucrose cushion
and centrifuged for 4 h at 14,800 rpm. Viral particles
were resuspended in mild lysis buffer [50 mM Tris
(pH 8), 1 mM PMSF, 10% glycerol, 0.8% NP-40,
150 mM NaCl, and 1X complete protease inhibitor].
Viral lysate was used in immunoblots and in vitro
deamination assay.

Luciferase-based infectivity assay

HIV-1, SIVagm, and Mo-MLV-based luciferase
reporter viruses were used to transduce HEK293T
cells. Prior to infection, the amount of reverse
transcriptase (RT) in the viral particles was determined
by RT assay using Cavidi HS kit Lenti RT (Cavidi Tech,
Uppsala, Sweden). Normalized RT amount equivalent
viral supernatants were transduced. Then, 72 h later,
luciferase activity was measured using SteadyliteHTS
luciferase reagent substrate (Perkin EImer, Rodgau,
Germany) in black 96-well plates on a Berthold
MicroLumat Plus luminometer (Berthold Detection
Systems, Pforzheim, Germany). Transductions were
done in ftriplicate, and at least three independent
experiments were performed.

Plasmids

SlVagm luciferase vector system was described
before [37]. The MLV packaging construct pHIT60

were kindly provided by Jonathan Stoye, which
encodes the gag-pol of Mo-MLV [114]. The MLV
luciferase reporter plasmid MP71-luc is based on the
MP71 plasmid that was previously described by
Schambach et al. [115], provided by Harald Wodrich.
The MP71-luc plasmid contains the firefly luciferase
gene cloned into the EcoRI endonuclease restriction
of MP71. The HIV-1 packaging plasmid pMDLg/
pRRE encodes gag-pol, and the pRSV-Rev for the
HIV-1 rev [116]. The HIV-1 vector pSIN.PPT.CMV .-
Luc.IRES.GFP expresses the firefly luciferase and
GFP reported previously [117]. MLV and HIV-1
based viral vectors were pseudotyped using the
pMD.G plasmid that encodes the VSV-G. All A3
constructs described here were cloned in pcDNAS.1
(+) with a C-terminal HA tag. The expression vector
for ABG-HA was generously provided by Nathaniel
R. Landau. Expression constructs A3C-HA and
A3F-HA and the A3C point mutants A3C.C97S and
A3C.F55A were described before [47,118].
A3F-CTD open reading frame region (start codon
plus residues 184-373) with C-terminal HA tag was
cloned using primers forward 5-GCTAAGCTTGC-
CACCATGCTAAAGGAGATTCTCAG and reverse
5'-TCAGAGAATTCTCAAGCGTAATCTGGAA-
CATCGTATGGATACTCGAGAATCTCCTGCAG. In
addition to clone C-terminal GST-tagged AS3C,
A3C.S61P, and A3F-CTD, the open reading frames
were inserted between the restriction sites Hindlll
and Xbal in mammalian expression construct pK-GST
[119] using the following primers: A3C and A3C.S61P:
forward 5'-ATAAGCTTGCCACCATGAATCCACA-
GATCAGAAAC and reverse 5-ATTCTAGACTGGA-
GACTCTCCCGTAGCCT; A3F-CTD: the same
A3F-CTD forward primer and reverse 5-ATTCTA-
GACTCGAGAATCTCCTGCAG. Bacterial expres-
sion vector pGEX-6P-2 (GE Healthcare, Munich,
Germany) was used to generate A3C and A3F-CTD
with N-terminal GST tag using the following primers:
A3C: forward 5-GGGGATCCATGAATCCACAGAT-
CAGAAAC, and reverse 5-TCCTCGAGTCACTG-
GAGACTCTCCCGTAGCC; A3F-CTD: forward
5'-ATGAATTCGCCACATGCTAAAGGAGATTCT-
CAG and reverse 5'-ATGCGGCCGCTCACTCGAGA
ATCTCCTGCAG.

A3C point mutants D99E, S61P, S61A, and double
mutant A3C.DS-EP; A3F.P244S and A3F.P244A
were generated by site-directed mutagenesis using
following primers: D99E: forward 5'-AGCCCTTGCC-
CAGAGTGTGCAGGGGAG andreverse 5'-CTCCCC
TGCACACTCTGGGCAAGGGCT; S61P: forward
5'-AACCAGGTGGATCCTGAGACCCATTG and re-
verse 5-CAATGGGTCTCAGGATCCACCTGGTT;
S61A: forward 5-AACCAGGTGGATGCTGAGA
CCCATTG and reverse 5-CAATGGGTCTCAGCAT
CCACCTGGTT, AS3F.P244S: forward 5- AACCA
GGTGGATTCTGAGACCCATTG and reverse 5'-
CAATGGGTCTCAGAATCCACCTGGTT; AS3F.P
244A: forward 5'- AACCAGGTGGATGCTGAGACC
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CATTG and reverse 5- CAATGGGTCTCAGCATC
CACCTGGTT.

Immunoblots

Transfected 293T cells were washed with phospha-
te-buffered saline and lysed in RIPA buffer [25 mM Tris
(pH 8.0), 137 mM NacCl, 1% glycerol, 0.1% SDS, 0.5%
sodium deoxycholate, 1% Nonidet P-40, 2 mM EDTA,
and protease inhibitor cocktail set Il (Calbiochem,
Darmstadt, Germany)] for 20 min on ice. Lysates were
clarified by centrifugation (20 min, 14,800 rpm, 4 °C).
Samples (cellviral lysate) were boiled at 95 °C for
5 min with Roti load reducing loading buffer (Carl 726
Roth, Karlsruhe, Germany) and subjected to
SDS-PAGE followed by transfer (Semi-Dry Transfer
Cell, Biorad, Munich, Germany) to a PVDF membrane
(Merck Millipore, Schwalbach, Germany). Membranes
were blocked with skimmed milk solution and probed
with appropriate primary antibody, mouse anti-HA
antibody (1:7500 dilution, MMS-101P, Covance, Min-
ster, Germany); mouse a-V5 antibody (1: 4000 dilution;
Serotec); goat anti-GAPDH (C-terminus, 1:15,000
dilution, Everest Biotech, Oxfordshire, UK); mouse
anti-a-tubulin antibody (1:4000 dilution, clone B5-1-2;
Sigma-Aldrich, Taufkirchen, Germany), mouse
anti-capsid p24/p27 MAb AG3.0 [120] (1:250 dilution,
NIH AIDS Reagents); rabbit anti S6 ribosomal protein
(5G10; 1:10° dilution in 5% BSA, Cell Signaling
Technology, Leiden, The Netherlands); antiserum
against Rauscher MLV p30 [1:10* dilution, NCI HD
539, (ATCC VR-1564AS-Gt)]. Secondary Abs:
anti-mouse (NA931V), anti-rabbit (NA934V) horse-
radish peroxidase (1:10* dilution, GE Healthcare) and
anti-goat IgG-HRP (1:10* dilution, sc-2768, Santa
Cruz biotechnology, Heidelberg, Germany). Signals
were visualized using ECL chemiluminescent reagent
(GE Healthcare).

Sucrose density gradient centrifugation

We transfected 293T cells with expression plas-
mids for 1 ug ASC-HA or A3C.S61P. After 24 h, cells
were lysed with lysis buffer [0.7% NP-40, 100 mM
NaCl, 50 mM potassium acetate, 10 mM EDTA,
10 mM Tris (pH 7.4), and complete protease inhib-
itor cocktail (Merck Calbiochem)] and then clarified
by centrifugation for 10 min at 162g followed by a
short spin at 18,0009 for 30 s. A half portion of the
sample was aliquoted to a new tube, to which RNase
A (Thermo Fisher Scientific; 70 pg/ml) was added
and incubated for 30 min at 37 °C. Samples were
then overlaid on top of a 10%-15%-20%-30%-50%
sucrose step gradient in lysis buffer and centrifuged
for 45 min at 163,000g at 4 °C in a MLS-50 rotor
(Beckman Coulter, Fullerton, CA) [75,80]. After
centrifugation, the samples were sequentially re-
moved from the top of the gradient, resolved by
SDS-PAGE, and analyzed by immunoblotting with

anti-HA and anti-S6 antibodies to detect ASC and
endogenous S6 ribosomal protein [72], respectively.

Viral core isolation

HIV-1Avif, SIVagmAvif, and MLV cores were isolated
according to the protocol described for isolating HIV-1
cores [121]. Viral particles were produced together with
the expression of A3C or A3C.S61P. Then, 2 days
post-transfection, the virions were purified and concen-
trated by centrifuging through 20% sucrose cushion in
an ultracentrifuge at 136,000g for 2 h. Viral particles
resuspended in STE buffer [10 mM Tris—HCI (pH 7.4),
100 mM NaCl, and 1 mM EDTA] [79], loaded on the
top of the sucrose step gradient containing a layer of
buffer or 1% Triton X-100 (in 15% sucrose), followed by
20% and 60% sucrose gradient (Supplementary
Fig. S1), and centrifuged at 136,000¢g for 1 h at 4 °C
in ultra-clear centrifuge tubes (13 x 51 mm, Beckman
Coulter) in a MLS-50 rotor (Beckman Coulter). This
procedure minimized the time of detergent exposure of
the virus. Three fractions (F1, F2, and F3) were
collected, and an aliquot of each fraction of step
gradients was subjected for immunoblot analysis. Viral
compartments and the A3 proteins were detected by
probing the blots with appropriate antibodies [anti-p24/
p27 (HIV and SIV), anti-p30 (MLV), anti-VSV-G and
anti-HA].

Co-immunoprecipitation assay for A3C
self-association in cells

We performed this experiment as we reported
previously [47] by including the A3C.S61P and
appropriate dimer mutant controls. To test whether
RNAse A treatment can influence the A3C-A3C
interaction, we split the cell lysate made with RIPA
buffer into two halves, in which one portion was
treated with RNAse A (70 pg/ml) and incubated for
30 min at 37 °C, followed by 30 min at room
temperature, and the immunoprecipitation assay
was performed as described in [47].

Alternatively, we also did an independent CO-IP
using a procedure used before [75,80]. The difference
in this method is the use of mild lysis buffer containing
0.5% Triton X-100, 287 mM NaCl, 3 mM KCI, 50 mM
Tris (pH 7.5), and complete protease inhibitor. At 24 h
post-transfection, cells were harvested and lysed with
lysis buffer. The cleared lysates were incubated with
20 pl anti-HA affinity matrix beads for 2 h at 4 °C, with
end-over-end rotation. After binding, the beads were
washed twice, with lysis buffer, and half portions of
the samples were aliquoted to new tubes. RNase A
(70 pg/ml) was added to one aliquot of the sample and
incubated at 37 °C for 10 min and at 22 °C for 40 min.
Samples were further washed thrice with lysis buffer.
CO-IP products were eluted by boiling beads in SDS
gel loading buffer at 95 °C for 5 min. A parallel
A3G-A3G CO-IP was performed as a control.
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Differential DNA denaturation (3D) PCR

We cultured 293T cells in the 6-well plates and
infected it with DNAse-I-treated viruses for 12 h. Cells
were harvested and washed in phosphate-buffered
saline; the total DNA was isolated using DNeasy DNA
isolation kit (Qiagen, Hilden, Germany). A 714-bp
fragment of the luciferase gene was amplified using
the primers 5-GATATGTGGATTTCGAGTCGTC-3'
and 5-GTCATCGTCTTTCCGTGCTC-3'. For selec-
tive amplification of the hypermutated products, the
PCR denaturation temperature was lowered stepwise
from 87.6 °C to 83.5 °C (83.5 °C, 84.2 °C, 85.2 °C,
86.3 °C, 87.6 °C) using a gradient thermocycler. The
PCR parameters were as follows: (i) 95 °C for 5 min;
(i) 40 cycles, with 1 cycle consisting of 83.5 °C to
87.6 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min;
(iii) 10 min at 72 °C. PCRs were performed with Dream
Taq DNA polymerase (Thermo Fisher Scientific). PCR
products from the lowest denaturation temperatures
were cloned using CloneJET PCR Cloning Kit (Thermo
Fisher Scientific) and sequenced. A3-induced hyper-
mutations of at least eight independent clones were
analyzed with the Hypermut online tool " [122]. Mutated
sequences (clones) carrying similar base changes
were omitted, and only the unique clones were
presented for clarity.

The overall mutation percentage in the viral DNA
was calculated as shown below:

Overall mutation rate
_ no. of G-A mutations in'n" sequences
N ‘n"x 176 (G)
Sequence logos of the nucleotide context in the

G-to-A hotspot were generated by using weblogo*
online tool [123].

Purification of recombinant GST-tagged A3Cs
from E. coli and 293T cells

Recombinant GST-tagged proteins were purified
as described before [81,91]. Purified protein con-
centration was determined spectrophotometrically
by measuring the Agsg, using their (theoretical)
extinction coefficient and molecular mass. Protein
gels were stained with Coomassie brilliant blue stain.
C-terminal GST-tagged A3 proteins from 293T cells
were expressed and purified similarly and used for
the following deamination assay [67,71] and EMSA.

In vitro DNA cytidine deamination assay

Deamination reactions were performed as described
[80,86] in a 10-pL reaction volume containing 25 mM
Tris (pH 7.0) and 100 fmol ssDNA substrate (CCCA:
5'-GGATTGGTTGGTTATTTGTTTAAGGAAG
GTGGATTAAAGGCCCAAGAAGGTGATGGAAGT-
TATGTTTGGTAGATTGATGG; TTCA: 5-GGATT

GGTTGGTTATTTGTATAAGGAAGGTGGATTGAA
GGTTCAAGAAGGTGATGGAAGTTATGTTTGGTA-
GATTGATGG). Samples were split into halves, and in
one, 50 ug/ml RNAse A (Thermo Fisher Scientific) was
added. Reactions were incubated for at least 1 h at
37 °C, and the reaction was terminated by boiling at
95 °C for 5 min. We used 1 fmol of the reaction mixture
for PCR amplification Dream Taq polymerase (Thermo
Fisher Scientific) at 95 °C for 3 min, followed by
30 cycles of 61 °C for 30 s and 94 °C for 30 s, and
the primers forward 5'-GGATTGGTTGGTTATTTGTT-
TAAGGA, reverse 5-CCATCAATCTACCAAACA-
TAACTTCCA were used to amplify CCCA substrate,
forward primer 5-GGATTGGTTGGTTATTTGTA-
TAAGGA with the above reverse primer used for
TTCA. PCR products of CCCA and TTCA were
digested with Eco147I1 (Stul; Thermo Fisher Scientific)
and Msel (NEB, Frankfurt/Main, Germany), respec-
tively, and resolved on 15% PAGE, stained with
ethidium bromide (7.5 pg/ml). As a positive control
substrate, oligonucleotides with CCUA and TTUA
instead of respective CCCA and TTCA were used to
control the restriction enzyme digestion. For the
titration experiments using increasing concentrations
of viral particles or purified proteins and to detect the
effect of Zinc and EDTA on deamination, we made
only RNase-A-containing reactions. Proteins and
reagents were carefully diluted by serial dilution from
the master mix. PAGE gel for titration experiments
were stained with SYBR gold (1:1000 dilution, Thermo
Fisher Scientific).

A3 production in 293T cells for deamination assay

We transfected 293T cells with expression plasmids
carrying A3C, A3C.S61P, A3G, and A3F (and A3F
mutants). Cells were lysed 48 h later with mild lysis
buffer[50 mM Tris (pH 8), 1 mM PMSF, 10% glycerol,
0.8% NP-40, 150 mM NaCl, and 1X complete
protease inhibitor]. HA-tagged proteins were immu-
noprecipitated by using 20 pl of anti-HA Affinity Matrix
Beads (Roche) by slowly rotating the lysate bead
mixture for 2 h at 4 °C. A portion of beads were used
for deamination assay, and the remaining was used
for immunoblots.

A3 incorporation into HIV-1Avif, SIVagmAVif,
and MLV particles

Virions were produced as described above and
used as input for the in vitro deamination assay. For
the titration experiments, SIVagm with A3C and
A3C.S61P were produced, and different amounts of
viral lysate (0.1, 1, 1.5, 2, 2.5, 5 yl) were used in
deamination reaction treated with RNase A.

EMSA

EMSA method is adapted from Refs. [81,90,91].
Proteins were produced as described above,
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brought to a buffer containing 50 mM Tris (pH -8),
50 mM NaCl, and 10% glycerol. We mixed 10 mM 3’
biotinylated DNA (30-TTC-Bio-TEG purchased from
Eurofins Genomics, Ebersberg Germany) with
10 mM Tris (pH -7.5), 100 mM KCI, 10 mM
MgCl,, 1 mM DTT, 2% glycerol, and the indicated
amount of recombinant proteins in a 10-pl reaction
mixture, and we incubated it at 25 °C for 30 min. The
protein—DNA complex was resolved on a 5% native
PAGE gel onice, and the DNA—protein complex was
transferred to nylon membrane (Amersham
Hybond-XL, GE healthcare) by southern blot. After
the transfer, the molecules on the membrane were
crosslinked by UV radiation by facing the membrane
on a transilluminator equipped with 312-nm bulb.
Chemiluminescent detection of biotinylated DNA
was carried out according to the manufacturer's
instruction (Thermo Fisher Scientific).

Quantitation of zinc content in A3C

Purified GST-tagged A3C and A3C.S61P proteins
from E. coliand 293T cells (at concentration 1 mg/L)
were subjected to atomic absorption spectroscopy
using a Perkin Elmer Analyst 100. The spectrometer
was equipped with a hollow-cathode lamp and
acetylene flame air. The Zinc absorption spectra
were measured at 213.9 nm with a 0.7 nm slit width.
Zinc content in the protein was determined from a
standard curve (0.01, 0.1, 0.5, and 1 mg/L zinc
standard from Fluka) within the linear range.

Sequence and structure alignment

A3C and A3F-CTD amino acid sequences were
aligned using the online server Clustal Omega. The
structure alignment and graphical visualization
presented in Fig. 3b were constructed using
PyMOL (PyMOL Molecular Graphics System, ver-
sion 1.5.0.4; Schrédinger, Portland, OR).

Statistical analysis

Data were represented as the mean with SD in all
bar diagrams. Statistically significant differences
between two groups were analyzed using the
unpaired Student's ttest with GraphPad Prism
version 5 (GraphPad software, San Diego, CA,
USA). A minimum p value of 0.05 was considered
as statistically significant.
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Suppl. Fig S1. Viral core localization of A3C and A3C.S61P

HIV-1Avif, SIVagm and MLV virions were produced with A3C or A3C.S61P and the viral cores
were isolated by 20%/60% sucrose step gradient centrifugation, where 1% triton X-100
overlaid on the top (see methods). Three fractions (F1, F2, and F3) as shown in the cartoon,
were collected from the top of the gradient. F1 contains soluble proteins, F2 is a buffer
fraction of 20% sucrose that separates soluble proteins from virus particles or viral cores; F3
includes the interphase of 20%:60% sucrose where viral particles (not TX-100) and viral cores
(TX-100) accumulate. An aliquot of gradient fractions were subjected to immunoblot
analysis, HIV and SIV capsids (anti-p24/27), MLV capsid (anti-p30), A3C (anti HA) and VSVG
(anti VSVG) were detected with respective antibodies. TX-100 denotes Triton X-100. “a”

represent anti-antibody.
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Suppl. Fig S2. Dose dependent antiretroviral activity of A3C mutants

(a) HIV-1Avif, SIVAvif reporter viruses were produced in the presence of increasing
concentration of expression plasmids encoding A3C, A3C.S61P, A3C.S61A or A3C.C97S and
similarly (b) MLV virions produced together with A3C, A3C.S61P, or A3C.S61A. Infectivities of
(RT normalized) equal amounts of viruses, relative to the virus did not contain A3C, were
determined by quantification of luciferase activity in 293T cells. Please note that, SIVAvif and
MLV were restricted potently with 500 ng of transfected A3C. Values are means plus
standard deviations (error bars) for three independent experiments. Unpaired t tests were
computed to determine whether differences between vector and each A3 protein reach the

level of statistical significance. All of the subjects had a significance of p < 0.0001.



(a)

A3C-V5: + + + + +

Q (& AW
o ‘7“;\' Q"gé\
& Ao o
kDa & o 9 7 ¥

= “l o HA

Cell | - .
' a V5
lysate -
"’ ->apepepe®| o Tubulin
25
a HA IP = o HA
1 e |aVvs
(b)
A3C-A3CIP
Input a HAIP A3G-A3G IP
@ _A3C A3CS61P Input a HA P
mock p?J(' ??’c"mock - 4+ = 4 RNAseA mock A3G mock - 4+ RNAseA
T g PSS ... o WD EEc
2 - = o a Vs ao-| D - == a His

Suppl. Fig S3. Protein-protein interaction experiments using two different buffers

RIPA buffer: Carboxy terminal V5 tagged A3C construct were co-transfected together with
an expression vector coding HA tagged A3C, A3C.S61P, A3C.F55A and A3C.W74A. Anti HA
immunoprecipitates (IP) and the cell lysates were subjected to Immunoblot analysis using
anti-HA and anti-V5-antibodies. Dimerization mutants A3C.F55A and A3C.W74A served as a
control for this experiment. Tubulin served as loading control. “a” represent anti-antibody.
Triton X-100 buffer: As described in the procedure, we performed this Co-IP with and
without RNAseA treatments, after binding the HA tagged protein to the beads. Cell lysates
(Input) and Anit HA IP fractions were analyzed by immunblotting with respective antibodies.
As a control for RNAse bridged interaction, we added a parallel A3G-A3G interaction

experiment.
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Suppl. Fig S4. A3 induced editing in HIV-1, SIVagm and MLV genomes

(a) 3D PCR: HIV-1Avif, SIVAvif and MLV virions produced together with pcDNA vector or A3C,
A3C.S61P, A3G and A3F was used to infect 293T cells. Total DNA was extracted and a 714 bp
segment of reporter viral DNA was selectively amplified using 3D PCR (Td=denaturation
temperature). PCR products were stained with ethidium bromide. The infectivity data of
these viruses is shown in Suppl. Fig. S6A. (b) To determine the amount mutation conferred
by A3 proteins, PCR products from the lowest denaturing temperature, shown in (a) were
cloned (marked with an asterisk (*) and a number of independent clones were sequenced
and analyzed. The overall mutation load (G=2>A) was given in the top, left side of each table,
as ‘x'%. The mutation rate of G2>A transition (as percentage) were presented according to
its local dinucleotide context. ‘n’ denotes the total number of independent G=>A mutations
found in independent sequences. The extensive deamination profiles of the relative
positions of the G2 A transition mutations were presented in suppl. Fig. S5.
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Suppl. Fig S5. A3C mediated SIVagm and MLV viral DNA hypermutation is enhanced by
A3C.S61P

The data presented in Suppl. Fig. S4 were analyzed and the mutation pattern is presented
using hypermut tool (note: identical clones were omitted). The percentage of G-to-A
changes for each sample was indicated. Each sequence is given as a horizontal line.
Mutations were denoted as small vertical lines. Red, cyan, magenta, green and black colored
lines represent the GG-to-AG, GA-to-AA, GT-to-AT, GC-to-AC, and non-G-to-A mutations,
respectively. Dinucleotide specific GG-to-AG and GA-to-AA of A3C and A3C.S61P derived

mutations were presented as histogram in Fig. 6B.
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Suppl. Fig S6. Infectivity and immunoblot data of viruses used in in vitro activity assay and

3D PCR

(a) HIV-1Avif, SIVAvif and MLV reporter viruses were produced in the presence and absence
of A3s. Infectivities of (RT normalized) equal amounts of viruses, relative to the virus that did
not contain A3, were determined by quantification of luciferase activity in 293T cells. Values
are means plus standard deviations (error bars) for three independent experiments.
Unpaired t tests were computed to determine whether differences between vector and each
A3 protein reach the level of statistical significance. Asterisks represent statistically
significant differences: ***, p < 0.0001. (b) Immunoblot shows the amount of
immunoprecipitated (IP) HA tagged A3 proteins from cell lysate and encapsidated proteins
from retroviral particles (please note that A3F from IP was not yielded enough protein due
to less pipetted affinity beads, and not included in the in vitro deamination assay). HIV and
SIV capsids (anti-p24/27), MLV capsid (anti-p30), A3C (anti HA) were detected with

respective antibodies and GAPDH served as a loading control. “a” represent anti-antibody.
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Suppl. Fig S7. Purity of recombinant proteins and EMSA with cell-derived A3G-myc-His

(a) Recombinantly produced and affinity purified GST, A3C-GST and A3C.S61P-GST. Purity of
the proteins was determined by staining the gel with Coomassie blue. Prestained protein
ladder (M) indicate the molecular mass. (b) EMSA using A3G-myc-His from 293T cells.
Indicated amounts of protein (at the bottom of blot) were titrated with 10 nM of DNA.
Presence of competitor DNA (unlabeled 80 nt DNA used in deamination assay, 200-fold
molar excess added) used to demonstrate specific binding of protein to DNA being causative

for the shift.
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Suppl. Fig S8. Effect of proline 244 to serine/alanine mutation in A3F

(a) HIV-1Avif, SIVAvif and MLV reporter viruses were produced in the presence of vector
only, A3F, A3F.P244S or A3F.P244A. Infectivities of (RT normalized) equal amounts of
viruses, relative to the virus did not contain A3, were determined by quantification of
luciferase activity in 293T cells. Values are means plus standard deviations (error bars) for
three independent reads. Unpaired t tests were computed to determine whether differences
between vector and each A3 protein reach the level of statistical significance. Asterisks
represent statistically significant differences: ***, p < 0.0001. (b) Immunoblot shows the

amount A3 in cell and viral lysates of HIV-1Avif, SIVAvif and (c) MLV. HIV and SIV capsids



(anti-p24/27), MLV capsid (anti-p30), A3C (anti HA) were detected with respective
antibodies and GAPDH served as a loading control. “a” represent anti-antibody. (d)
Deamination of activity of A3F from cell lysate (expressed together with HIV-1 proteins) and
viral particles were performed using the substrates containing specific TTCA motif. To enrich
the A3 from cell lysate, HA tagged A3 proteins were immunoprecipitated and the HA-beads
bound to the proteins were used in the activity assay. Virions were concentrated, lysed in a
mild lysis buffer and equal amount of lysate used for the assay. The amount of A3 used here
was shown in the HIV-1Avif panel of immunoblots in (b). RNAse treatment was included;

oligonucleotide containing uracil (U) instead of cytidine served as a marker to denote the

migration of deaminated product after restriction enzyme cleavage. S: substrate, P: product.



RightsLink Printable License

1 von 6

https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisher...

ELSEVIER LICENSE
TERMS AND CONDITIONS

May 04, 2017

This Agreement between Ananda Ayyappan Jaguva Vasudevan ("You") and Elsevier
("Elsevier") consists of your license details and the terms and conditions provided by

Elsevier and Copyright Clearance Center.

License Number
License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages
Start Page

End Page

Type of Use

Portion

Format

Are you the author of this
Elsevier article?

Will you be translating?
Order reference number

Title of your
thesis/dissertation

Expected completion date

Estimated size (number of
pages)

Elsevier VAT number

Requestor Location

Publisher Tax ID
Total

Terms and Conditions

4101940303283
May 04, 2017
Elsevier

Journal of Molecular Biology

Enhancing the Catalytic Deamination Activity of APOBEC3C Is

Insufficient to Inhibit Vif-Deficient HIV-1

Ananda Ayyappan Jaguva Vasudevan,Henning Hofmann,Dieter
Willbold,Dieter Haussinger,Bernd W. Koenig,Carsten Mink

21 April 2017

429

8

21

1171

1191

reuse in a thesis/dissertation
full article

both print and electronic

Yes

No

“Dazzling APOBEC3 DNA deaminases: A mechanistic study on how
A3A, A3C and A3G act on retroviruses and being counteracted by

their foe”
Dec 2017
140

GB 494 6272 12

Ananda Ayyappan Jaguva Vasudevan
Universitatstr.1

AG Miunk

Building: 23.12.U1.85

Duesseldorf, NRW 40225

Germany

Attn: Ananda Ayyappan Jaguva Vasudevan

GB 494 6272 12
0.00 EUR

04.05.17, 15:35



Chapter Il

A Naturally Occurring APOBEC3C from
Sooty Mangabey Potently Inhibits

Human Immunodeficiency Virus Replication

Status  : Manuscript under preparation

Own contribution to this work:

e Complete execution of experimental procedures
e Writing of the manuscript

89



Sooty Mangabey A3C inhibits HIV-1

A Naturally Occurring APOBEC3C from Sooty Mangabey Potently Inhibits

Human Immunodeficiency Virus Replication

Ananda Ayyappan Jaguva Vasudevan', Zhang Zeli', Dieter Hiussinger" and Carsten Miink® :

IClinic for Gastroenterology, Hepatology, and Infectiology, Medical Faculty, Heinrich-Heine-

University Dlsseldorf, Moorenstr. 5, 40225 Dusseldorf, Germany.

Short title: Sooty Mangabey A3C inhibits HIV-1

*Corresponding author:

Clinic for Gastroenterology, Hepatology, and Infectiology, Medical Faculty, Heinrich-Heine-
University Disseldorf, Building 23.12.U1.82, Moorenstr. 5, 40225 Disseldorf, Germany, Tel:
+49 (0) 211-81-10887, Fax: +49 (0) 211-81-18752, E-mail: carsten.muenk@med.uni-

duesseldorf.de

90



Sooty Mangabey A3C inhibits HIV-1

ABSTRACT

The APOBEC3 (A3) family of single stranded DNA deaminases defends hosts from
retroviruses, including human immunodeficiency virus (HIV)-1 lacking viral infectivity factor
(vif) (HIV-1Avif). A3 catalyzes the dC to dU deamination in the viral genome, causing
hypermutation that abrogates the virus. Human APOBEC3C (hA3C) is known as a strong
restriction factor of Vif-deficient simian immunodeficiency virus (SIVAvif), but exhibit a weak
inhibition against HIV-1Avif. The exact reason for this specificity of A3C’s antiviral function

remains unknown.

Here we show that A3C from a primate, sooty mangabey (smmA3C), potently restricts the
replication of HIV-1 in a deamination-dependent manner. The viral incorporation tendency
of smmA3C was lower than that of hA3C, but still effectively inhibited HIV-1. Moreover, like
hA3C, smmA3C formed ribonucleoprotein complexes that are resistant to RNAse, and
possessed similar proteins self-association features. Given the protein sequence similarity,
we tested chimeric proteins of human/smm A3C, and identified that replacing the N-
terminal region of hA3C with that of smmA3C drastically enhances hA3C’s antiviral activity
against HIV-1Avif. Our results suggest that protein-dimerization of smmA3C in the cytoplasm
is not essential for its antiviral and mutagenic activities. We propose that smmA3C is an
attractive target for further structural investigations, because smmA3C is not targeted by

HIV-1 Vif and represses HIV-1Avif to a level similar to A3G.

Keywords: APOBEC3C, Sooty Mangabey, cytidine deaminase, Deamination-dependent virus

restriction, human immunodeficiency virus (HIV)
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INTRODUCTION

The APOBEC3 (A3) family of single-stranded (ss) DNA cytidine deaminases builds an intrinsic
immune defense against retroviruses, retrotransposons, and other viral pathogens (Goila-
Gaur and Strebel, 2008, Harris and Dudley, 2015, Stavrou and Ross, 2015). There are seven
human A3s that possess either single (A3A, A3C and A3H) or double (A3B, A3D, A3F and
A3G) zinc (Z)-coordinating DNA cytosine deaminase motif, His-X-Glu-X,3.,8-Pro-Cys-X,.4-Cys
(where X indicates a non-conserved position) (Jarmuz et al., 2002, Miink et al., 2012b, LaRue
et al., 2008). A3G was identified as a factor capable of restricting infection of HIV-1 lacking
Vif (viral infectivity factor) protein in non-permissive T cell lines whose biochemical
properties and biological functions were extensively studied (Sheehy et al., 2002, Zhang et

al., 2003, Bishop et al., 2004, Salter et al., 2016, Vasudevan et al., 2013).

A3 encapsidation into the viral particles is crucial for virus inhibition (Zennou et al., 2004, Luo
et al., 2004, Svarovskaia et al., 2004, Huthoff and Malim, 2007, Schafer et al., 2004, Burnett
and Spearman, 2007). During reverse transcription, viral core associated A3 enzymes can
deaminate the cytidines (dC) on the retroviral ssDNA into uridines (dU). These base
modifications in the minus DNA strand cause coding changes and premature stop codons in
the plus-strand viral genome (dG>dA hypermutation), which impair or suppress viral
infectivity (Browne et al., 2009, Harris et al., 2003, Yu et al., 2004b, Mangeat et al., 2003,
Zhang et al., 2003, Harris and Dudley, 2015). In addition to the mutagenic activity of the
viral-incorporated A3 enzyme, deaminase-independent mechanisms of restriction were also
manifested by impeding reverse transcription or inhibiting DNA integration (lwatani et al.,
2007, Holmes et al., 2007, Mnk et al., 2012a, Bishop et al., 2006, Mbisa et al., 2010, Strebel,
2005). To counteract A3 mediated inhibition, lentiviruses evolved the viral infectivity factor
(Vif) protein that physically interacts with A3s to target them for polyubiquitination and
proteasomal degradation, subsequently deplete the cellular A3s (Mehle et al., 2004, Sheehy
et al., 2003, Yu et al., 2003). These A3-Vif interactions are often species-specific (Mariani et
al., 2003, Bogerd et al., 2004, Mangeat et al., 2004, Zhang et al., 2008, Smith and Pathak,
2010).
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A3D, A3F, A3G and A3H were shown to restrict HIV-1 lacking vif (HIV-1Avif) (Harris and
Dudley, 2015, Smith and Pathak, 2010, Dang et al., 2006, Wiegand et al., 2004, Zheng et al.,
2004, Hultquist et al.,, 2011). Recently, mutation signatures resulting from the catalytic
activity of A3s (especially A3A and A3B) were reported in several cancer types (Burns et al.,
2013, Roberts et al., 2013) (for a review, see: (Henderson and Fenton, 2015)). Human A3C,
the subject of the current study, is known to act as a potent inhibitor of SIV, and can limit
the infectivity of herpes simplex virus, certain human papillomaviruses, murine leukemia
virus and hepatitis B virus (Yu et al., 2004a, Langlois et al., 2005, Suspene et al., 2005a,
Baumert et al., 2007, Vartanian et al., 2008, Stauch et al., 2009, Ahasan et al., 2015, Suspene
et al., 2011). But the restrictive role of A3C on HIV-1 is marginal and there are several
contradictory findings regarding its viral packaging and cytidine deamination activity
(Hultquist et al., 2011, Yu et al., 2004a, Hultquist et al., 2012, Bonvin et al., 2006, Refsland et
al., 2012). Interestingly, A3C is expressed ubiquitously in lymphoid cells (Jarmuz et al., 2002,
Yu et al., 200443, Bourara et al., 2007, Refsland et al., 2010). mRNA expression levels of A3C
were found to be induced in HIV-infected CD4" T lymphocytes (Hultquist et al., 2011, Yu et
al., 2004a), and significantly elevated in elite controllers with respect to ART-suppressed
individuals (Abdel-Mohsen et al., 2013). A3C was found to moderately deaminate HIV-1 if
expressed in target cells of the virus and rather increased viral diversity than caused

restriction (Bourara et al., 2007).

Recently, we have shown that increasing the catalytic activity of A3C by serine to proline
substitution at position 61 was not sufficient to inhibit HIV-1Avif (Jaguva Vasudevan et al.,
2017). It is still unclear why A3C can potently restrict SIV, but not HIV-1Avif although the
wild-type enzyme possesses reasonable catalytic activity and encapsidate efficiently into
retroviral particles (Jaguva Vasudevan et al., 2017). Here we identified an orthologous
primate A3C from sooty mangabey (Cercocebus torquatus lunulatus) that restricted HIV-1 to
the similar extent or higher than human A3G. Human and sooty mangabey A3C was further
characterized with a focus on possibly identifying a mechanism that differently regulated to

inhibit HIV-1Avif infectivity.
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RESULTS

smmA3C strongly restricts HIV-1Avif

To determine whether the A3C from orthologous species can potently restrict HIV-1Avif
propagation, we produced HIV-1Avif luciferase reporter virus particles with A3C from
human, rhesus macaque, sooty mangabey (smm), chimpanzees (cpz), African green monkey
(agm) or human A3G. Viral particles were pseudotyped with the glycoprotein of vesicular
stomatitis virus (VSV-G) and normalized by RT activity. The luciferase enzyme assay of
infected cells was quantified two days post infection. Figure 1A shows the level of relative
infectivity of HIV-1Avif in presence of tested A3Cs and A3G. Human, rhesus, chimpanzee, and
African green monkey A3C proteins similarly reduced the relative infectivity of HIV-1Avif to
60%. Conversely, smmA3C inhibited HIV-1Avif replication by above one order of magnitude.
Human A3G served as a positive control. Expression of the A3 in viral vector producing cells
showed that and smmA3C and agmA3C was lower expressed than A3Cs from human, rhesus,
and cpz (Figure 1B). Viral incorporation of smmA3C was found to be very similar to hA3G,
but much weaker compared to hA3C (suppl. Fig. 1 and Fig. 2).

It was recently reported that smmA3C resist HIV-1 Vif mediated depletion (Zhang et al.,
2016). Because smmA3C restriction of HIV-1Avif was similar or slightly stronger than
restriction by A3G (Fig. 1A), we analyzed its DNA editing capacity during infection by 3D-PCR
on the viral genome (Jaguva Vasudevan et al., 2017, Suspene et al., 2005b). DNA in which
the cytosines are deaminated by A3s contains less GC base pairs than non-edited DNA,
resulting in a lower melting temperature during PCR. Therefore, successful amplification at
lower denaturation temperature (Td) (83.5 - 87.6°C) in 3D-PCR is an indicator of A3-
mutagenized sequences. 3D-PCR amplification with samples of cells infected with viruses
encapsidating hA3C, rhA3C, cpzA3C, or agmA3C formed amplicons until Td 86.3°C, whereas
HIV-1Avif/smmA3C amplicons formed at 84.2°C. In control reactions using virions produced
with A3G PCR amplification was detectable at lower Td (85.2°C and weakly at 84.2°C) (Fig.
1C). Importantly, with the vector control sample (no A3), PCR amplicons could be amplified
only at the higher Td (87.6°C). The sequencing of the PCR products of smmA3C samples

formed at 84.2°C showed common G-to-A hypermutations (data not shown). Together we
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conclude that smmA3C inhibits HIV-1 by cytidine deamination causing hypermutation on the

viral DNA.

Identification of a specific region in smmA3C involved in deamination-mediated HIV-1Avif

restriction

The amino acid sequence identity and similarity between human and sooty mangabey A3C
are 77.9% and 90%, respectively (alignment is shown in suppl. Fig. S2). To possibly identify
the distinct determinants, ten different hA3C/smmA3C chimeras were constructed (Zhang et
al., 2016) (Fig. 2A). We first tested the anti-HIV-1Avif activity of hA3C, smmA3C and the
chimers. Viral particles with different chimers were produced and their infectivity was
tested. As shown in Fig. 2B, chimers C2 and C4 and C8 strongly reduced the relative
infectivity of HIV-1Avif, especially C2 (hA3C with 36 residue exchange with smmA3C at the N-
terminus) inhibited HIV-1Avif replication by about two orders of magnitude. C6 and C9
reduced 72% of the viral infectivity, compared to vector control. All other chimers showed

the antiviral activity similar or lesser to hA3C.

Next, we determined the intracellular expression and virion incorporation efficiency of the
chimeras by immunoblotting. Chimeras C2, C3, C5, C7, and C9 that contain residues 37 to 76
(marked as a box in Fig. 2A) of hA3C were stably produced (perhaps with more solubility)
than C1, C4, C6, and C10. Specifically, C2 was expressed higher than hA3C and C10 was
below the detection limit (Fig. 2C). Chimeras, C2, C4, C6, C7, and C9 were found to be
encapsidated in HIV-1Avif (Fig. 2C, viral lysate). Notably, C3 and C5 were less efficiently
packed into viral particles although they had higher intracellular levels, conversely, C6 might
be produced lesser but its viral incorporation is higher than C3 or C5. Taken together, C2 and
C4 were the chimeras potently restricting HIV-1Avif, C6, in contrast, lost the antiviral activity,
suggesting that the N-terminal region of smmA3C is crucially involved in the antiviral
mechanism, but might not be the only determinant. A second domain is indicated because
C6 did not repress HIV-1Avif, in spite of having the N-terminal region and half of smmA3C. In
addition, chimer C8 that contained more than half of the smmA3C region worked better

than C6 in restricting HIV-1Avif. We speculate that the parts of the hA3C residues in C2 and
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C4 that are absent in C6 complemented the restriction activity of these chimers. In addition,
the low-level inhibitory activity of C8 compared to C2/C4 and the loss of C10 intracellular
expression together clearly indicate the vital role of C-terminal regions of smmA3C for

expression and antiviral activity.

Catalytic deamination activity of smmA3C correlates with antiviral function

To characterize whether the anti-HIV-1 activity of the hA3C/smmA3C chimeras were due to
the differences in catalytic activity, we compared theirs in vitro deamination activity.
Transiently transfected hA3C, smmA3C and their chimeras 293T lysates were used as input
in this assay (Fig. 3A). In addition, we have included a catalytic inactive mutant hA3C.C97S
and an activity enhanced mutant hA3C.S61P as controls (Fig. 3B). We adapted the PCR-based
in vitro deamination assay, which was shown to be effective in determining specific A3’s
activity from various samples (Nowarski et al., 2008, Jaguva Vasudevan et al., 2013, Marino
et al., 2016, Jaguva Vasudevan et al., 2017). This assay depends on a site-specific cytidine to
uridine deamination in an 80 nucleotide (nt) ssDNA by A3. A subsequent PCR generates a
double stranded DNA, replaces the uridine with thymidine, and thus generates a new
restriction site. The efficiency of the restriction enzyme digestion is monitored using a similar
80 nt ssDNA containing uridine instead of a cytidine in the hotspot. The substrate nucleotide
containing TTCA was reported as an optimal A3C target motif, used for this assay (Jaguva
Vasudevan et al., 2017). smmA3C elicited the stronger product formation compared to hA3C
and hA3C.S61P, a mutant of hA3C that has enhanced deamination activity (Jaguva
Vasudevan et al., 2017) (Fig. 3A and 3B). Remarkably, the deamination by C2 and C4 resulted
in more cleavage product than the deamination by smmA3C (Fig. 3A). The catalytic activity
of the chimeras can be expressed as [C2 and C4] >>> [C6 and C8] >> [C7 and C9]. Together
these data suggest that the smmA3C mediated restriction of HIV-1Avif is due to its robust

deamination function.
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smmA3C and hA3C forms intracellular RNAse resistant oligomers

A3s are nucleic acid binding proteins, earlier studies suggested that RNA-dependent
multimerization of A3G was essential for efficient viral encapsidation and it was shown that
the cellular higher order molecular mass complexes (HMM) of A3G, found as
ribonucleoprotein complexes (RNP) (Kreisberg et al., 2006, Huthoff et al., 2009, Vasudevan
et al., 2013, Burnett and Spearman, 2007, Wedekind et al., 2006, Gallois-Montbrun et al.,
2007, Kozak et al., 2006, Li et al., 2014). RNA bridged A3G multimers are sensitive to RNAse
treatment, which can form low molecular mass complexes (LMM) from HMM in presence of
RNAse (Huthoff et al., 2009, Jaguva Vasudevan et al., 2013), and A3G-HMM:s are stabilized
by both protein-protein and protein-RNA interactions (Li et al., 2014, Wedekind et al., 2006,
Iwatani et al., 2006, Jaguva Vasudevan et al., 2013, Huthoff et al., 2009). We and others have
reported that hA3C, (like A3F) can form unique RNA stabilized HMM complexes that are
insensitive to RNase treatment (Jaguva Vasudevan et al., 2017, Li et al., 2014, Wang et al.,
2007). In presence of RNAse hA3C-HMM did not yield low LMM, but sedimented as insoluble
protein pellet, suggesting A3C multimers are not RNA-bridged, but the overall stability of

A3C-HMM complexes were RNA-dependent (Jaguva Vasudevan et al., 2017).

To test whether smmA3C possess similar inherent features as hA3C, we performed velocity
sucrose gradient centrifugation. hA3C and smmA3C from the cell lysates, distributed
throughout the gradient and were largely found in HMM complexes, as tracked with
ribosomal S6 protein (Fig. 4A). Treatment with RNAse reduced the amount of higher order
molecules of both hA3C and smmA3C in the maximum sucrose fractions and did not form
low molecular mass complexes but instead elevated as aggregates (Fig. 5A, and protein

pellet not shown).

smmA3C and hA3C did not self-associate in the cytosol

Unlike A3G, hA3C does not form protein-protein complexes bridged by RNA (Huthoff et al.,
2009, Jaguva Vasudevan et al., 2017, Jaguva Vasudevan et al.,, 2013) but the functional

importance of dimerization of hA3C was reported earlier (Horn et al., 2014, Stauch et al.,
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2009). Recently it was confirmed that cellular hA3C lysed in the mild reagent did not pull
down its partner (Jaguva Vasudevan et al., 2017, Adolph et al., 2017), possibly suggesting

different forms of hA3C localized in cytoplasm and nucleus.

To test whether the stronger antiviral activity of smmA3C is mediated protein self-
association of cytoplasmic smmA3C, we performed pull-down assays. 293T cells were co-
transfected with plasmids encoding V5-tagged smmA3C (smmA3C-V5) plus HA-tagged
smmA3C (smmA3C-HA) or the empty vector. Using experimental (mild-lysis) conditions as
followed before (Jaguva Vasudevan et al., 2017) smmA3C-HA was pulled down with anti-HA
beads. The A3C bound beads were then split into two halves for RNase treatment. We found
no co-precipitation of smmA3C-V5 by smmA3C, irrespective of RNAse treatment (Fig. 4B).
Parallel experiments with hA3C and hA3G were served as negative and positive controls,
respectively for this CO-IP (Fig. 4B). Alternatively, we performed CO-IPs using
radioimmunoprecipitation assay (RIPA) buffer. First, we treated the cell lysates with and
without RNase and proceeded with anti-HA CO-IP. As expected, hA3C-HA co-precipitated
hA3C-V5 independent of RNAse (Fig. 4C). Interestingly, in absence of RNase treatment,
smmA3C-HA did not co-precipitate smmA3C-V5 to a level similar to hA3C, but this could be

improved very much by RNase treatment (Fig. 4C).

MATERIALS AND METHODS

Cell culture. HEK293T cells were maintained in Dulbecco’s high-glucose modified Eagle’s
medium (Biochrom, Berlin, Germany), supplemented with 10% fetal bovine serum (FBS), 2
mM L-glutamine, 50 units/ml penicillin, and 50 pug/ml streptomycin at 37°C in a humidified

atmosphere of 5% CO,.

Plasmids. The HIV-1 packaging plasmid pMDLg/pRRE encodes gag-pol, and the pRSV-Rev for
the HIV-1 rev (Dull et al., 1998). The HIV-1 vector pSIN.PPT.CMV.Luc.IRES.GFP expresses the
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firefly luciferase and GFP reported previously (Bihr et al., 2016). HIV-1 based viral vectors
were pseudotyped using the pMD.G plasmid that encodes the glycoprotein of VSV (VSV-G).
All APOBEC3 constructs described here were cloned in pcDNA3.1 (+) with a C-terminal
hemagglutinin (HA) tag. The smmA3C expression plasmid was generated by exon assembly
from the genomic DNA of white-crowned mangabey (Cercocebus torquatus lunulatus), and
the cloning strategy for smmA3C and the chimeras of hA3C/smmA3C plasmid construction
was recently described (Zhang et al., 2016). The expression vector for A3G-HA was
generously provided by Nathaniel R. Landau. Expression constructs hA3C, rhA3C, cpzA3C,
agmA3C and A3C point mutants A3C.C97S were described before (Jaguva Vasudevan et al.,
2017, Perkovic et al., 2009, Stauch et al., 2009). smmA3C with C-terminal V5 tag was cloned
using following primers using following primers forward 5'-EcoRlI-
ATGAATTCGCCACCATGAATCCACAGATCAGAAAC and reverse 5’-Notl-
ATGCGGCCGCCACTCGAGAATCTCCTGTAGGCGTC.

Virus production and isolation. 293T cells were transiently transfected using Lipofectamine
LTX and plus reagent (Invitrogen, Karlsruhe, Germany) with appropriate combination of HIV-
1 viral vectors (600 ng pMDLg/pRRE, 600 ng pSIN.PPT.CMV.Luc.IRES.GFP, 250 ng pRSV-Rev,
150 ng pMD.G with 600 ng A3 plasmid or pcDNA3.1, unless otherwise mentioned) together
with A3 plasmid or as a vector control pcDNA3.1 empty vector in 6 well plate. 48 h post-
transfection, virion containing supernatants were collected and concentrated by layering on
20% sucrose cushion and centrifuged for 4 h at 14,800 rpm. Viral particles were re-
suspended in mild lysis buffer (50 mM Tris (pH 8), 1 mM PMSF, 10% glycerol, 0.8% NP-40,

150 mM NaCl and 1X complete protease inhibitor).

Luciferase-based infectivity assay. HIV-1 luciferase reporter viruses were used to transduce
HEK293T cells. Prior infection, the amount of reverse transcriptase (RT) in the viral particles
was determined by RT assay using Cavidi HS kit Lenti RT (Cavidi Tech, Uppsala, Sweden).
Normalized RT amount equivalent viral supernatants were transduced. 48 h later, luciferase

activity was measured using SteadyliteHTS luciferase reagent substrate (Perkin Elmer,
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Rodgau, Germany) in black 96-well plates on a Berthold MicroLumat Plus luminometer
(Berthold Detection Systems, Pforzheim, Germany). Transductions were done in triplicate

and at least three independent experiments were performed.

Immunoblots. Transfected 293T Cells were washed with phosphate-buffered saline (PBS)
and lysed in radioimmunoprecipitation assay buffer (RIPA, 25 mM Tris (pH 8.0), 137 mM
NaCl, 1% glycerol, 0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40, 2 mM EDTA, and
protease inhibitor cocktail set Il [Calbiochem, Darmstadt, Germany].) 20 min on ice. Lysates
were clarified by centrifugation (20 min, 14800 rpm, 4°C). Samples (cell/viral lysate) were
boiled at 95°C for 5 min with Roti load reducing loading buffer (Carl 726 Roth, Karlsruhe,
Germany) and subjected to SDS-PAGE followed by transfer (Semi-Dry Transfer Cell, Biorad,
Munich, Germany) to a PVDF membrane (Merck Millipore, Schwalbach, Germany).
Membranes were blocked with skimmed milk solution and probed with appropriate primary
antibody, mouse anti-hemagglutinin (anti-HA) antibody (1:7,500 dilution, MMS-101P,
Covance, Miinster, Germany); mouse a-V5 antibody (1: 4000 dilution; Serotec); goat anti-
GAPDH (C-terminus, 1:15,000 dilution, Everest Biotech, Oxfordshire, UK); mouse anti-a-
tubulin antibody (1:4,000 dilution, clone B5-1-2; Sigma-Aldrich, Taufkirchen, Germany),
mouse anti-capsid p24/p27 MAb AG3.0 (Simm et al.,, 1995) (1:250 dilution, NIH AIDS
Reagents); rabbit anti S6 ribosomal protein (5G10; 1:10° dilution in 5% BSA, Cell Signaling
Technology, Leiden, The Netherlands). Secondary Abs.: anti-mouse (NA931V), anti-rabbit
(NA934V) horseradish peroxidase (1:10* dilution, GE Healthcare) and anti-goat IgG-HRP
(1:10* dilution, sc-2768, Santa Cruz biotechnology, Heidelberg, Germany). Signals were

visualized using ECL chemiluminescent reagent (GE Healthcare).

Differential DNA denaturation (3D) PCR. 293T cells were cultured in the 6-well plates and
infected with DNAse | treated viruses for 12 hours. Cells were harvested and washed in PBS,
the total DNA was isolated using DNeasy DNA isolation kit (Qiagen, Hilden, Germany). A 714-
bp fragment of the luciferase gene was amplified using the primers 5’-

GATATGTGGATTTCGAGTCGTC-3" and 5’-GTCATCGTCTTTCCGTGCTC-3’. For selective
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amplification of the hypermutated products, the PCR denaturation temperature was
lowered stepwise from 87.6°C to 83.5°C (83.5°C, 84.2°C, 85.2°C, 86.3°C, 87.6°C) using a
gradient thermocycler. The PCR parameters were as follows: (i) 95°C for 5 min; (ii) 40 cycles,
with 1 cycle consisting of 83.5°C to 87.6°C for 30 s, 55°C for 30 s, 72°C for 1 min; (iii) 10 min

at 72°C. PCRs were performed with Dream Tag DNA polymerase (Thermo Fisher Scientific).

Co-immunoprecipitation assay for A3C self-association in cells. We performed this
experiment as we reported previously (Stauch et al., 2009) by including the smmA3C and
hA3C. To test whether RNAse A treatment can influence the A3C-A3C interaction, the cell
lysate made with RIPA buffer were split into two halves, in which one portion was treated
with RNAse A (70 pg/ml) and incubated for 30 min at 37°C followed by 30 min at room
temperature and the immunoprecipitation assay was performed as described in (Stauch et
al., 2009).

Alternatively, we also did an independent CO-IP using a procedure used before (Huthoff et
al., 2009, Jaguva Vasudevan et al., 2013). The difference in this method is the use of mild
lysis buffer containing 50 mM Tris (pH 8), 1 mM PMSF, 10% glycerol, 0.8% NP-40, 150 mM
NaCl and 1X complete protease inhibitor. At 24 h post-transfection, cells were harvested and
lysed with lysis buffer. The cleared lysates were incubated with 20 pl anti-HA affinity matrix
beads for 2 h at 4°C, with end-over-end rotation. After binding, the beads were washed
twice, with lysis buffer, and half-portions of the samples were aliquoted to new tubes. RNase
A (70 pg/ml) was added to one aliquot of the sample and incubated at 37°C for 10 min and
at 22°C for 40 min. Samples were further washed thrice with lysis buffer. CO-IP products
were eluted by boiling beads in SDS gel loading buffer at 95°C for 5 min. A parallel A3G-A3G

CO-IP was performed as a control.

Sucrose density gradient centrifugation. 293T cells were transfected with expression
plasmids for 1 ug A3C or smmA3C. After 24 hours, cells were lysed with lysis buffer (0.7%
NP-40, 100 mM NaCl, 50 mM potassium acetate, 10 mM EDTA, 10 mM Tris, pH 7.4, and
complete protease inhibitor cocktail [Merck Calbiochem]) and then clarified by

centrifugation for 10 min at 162 X g followed by a short spin at 18,000 X g for 30 s. A half
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portion of the sample was aliquoted to a new tube, to which RNase A (Thermo Fisher
Scientific) (70 pg/ml) was added and incubated for 30 min at 37°C. Samples were then
overlaid on top of a 10%-15%-20%-30%-50% sucrose step gradient in lysis buffer and
centrifuged for 45 min at 163,000X g at 4°C in a MLS-50 rotor (Beckman Coulter, Fullerton,
CA) (Jaguva Vasudevan et al., 2013, Huthoff et al., 2009). After centrifugation, the samples
were sequentially removed from the top of the gradient, resolved by SDS-PAGE, and
analyzed by immunoblotting with anti-HA and anti-S6 antibodies to detect A3C and

endogenous S6 ribosomal protein (Horn et al., 2014), respectively.

In vitro DNA cytidine deamination assay. A3 proteins expressed in transfected 293T cells
used as input. Cell lysates were prepared with mild lysis buffer after 48 h post plasmid
transfection. Deamination reactions were performed as described (Nowarski et al., 2008,
Jaguva Vasudevan et al., 2013) in a 10 pL reaction volume containing 25 mM Tris pH 7.0, 2 ul
of «cell lysate and 100 fmol single-stranded DNA substrate (TTCA: 5'-
GGATTGGTTGGTTATTTGTATAAGGAAGGTGGATTGAAGGTTCAAGAAGGTGATGGAAGTTATGTTT
GGTAGATTGATGG). Samples were treated with 50 pug/ml RNAse A (Thermo Fisher Scientific).
Reactions were incubated for at least 1 h at 37°C and the reaction was terminated by boiling
at 95°C for 5 min. One fmol of the reaction mixture was used for PCR amplification Dream
Taq polymerase (Thermo Fisher Scientific) 95°C for 3 min, followed by 30 cycles of 61°C for
30 s and 94°C for 30 s) using primers forward 5'-GGATTGGTTGGTTATTTGTATAAGGA and
reverse 5'-CCATCAATCTACCAAACATAACTTCCA. PCR products were digested with Msel (NEB,
Frankfurt/Main, Germany), and resolved on 15% PAGE, stained with ethidium bromide (7.5
ug/ml). As a positive control substrate oligonucleotides with TTUA instead of TTCA were

used to control the restriction enzyme digestion (Jaguva Vasudevan et al., 2017).

Statistical analysis. Data were represented as the mean with SD in all bar diagrams.
Statistically significant differences between two groups were analyzed using the unpaired
Student’s t-test with GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA). A

minimum p value of 0.05 was considered as statistically significant.
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Figure 1. A3C from sooty mangabey but not from other orthologues strongly inhibits HIV-
1Avif

(A) HIV-1Avif particles were produced with A3C from human, rhesus macaque, sooty
mangabey (smm), chimpanzees (cpz), African green monkey (agm), human A3G or vector
only. Infectivity of (RT-normalized) equal amounts of viruses, relative to the virus lacking
A3C, was determined by quantification of luciferase activity in 293T cells. Values are means +
standard deviations (error bars) for three independent experiments. Unpaired t-tests were
computed to determine whether differences between vector and each A3 protein reach the
level of statistical significance. Asterisks represent statistically significant differences: ***, p
< 0.0001. (B) The amount of proteins in the cell lysate and A3 viral encapsidation were
determined by immunoblotting. A3s and HIV-1 capsids were stained with anti-HA and anti-
p24 antibodies, respectively. GAPDH served as a loading control. “a” represent anti-
antibody. (C) 3D-PCR: HIV-1Avif produced together A3C orthologues, hA3G or vector controls
were used to transduce 293T cells. Total DNA was extracted and a 714 bp segment of

reporter viral DNA was selectively amplified using 3D-PCR. Td = denaturation temperature.
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Figure 2. Anti-HIV-1 activity of human/smm A3C chimeras

(A) llustration of ten different h/smm A3C chimeras (C = chimeras). A box in hA3C denotes
the amino acids region of 37 to 76. (B) HIV-1Avif particles were produced with A3C from
human, smm, and h/smm chimeras or vector only. Infectivity of (RT-normalized) equal
amounts of viruses, relative to the virus lacking A3C, was determined by quantification of
luciferase activity in 293T cells. Values are means + standard deviations (error bars) for three
independent experiments. Unpaired t-tests were computed to determine whether
differences between vector and each A3 protein reach the level of statistical significance.
Asterisks represent statistically significant differences: ***, p < 0.0001. (C) The amount of
proteins in the cell lysate and A3 viral incorporation were determined by immunoblotting.
A3s and HIV-1 capsids were stained with anti-HA and anti-p24 antibodies, respectively.

I “"

GAPDH served as a loading control. “a” represent anti-antibody.
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Figure 3. Cytidine deamination capacity of chimeras

(A) 293T cells were transfected with expression plasmids encoding hA3C, smmA3C and all
h/smm chimeras. Immunoblot stained with anti-HA antibody, shows the amount of A3C and

I "

chimeric-A3C in cell lysates. Tubulin served as a loading control. “a” represent anti-antibody.
In the next panel, the in vitro cytidine deamination activity was shown. RNAse treatment was
included; oligonucleotide containing uracil (U) instead of cytosine served as a marker to
denote the migration of deaminated product after restriction enzyme cleavage. S-substrate,
P-product. (B) A new activity assay using hA3C, hA3C.C97S, hA3C.S61P, smmA3C,

smmA3C.P61S was performed as given in (A).
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Figure 4. smmA3C forms HMM complexes and self-associates like human A3C

(A) Velocity sucrose gradient fractionation of RNase A-treated and untreated cell lysates of
293T cells that were transfected with expression plasmids for hA3C and smmA3C through
sucrose gradients (10% to 50%). Samples were examined by use of specific antibodies: A3C
and endogenous ribosomal S6 marker proteins were detected by anti-HA and anti-S6
antibody respectively. Lanes corresponding to HMM complexes of A3C and S6 proteins were
marked with a dashed box. (B) protein-protein interaction using the mild-lysis buffer: Pull
down assay to detect homo-dimerization of smmA3C was performed. Carboxy-terminal V5
tagged smmA3C construct were co-transfected together with an expression vector coding
HA-tagged smmA3C. This assay was done with and without RNAse A treatments, after
binding the HA-tagged protein to the beads. Cell lysates (Input) and anti-HA IP fractions were
subjected to immunoblot analysis using anti-HA and anti-V5 antibodies. As a control for
RNAse bridged interaction, parallel hA3C-A3C and A3G-A3G interaction experiment were
added. (C) Using RIPA buffer, an independent pull-down assay with hA3C and smmA3C with
and without RNAse A treatment was performed. As described in (B) transfections and

immunoblotting were followed.
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Suppl. Fig. 1

Cell VLP
C (
@.\4” 6\,\?’
A3GA3C <€ A3GA3C &
— —
o HA (A3C)

o -

Supplementary Figure 1. A comparable viral-packaging assay was performed with hA3G,

hA3C, and smmA3C. The amount of A3 in cell lysate and viral particles was determined by

immunoblotting using anti-HA antibody. VLP-viral like particles.
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Supplementary Figure 2.

(a) Sequence alignment of hA3C and smmA3 was done by using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). A pairwise sequence alignment using LALIGN
(http://embnet.vital-it.ch/software/LALIGN form.html) was performed to learn the

similarity and identity of the residues among them.
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ABSTRACT

The APOBEC3A (A3A) polynucleotide cytidine deaminase of the human APOBEC3 (A3)
protein family has been shown to have antiviral activity against HTLV-1, but not HIV-1, when
expressed in the virus producer cell. In viral target cells, high levels of endogenous A3A
activity have been associated with restriction of HIV-1 during infection. Reports on the
inhibition of Murine leukemia virus (MLV) by producer cell A3A have not been so clear with
inhibition ranging from marginal to strong. It has also been shown that A3A can have a direct
effect on transfected plasmid DNA. Therefore, we first optimized the experimental system to

minimize direct A3A effects.

Here we show that A3A can block the replication of Moloney-MLV (Mo-MLV) and related
AKV-derived strains of MLV in a deaminase-dependent fashion. Furthermore, our results
demonstrate that glycosylated Gag (glycogag) of MLV inhibits the encapsidation of A3A, and
to a lesser extent of murine A3. However, target cell A3A was not affected by glycogag and
exerted deamination in viral DNA. Since glycogag expression is abundant in full-length MLV
compared to the gag-pol packaging construct, our results may explain the controversial

results in previous reports.

Keywords: glycosylated gag, Murine leukemia virus (MLV), cytidine deaminase, APOBEC3A,

murine APOBEC3, A3 viral encapsidation, MDMs, and interferon
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INTRODUCTION

The human family of APOBEC3 (A3) genes consists of seven members, APOBEC3A (A3A), -B, -
C, -D, -F, -G, and —H (Jarmuz et al., 2002, Miink et al., 2012b). They belong to the group of
cytidine deaminases that can catalyze the deamination of cytidine residues to uridine in
single-stranded DNA (ssDNA) (Vasudevan et al., 2013). Members of the A3 enzymes contain
one or two zinc (Z)-coordinating domains and can be classified according to the presence or
absence of a Z1, 72, or Z3 motif (LaRue et al., 2009). Different lineages of placental mammals
show an individual A3 locus with a variable number of A3 genes that appears to result from
specific host adaptation to viruses (LaRue et al., 2009, Miink et al., 2008, Mink et al.,
2012b).

Human immunodeficiency virus type 1 (HIV-1) variants lacking expression of the vif gene
(HIV-1Avif), package A3G and other A3s of their producer cells into nascent viral particles.
Upon subsequent infection, the incorporated A3G deaminates cytosine residues to uracil in
elongating viral ssDNA during reverse transcription, leading to hypermutation that causes
missense and nonsense mutations impair the production of functional viruses (Bishop et al.,
2004, Harris et al., 2003, Lecossier et al., 2003, Mangeat et al., 2003, Mariani et al., 20033,
Zhang et al., 2003, Yu et al., 2004a, Browne et al., 2009), (for a review, see (Harris and
Dudley, 2015)). More recent studies indicate that deaminase-independent mechanisms
might also contribute to the antiviral activity of A3G (Bishop et al., 2006, Bishop et al., 2008,
Holmes et al., 2007, Iwatani et al., 2007, Mbisa et al., 2007, Guo et al., 2007, Li et al., 2007,
Wang et al., 2012, Strebel, 2005, Mink et al., 2012a). In the case of HIV-1, the amount of
encapsidated A3G in wild-type HIV-1 virions is dramatically reduced by Vif-dependent
degradation of A3G via the polyubiquitination-proteasome pathway and by degradation-
independent mechanisms (Marin et al., 2003, Sheehy et al., 2003, Yu et al., 2003, Yu et al.,
2004b, Kao et al., 2007, Kao et al., 2004, Opi et al., 2007, Santa-Marta et al., 2005, Britan-
Rosich et al., 2011).

The Z1 domain protein A3A, was found to have no antiviral activity when tested against HIV-
1 or Murine leukemia virus (MLV) by co-expression in the virus producer cells (Bishop et al.,
2004, Wiegand et al., 2004, Schmitt et al., 2011, Chen et al., 2006, Aguiar et al., 2008, Doehle
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et al., 2005, Bogerd et al., 2006a, Goila-Gaur et al., 2007, Hultquist et al., 2011, Ooms et al.,
2012). However, a study reported that A3A inhibits MLV (Dorrschuck et al., 2011), and A3A
can restrict HIV-1 if targeted to the capsid core by fusion to the viral protein Vpr or the N-

terminal domain of A3G (Aguiar et al., 2008, Goila-Gaur et al., 2007).

In addition, A3A expressed in the viral producer cell inhibits other retroviruses, such as the
Human T-lymphotropic virus type 1, the Rous sarcoma virus, the Porcine endogenous
retrovirus-B and the simian-human immunodeficiency virus Avif (Schmitt et al., 2011, Ooms
et al., 2012, Dorrschuck et al., 2011, Wiegand and Cullen, 2007, Schmitt et al., 2013). A3A
can also restrict hepatitis B virus as well as parvo- and papillomaviruses (Chen et al., 2006,
Zielonka et al., 2009, Narvaiza et al., 2009, Vartanian et al., 2008, Bulliard et al., 2011, Henry
et al, 2009, Lucifora et al.,, 2014) and A3A-mediated human papillomavirus 16 E2
hypermutation in oropharyngeal cancers were correlated with viral DNA integration (Kondo
et al.,, 2017). It is a repressor of retrotransposition activity and effectively inhibits long
terminal repeat (LTR)-retrotransposons through a novel deamination-independent
mechanism (Chen et al., 2006, Bogerd et al., 2006a). A3A is also reported to be a potent
inhibitor of human non-LTR retrotransposons, causing a reduction in LINE-1 (L1) and Alu
retrotransposition frequencies (Chen et al., 2006, Bogerd et al., 2006b, Muckenfuss et al.,
2006, Kinomoto et al., 2007, Niewiadomska et al., 2007, Lovsin and Peterlin, 2009, Khatua et
al., 2010, MacDuff et al., 2009, Tan et al., 2009). A mechanism of deamination mediated L1
inhibition was recently reported in which, A3A targeted the transiently exposed ssDNA
during L1 integration (Richardson et al.,, 2014). Other described functions of A3A include
efficient deamination of 5-methylcytosine to thymine and cytosine to uracil in ssDNA
substrate (Carpenter et al., 2012, Wijesinghe and Bhagwat, 2012), induction of DNA breaks,
activation of the DNA damage response and induction of cell-cycle arrest (Landry et al.,
2011), hypermutation of nuclear and mitochondrial DNA (Suspene et al., 2011), A3A
induction by interferon (as a result of cytosolic DNA mediated innate immune signaling), can
catabolize cytoplasmic ssDNA and potentially damage genomic DNA (Suspene et al., 2017)
and reduction of the expression of plasmid DNA by deamination-induced destabilization

(Carpenter et al., 2012, Stenglein et al., 2010). Recently, mutation signatures resulting from
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the enzymatic activity of A3s (especially A3A and A3B) were reported in several cancer types

(Burns et al., 2013, Roberts et al., 2013) (for a review, see (Henderson and Fenton, 2015)).

A3A is preferentially expressed in monocytes, macrophages, and dendritic cells, and
interferon (IFN) can further induce its expression (Chen et al., 2006, Stenglein et al., 2010,
Berger et al., 2011b, Berger et al., 2010, Koning et al., 2009, Cassetta et al., 2013, Peng et al.,
2007, Refsland et al., 2010, Thielen et al., 2010, Land et al., 2013, Koning et al., 2011,
Mohanram et al., 2013). Monocytes and, to a moderate extent, macrophages are refractory
to HIV-1 infection. This restriction is likely caused by two inhibitors, SAMHD1 (Berger et al.,
2011a, Hrecka et al., 2011, Laguette et al., 2011, Lahouassa et al., 2012) and A3A (Berger et
al., 2011b, Berger et al., 2010, Cassetta et al., 2013, Peng et al., 2007, Koning et al., 2011).
Silencing of A3A renders myeloid cells vulnerable to HIV-1 infection(Berger et al., 2011b,
Peng et al., 2007), suggesting that A3A expressed in target cells can attack the incoming
virion (Koning et al., 2011, Cassetta et al., 2013). However, ectopic expression of A3A in Hela
cells did not significantly modulate the susceptibility of these cells to HIV-1 infection (Berger
et al., 2011b). Recently, it was shown that upregulation of A3A by type-l and type-Il IFN are
myeloid cell specific and it did not induce A3A in activated CD4+ T cells (Logue et al., 2014).

MLV encodes two different forms of the Gag polyprotein, a regular Gag precursor initiated
by AUG codon and an upstream CUG primed longer version coding glycosylated Gag
(glycogag) (Edwards and Fan, 1979). The function of glycogag in MLV biology is not fully
understood. It was reported to be essential for MLV spreading and pathogenesis in mice but
less in culture (Corbin et al., 1994). It has been shown to enhance MLV particle release
through lipid rafts and stability of the mature viral capsid (Nitta et al., 2011, Nitta et al.,
2010, Stavrou et al., 2013). Glycogag possesses a function similar to HIV-1 Nef, serve as an
infectivity factor of MLV, and can assist Nef-deficient HIV-1’s infectivity (Pizzato, 2010). It
was also found that MLV glycogag, HIV-1 Nef and S2 of equine infectious anemia virus
counteract the retroviral inhibition mediated by SERINC5 and SERINC3. This suggested the
evolution of three independent retroviral accessory proteins to antagonize host SERINC5 and

SERINC3 (Rosa et al., 2015, Usami et al., 2015, Chande et al., 2016, Ahi et al., 2016). Recent
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studies demonstrated that glycogag protects MLV from A3 restriction factors (Kolokithas et
al., 2010, Rosales Gerpe et al., 2015, Stavrou et al., 2013).

Here, we report that in contrast to HIV-1, Mo-MLV is restricted by producer cell A3A. We
also reanalyzed the functional consequences of the presence of A3A on the expression of
reporter genes encoded by plasmid DNA and confirm that A3A can inhibit plasmid-derived
expression by cytidine deamination. A3A present in target cells could inhibit the incoming
MLV particles by its deamination activity. In addition, the glycogag of MLV could counteract
producer cell derived A3A and murine A3 by excluding them from virion packaging.

However, glycogag was inefficient to protect incoming MLV against target cell A3A.

RESULTS

Interferon treatment strongly induces endogenous A3A in macrophages and inhibits the

replication of MLV and HIV-1

A3 proteins were reported to be enhanced by type | and type Il interferons (Liu et al., 2012,
Peng et al., 2006). To verify the induction of A3A in monocyte-derived macrophages
(MDMs), we treated them with IFNB and analyzed the antiviral effect of interferon on viral
replication of MLV and HIV-1. Macrophages pretreated with interferon-8 were infected and
the reporter luciferase activity was measured three days post infection. Fig 1A shows that
100 and 1000 U/ml of interferon-p treatment can block 70% and 83% of respective MLV
infectivity and 80% and 87% HIV-1 infectivity, although the Vpx can enhance the infectivity
of HIV-1 to a certain level (Suppl. Fig. 1). As expected, interferon treatment boosted the A3A
protein level in a dose-dependent manner while A3G was also moderately induced (Fig. 1B).
This data allowed us to ask whether the enhanced expression of A3A in target cell has a role
on inhibiting MLV. We performed 3D-PCR to selectively amplify the hypermutated reporter
viral DNA (a 714-bp segment of the luciferase gene of the viral vector). At lower
denaturation temperature (85.2°C), PCR amplicons were detectable from MDM samples

treated with 100 U and 1000 U interferon, in a dose-dependent manner. Samples of
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untreated MDM vyielded PCR products at higher denaturation temperature (86.3°C) when

compared to treated samples (Fig. 1C).

Thus, MLV infection of human macrophages can be blocked by interferon treatment. Since
interferon treatment did not only raise the level of A3A but also of many interferon-induced
genes (ISG) such as A3G and MxB (Fig 1B), we performed the following experiments by
ectopic expression of A3A in HEK293T cells.

Effect of target cell A3A on MLV replication

To demonstrate the target cell effect of A3A on incoming MLV, we transfected 293T cells
with A3A and its cytidine deaminase catalytic mutant, A3A.E72A and 24 h later, they were
infected with the virus. 12-14 h post infection, total DNA was isolated and the viral reporter
DNA was amplified using 3D-PCR. In addition, protein levels of A3A and A3A.E72A were
determined at the same time point (Fig. 2A). Compared to the vector control or A3A.E72A,

PCR products of A3A samples amplified at lower denaturation temperature (85.2°C) (Fig. 2B).

To determine G-to-A mutations potentially triggered by A3A, the PCR products generated at
the lowest temperature were cloned and sequenced. The results showed several G-to-A
mutations in a specific A3A-specific GA dinucleotide context and A3A caused a
hypermutation rate of around 14% (Fig. 2C). Importantly we could not find any mutations in
the control samples where we transfected the cells with vector plasmid or plasmid encoding

A3A.E72A.

A3A mediates inhibition of plasmid expression

We first wanted to use our experimental system to provide a more quantitative assessment
of whether A3A impairs the expression and integrity of co-transfected plasmids, as initially
described by Stenglein et al.,, (Stenglein et al., 2010). Other recent studies using co-
transfection systems with A3A plasmids observed either a slight (<20%) (Schmitt et al., 2011,

Muckenfuss et al., 2006, Ooms et al., 2012) or a strong (2-to-4-fold) diminution of reporter
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gene expression (Bulliard et al., 2011), possibly indicating a dose- and reagent-specific effect
of A3A. To delineate any side effects of A3A during viral vector production, we co-
transfected cells with the MLV-based luciferase transfer vector plasmid and increasing
amounts (0 to 1000 ng) of A3A or A3A.E72A expression plasmids and analyzed the
intracellular luciferase activity in the transfected cells two days post transfection. The results
demonstrate an A3A dose-dependent inhibition of luciferase expression (Fig. 3). Notably, the
mutant protein A3A.E72A increased the luciferase activity, likely due to its competitive
binding to the substrate or any unknown factors. To verify this effect is not cooperatively
promoted by the large T antigen expressed in the HEK293T cells, we performed a similar
experiment with HEK293 cells (Fig. 3). Together, the data demonstrate that A3A’s enzymatic
activity inhibited the expression of plasmid-encoded luciferase in a dose-dependent manner
in both 293 and 293T cell lines. Extensive hypermutation on the plasmids DNA and induction
of genomic double-stranded DNA breaks (Landry et al., 2011) were observed in our

experimental set up by transfected A3A wild type and not with catalytic mutant A3A.E72A.

The results demonstrate that ectopic A3A can induce cytidine deamination in plasmid DNA
and likely inactivates plasmid-based expression. We conclude that the use of A3A in studies
of viral replication requires a careful investigation of unwanted and possibly misleading side
effects. However, compared to ectopic A3A in 293T cells, the endogenous A3A expression
levels found in interferon-treated macrophages were higher (Suppl. Fig. 1B). MDMs (and not
PBMCs) treated with 1000 U interferon for 24 h yielded an amount of A3A that surpasses the

level of A3A produced with 1 pug plasmid DNA by transient transfection (Suppl. Fig. 1B).

Producer-cell-derived A3A restricts Mo-MLV

To test a producer cell effect of A3A, Mo-MLV was generated by transfection together with
incremental amounts of expression plasmids for A3A and its catalytic mutant A3A.E72A. RT-
normalized viral particles were used for transduction and the intracellular luciferase activity

was determined two days post transduction. The titration experiment showed that A3A but
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not the deaminase-inactive A3A.E72A efficiently restricts the replication of MLV (by up to

80%) in a dose-dependent manner (Fig. 4A).

The packaging of A3 proteins into retroviral particles is a prerequisite for targeting the early
post-entry phases of infection (Mariani et al., 2003b, Miink et al., 2012a). We, therefore,
analyzed A3A incorporation into the Mo-MLV particles by immunoblotting. A3A was found
detectable in the Mo-MLV particles even with the lowest concentration of plasmid used (Fig.

4B), suggesting efficient encapsidation of A3A by MLV.

Encapsidated A3A resides at viral core of MLV

To understand if A3A is incorporated into the viral core, we isolated the viral cores by
detergent stripping. Virions were concentrated and intact cores were fractionated with
sucrose step gradient with a layer of detergent (1% Triton X-100) on top (Kotov et al., 1999,
Wang et al., 2007). As a control, we purified intact virions by sucrose gradient that lacks the
detergent phase. As reported, the viral core was relatively unstable, and during the process
of core purification, a fraction of viral core proteins found disassembled (Fig. 4C) (Kotov et
al., 1999). The detergent sensitive fraction containing VSV-G membrane proteins and
digested p30 was prominently seen at the earlier fractions (soluble proteins) and the core
fractions were enriched with p67 and p30 with A3A, devoid of VSV-G (Fig. 4C). This result
suggests that MLV could not block encapsidation of A3A into nascent viral particles, and

incorporated A3A found in viral cores.

A3A restricts Mo-MLV and AKV tropic strains

To understand whether A3A can restrict different strains of MLV, we repeated the analysis
using packaging constructs derived from Mo-MLV and two variants of the related AKV MLV
(N-tropic or B-tropic). The resulting virions differed only in their Gag-Pol protein. The amount
of A3A plasmid was limited to 100 ng per transfection for all experiments to reduce the

likelihood of mutations in plasmids and of DNA double-strand breaks. Viral supernatants
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normalized by RT were subsequently used to infect feline CrFK cells that lack expression of
the TRIM5a protein (McEwan et al., 2009), and intracellular luciferase activity was
measured. Using these experimental conditions, the infectivity of the Mo-MLV, N-tropic, and
B-tropic particles were restricted significantly yet displayed a different level of inhibition (Fig.
5A). Whereas, the virus particles produced with catalytically inactive mutant A3A.E72A
increased the luciferase activity above the level of vector control (no A3), suggesting a
possible competitive effect of the catalytic mutant protein. Immunoblot analysis of cell
lysates and viral particles detected expressed viral proteins and encapsulated A3A and

A3A.E72A into Mo-MLV and AKV particles (Fig. 5B).

To assess the deaminase-dependent effect of A3A on viral infectivity, we used 3D-PCR to
characterize the integrity of viral cDNA produced in the presence of A3A during transduction
of target cells. The cDNA samples of Mo-MLV particles generated with A3A.E72A or vector
control (no A3) did not result in PCR products amplified at lower denaturing temperatures
(Fig. 5C). In contrast, DNA samples of cells infected with Mo-MLV particles assembled in the
presence of A3A yielded PCR amplicons at the lower denaturing temperatures as an
indication of A3-mutagenized sequences. PCR products from the lowest denaturing
temperature of each were cloned and sequenced. Sequencing results confirmed G-to-A
hypermutations caused by A3A (G-to-A changes 16%), and that none were elicited by the
corresponding A3A.E72A (G-to-A changes 0.2%) (Fig. 5C). Virions made in the absence of any
A3A plasmids displayed 0.14% G-to-A changes in their cDNA. The dinucleotide substitutions

occurred in an A3A-specific motif of GA to AA as we found before (Fig. 2C).

Human and rhesus A3A but not deaminase-defective A3A.F75L mutant can inhibit MLV

Because it was reported that the three amino acid deletion (*’SVR*) in A3A was acquired in
hominids that do not alter its antiviral function (Schmitt et al., 2011). But the analogous
deletion in rhesus A3A abrogated its antiviral activity against HIV-1Avif and HTLV-1 (Schmitt
et al., 2011, Ooms et al., 2012). We tested the human A3A variants containing these

additional amino acids (+SV and +SVR) found in rhesus macaque. As a control, we added
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rhesus A3A and the variants lacking the equivalent amino acids (ASV and ASVR). MLV viral
particles were produced with the above A3A variants or vector control, and their infectivity
was tested. As shown in Fig. 6A, both human and rhesus A3A potently inhibited MLV
replication. Insertion of SV or SVR amino acids in human A3A did not affect its anti-MLV
activity but interestingly, rhesus A3A deletion mutants SV and SVR lost 2-fold and 4-fold
antiviral activities, respectively (Fig. 6A). Human and rhesus A3A variants were expressed
and incorporated into MLV particles in a similar manner (Fig. 6B). This data, together with
the previous observations (Schmitt et al., 2011, Ooms et al., 2012) suggest that the A3A from

human and rhesus share an evolutionally conserved capacity to restrict retroviruses.

Human A3A and a deaminase-defective A3A.F75L mutant were shown to inhibit replication
of the parvovirus adeno-associated virus in a deaminase-independent manner (Narvaiza et
al., 2009). A non-catalytic core residue, F75 in A3A is reported to be crucial for its deaminase
activity, as A3A.F75L mutant failed to deaminate cytidines (Narvaiza et al., 2009). Since we
found the loss of MLV activity with active site mutant A3A.E72A in all experiments, and to
rule out the possibility that this is not due to the distorted integrity of the active site in the
E72A mutant, we tested the deaminase-defective A3A.F75L (Narvaiza et al., 2009). MLV
particles were produced with these A3A mutants, and tested for infectivity. As expected,
both enzymatically inactive A3A variants, A3A.F75L and A3A.E72A lost its capacity to inhibit
MLV replication (Fig. 6C). All the tested A3A mutants were produced and encapsidated
nearly similar into MLV virions (Fig. 6D). These results further indicate that A3A inhibits MLV

by a deamination-dependent mechanism.

Glycogag protect MLV from A3A and mouse A3

According to Ensembl genome browser, there are 9 protein-coding transcripts of A3
reportedly found in murine cells (Aken et al., 2017), in which the full-length (429 amino
acids) canonical form is made up of 9 exons. An alternatively spliced variant lacking exon 5
(396 amino acids) was shown to have more antiviral activity than its full-length counterpart

(Takeda et al., 2008, Langlois et al., 2009, Okeoma et al., 2009, Li et al., 2012, Mariani et al.,
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2003a). Hence, to possibly obtain variants other than the well-known clone (exon 5 deleted
variant), we performed reverse transcription-PCR using spleen RNA of C57BL/6 mice. We got
three different clones of mA3 lacking exon 5 (termed, mA3) in a successive PCR with mA3
specific primers. The first variant had a single amino acid change, mA3.R354W (Accession no
of mA3 isoform 2: NP084531) when compared to mA3 (NIH AIDS reagent program cat. No:
10021) as previously described (Mariani et al., 2003a). Tryptophan found in this variant is
analogous to the full-length mA3 (mA3 isoform 1, Accession no: NP001153887) as reported
before (Takeda et al., 2008, Langlois et al., 2009). A second variant that was not reported
earlier had a 39 base pair (bp) deletion in exon 7, named mA3-A13. The third one had a 14
bp insertion that causing a truncation encoding a 207 amino acid long mA3, which is not
included in the current study. The amino acid sequence alignment of mA3, mA3.R354W, and
mA3-A13 is given in Suppl. Fig. 2. These mA3 variants were used in the following

experiments.

Because our primary analysis suggested very low level of glycogag proteins in MLV (pHIT60
derived) vectors (Fig. 7A), we expressed glycogag proteins in trans using p8065-2, a full-
length glycogag coding construct and gg88 that codes only the 88 amino acids of glycogag
lacking gag polyprotein (Nitta et al., 2011). To test the effect of glycogag on infectivity of
MLV, we produced MLV particles together with A3A, mA3 variants or a vector control
encoding no A3. In addition, we produced full-length amphotropic MLV together with the
luciferase transfer vector and A3s (without any additional pseudotyping). Infectivity of RT-
normalized particles was measured three days later. A3A, mA3, mA3.R354, and mA3-A13
reduced the infectivity of pHIT60-derived MLV more efficiently than the infectivity of the
amphotropic MLV (Fig. 7B). However, co-expression of glycogag increased the infectivity of
MLV made in the presence of A3 to the level of control virus produced without A3. The level
of inhibition by different A3s slightly varied, but importantly, the presence of glycogag
improved the replication of A3 containing pHIT60 MLV (Fig. 7B). The successful expression of

the different A3s was confirmed by immunoblotting (Fig. 7C).
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Glycogag did not affect the catalytic activity of A3A

As A3A can enzymatically affect the expression of plasmid encoded luciferase (Fig. 4), we
asked whether the co-expression of glycogag can rescue the plasmid DNA from the mutating
activity of A3A. We performed similar experiments by co-transfecting A3A, glycogag
expression plasmids, and MLV-luciferase vector. However, the dose-dependent A3A

mediated inhibition of luciferase activity was equally reduced in presence and absence of

glycogag (Fig. 8A).

Because we detected glycogag protein (gg88) to be packaged into MLV particles (Fig. 8B), we
wanted to test if virus particle associated glycogag can counteract the target cell A3A’s
deamination activity in MLV infection. MLV particles without and with glycogag were
produced and used to infect A3A expressing cells. Using 3D-PCR to analyze for potential
mutations caused in MLV genome during the early infection phase demonstrated that
glycogag cannot reduce the A3A activity on MLV genomes incoming into the cells. In both
samples containing MLV with and without glycogag PCR products could be amplified at the

lower denaturation temperature (85.2°C) (Fig. 8C).

Glycogag selectively excludes A3A packaging and enhance MLV infectivity

Since glycogag did not alter the A3A’s enzymatic activity, we hypothesized that it may
exclude the A3 packaging into MLV. To test this, we performed immunoblot analysis of cell
and viral lysates of MLV produced together with glycogag or not. Immunoblots in Fig. 8D
show that A3A and mA3 can incorporate into MLV in absence of glycogag but not when
glycogag was co-expressed. Thus, these data suggest a model, in which glycogag counteract
A3s from producer cell by preventing their packaging into viral particles. Future experiments
should address the question whether glycogag has specificity for individual A3 proteins and

viruses.
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MATERIALS AND METHODS

Cell culture: HEK293T and CrFK (feline renal fibroblast cells) cells were maintained at 37 Cin
a humidified atmosphere of 5% CO, in Dulbecco’s high-glucose modified Eagle’s medium
(Biochrom, Berlin, Germany), supplemented with 10% fetal bovine serum (FBS), 2 mM L-

glutamine, 50 units/ml penicillin, and 50 pg/ml streptomycin.

Preparation and cultivation of human peripheral blood-derived CD14* macrophages: CD14"
monocytes were purified and enriched from human peripheral blood mononuclear cells
(PBMCs) and differentiated into macrophages in RPMI 1640 medium supplemented with
antibiotics, 10% fetal calf serum and 40 ng/ml recombinant human M-CSF (Peprotech) as
described before (Ehlting et al., 2015). Cells were used after 8 days of cultivation and

differentiation.

Interferon B stimulation: Monocyte-derived macrophages (MDMs) were treated with 0, 10,
100 and 1000 U/ml of human interferon B, 1a (PBL assay science) for 24 h. After treatment,
one set of samples were lysed with RIPA buffer for immunoblot determination. Another set
of MDMs treated with (0, 100, 1000 U/ml) interferon B were transduced with HIV-1Avif and
MLV viral particles and viral infectivity was evaluated by luciferase assay after 72 h as
described below. To detect endogenous (total) A3 catalyzed editing of MLV viral genome,
infected MDMs were collected after 12 h for DNA extraction and following PCR of viral DNA

(see 3D-PCR section).

Plasmids: The MLV packaging plasmids CIG-N, CIG-B, and pHIT60 were kindly provided by
Jonathan Stoye, which encode for the gag-pol of AKV N-tropic, AKV B-tropic, and Mo-MLV,
respectively (Bock et al., 2000). The MLV luciferase reporter plasmid MP71-luc is based on
the MP71 plasmid that was previously described before (Schambach et al., 2000), kindly
provided by Harald Wodrich. The MP71-luc plasmid contains the firefly luciferase gene
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cloned into the EcoRIl endonuclease restriction of MP71. The replication competent
amphoteric MLV viral vector, R675 was a gift from Carol Stocking. The APOBEC3A (A3A)-HA
expression construct is coding for the human A3A with three C-terminal hemagglutinin (HA)-
tags (Wiegand et al., 2004), kindly provided by Bryan Cullen. The catalytic inactive A3A.E72A
mutant was previously described (Muckenfuss et al., 2006). The HIV-1 packaging plasmid
pMDLg/pRRE encodes gag-pol, and the pRSV-Rev for the HIV-1 rev (Dull et al., 1998). The
HIV-1 vector pSIN.PPT.CMV.Luc.IRES.GFP expresses the firefly luciferase and GFP reported
previously (Bahr et al., 2016). MLV and HIV-1 based viral vectors were pseudotyped using
the pMD.G plasmid that encodes the glycoprotein of VSV (VSV-G). The pTR600 APOBEC3A
plasmid is a gift from Viviana Simon (Ooms et al.,, 2012). Human and rhesus A3A variants
cloned in pTR600 was previously reported by us (Ooms et al., 2012). In addition, we
constructed a point mutant, pTR600-A3A.F75L mutant by site directed mutagenesis using
primers forward 5’-CGGAGCTGCGCTTGTTGGACCTGGTTC and reverse 5’-
CGGAGCTGCGCTTGTTGGACCTGGTTC. The M-MuLV glycogag (gPr80gag) expression plasmid
p8065-2 and 2XHA tagged gg88 plasmid (2xHA-gg88, which expresses 2XHA epitope tags and
the 88 amino acids at the N-terminus of gPr80gag) were generously provided by Hung Fan.
Note that the putative CUG start codon in both p8065-2 and gg88 plasmids were replaced
with AUG by site-directed mutagenesis as described before (Nitta et al., 2011). In addition,
murine A3 (mA3) isoforms were amplified from cDNA, prepared from mouse (C57BL/6
strain) spleen RNA using following primers forward 5’-EcoRlI-
GGTGAATTCGCCATGGGACCATTCTGTCTGGGATGC and reverse 5’-Xhol-
TATCTCGAGTCAAGCGTAATCTGGAACATCGTATGGGTAAGACATCGGGGGTCCAAGCT, the two
different variants of mA3 with a C-terminal HA tag was then cloned into EcoRIl and Xhol

restriction sites of pcDNA3.1.

Virus production and isolation: 293T cells were transiently transfected using Lipofectamine
LTX and plus reagent (Invitrogen, Karlsruhe, Germany) with appropriate combination of viral
and A3A plasmids (in a six-well plate, MLV: 1000 ng pHIT60 or tropic plasmids CIG-N or CIG-
B, 1000 ng pMP71-luc, 150 ng pMD.G with 100 ng A3A plasmid; in a twelve well plate, MLV:

133



MLV-glycogag counteracts A3A by virion exclusion

450 ng pHIT60, 600 ng pMP71-luc, 100 ng pMD.G with 100 to 1000 ng A3A plasmid
(prepared for Fig. 3A); Amphoteric MLV: 500 ng R675, 500 ng with 100 ng A3A or 400 ng
mA3unless otherwise mentioned) together with pcDNA3.1 as a vector control. Note that the
overall plasmid concentration was kept constant in all transfections by adding pcDNA3.1
plasmid as required. 48 h post-transfection, virion containing supernatants were collected
and concentrated by layering on 20% sucrose cushion and centrifuged for 4 h at 14,800 rpm.
Viral particles were resuspended in mild lysis buffer (50 mM Tris (pH 8), 1 mM PMSF, 10%
glycerol, 0.8% NP-40, 150 mM NaCl and 1X complete protease inhibitor) and proteins were
subjected to immunoblotting. For experiments involving glygogag plasmids p8065-2 and
pgg88 the following transfection scheme was used: 500 ng pHIT60, 500 ng pMP71-luc, 100
ng pMD.G with 100 ng A3A or 400 ng mA3, 500 ng p8065-2 or pgg88, balanced appropriately

with pcDNA empty plasmid to maintain constant ng of DNA in a six well plate.

Luciferase-based infectivity assay: Mo-MLV-based luciferase reporter viruses, Amphoteric
MLV were used to transduce HEK293T cells, while the experiment shown in Fig.5 with tropic
strains, CrFK cells were transduced. Prior infection, the amount of reverse transcriptase (RT)
in the viral particles was determined by RT assay using Cavidi HS kit Lenti RT (Cavidi Tech,
Uppsala, Sweden). Normalized RT amount equivalent viral supernatants were transduced in
all the experiments. 72 h later, and luciferase activity was measured using SteadyliteHTS
luciferase reagent substrate (Perkin Elmer, Rodgau, Germany) in black 96-well plates on a
Berthold MicroLumat Plus luminometer (Berthold Detection Systems, Pforzheim, Germany).
Transductions were done in triplicate and at least two independent experiments were

performed.

Viral core isolation: MLV cores were isolated according to the protocol described for
isolating HIV-1 cores (Wang et al.,, 2007) Viral particles were produced by transient
transfection of 293T cells (1000 ng pHIT60, 1000ng pMP71-luc, 200ng A3A and 150ng VSV-

G). Two days post transfection the virions containing supernatants were purified and
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concentrated by centrifuging through 20% sucrose cushion in a table top centrifuge at 14000
rpm for 4 h. Viral particles resuspended in STE buffer (10 mM Tris-HCI, pH 7.4, 100 mM NacCl,
1 mM EDTA), loaded on the top of 7.5% sucrose followed by 1% Triton X-100 layer (in 15%
sucrose) and a 20-70% sucrose gradient, and centrifuged at 136,000xg for 16 h at 4°C in
ultra-clear centrifuge tubes (13 x 51 mm, Beckman Coulter) in an MLS-50 rotor (Beckman
Coulter). Next day, 12 fractions were collected and subjected for Immunoblot. Viral
compartments and the A3 proteins were detected by probing the blots with appropriate

antibodies (MLV anti-p30, anti-VSV-G and anti-HA).

A3A mediated inhibition of plasmid expression: HEK293T cells and HEK293 cells lacking
large T-antigens (2 x 10° cells/well in a 12-well plate) were co-transfected with the luciferase
expression plasmid MP71-luc (200 ng), and increasing amounts of the A3A or A3A.E72A
expression plasmids (0, 0.1, 0.25, 0.5, 0.75, and 1 pg). pcDNA3.1 empty vector was used to
keep total DNA concentrations equivalent for each transfection. Two days post-transfection,
luciferase activity was measured as described above. Results are representative of three
independent experiments. Similar A3A titration experiment was performed in 293T cells

with 100 ng of the MP71-luc plasmid with 200 ng of p8065-2 or pgg88 glycogag plasmid.

Immunoblots: Transfected 293T cells PBMCs or MDMs were washed with phosphate
buffered saline (PBS) and lysed in radioimmunoprecipitation assay buffer (RIPA, 25 mM Tris
(pH 8.0), 137 mM NaCl, 1% glycerol, 0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40,
2 mM EDTA, and protease inhibitor cocktail set Il [Calbiochem, Darmstadt, Germany].) 20
min on ice. Lysates were clarified by centrifugation (20 min, 14800 rpm, 4°C). Samples (cell
or viral lysate) were boiled at 95°C for 5 min with Roti load reducing loading buffer (Carl 726
Roth, Karlsruhe, Germany) and subjected to SDS-PAGE followed by transfer (Semi-Dry
Transfer Cell, Biorad, Munich, Germany) to a PVDF membrane (Merck Millipore, Schwalbach,
Germany). Membranes were blocked with skimmed milk solution and probed with

appropriate primary antibody, mouse anti-hemagglutinin (anti-HA) antibody (1:7,500
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dilution, MMS-101P, Covance, Minster, Germany); mouse anti-a-tubulin antibody (1:4,000
dilution, clone B5-1-2; Sigma-Aldrich, Taufkirchen, Germany), mouse anti-capsid p24/p27
MAb AG3.0 (Simm et al., 1995) (1:250 dilution, NIH AIDS Reagents); rabbit anti-ApoC17 for
endogenous A3A and A3G detection (1:10" dilution, NIH AIDS Reagents); goat antiserum
against Rauscher murine leukemia virus p30 [1:10* dilution, NCI HD 539, (ATCC VR-1564AS-
Gt)] Secondary Abs.: anti-mouse (NA931V), anti-rabbit (NA934V) horseradish peroxidase
(1:10* dilution, GE Healthcare) and anti-goat IgG-HRP (1:10* dilution, sc-2768, Santa Cruz
biotechnology, Heidelberg, Germany). Signals were visualized using ECL chemiluminescent

reagent (GE Healthcare).

Differential DNA denaturation (3D) PCR: 293T cells were cultured in the 6-well plates and
infected with DNAse | treated viruses for 12 hours. Cells were harvested and washed in PBS,
the total DNA was isolated using DNeasy DNA isolation kit (Qiagen, Hilden, Germany). A 714-
bp fragment of the luciferase gene was amplified using the primers 5’-
GATATGTGGATTTCGAGTCGTC-3" and 5-GTCATCGTCTTTCCGTGCTC-3’. For selective
amplification of the hypermutated products, the PCR denaturation temperature was
lowered stepwise from 87.6°C to 83.5°C (83.5°C, 84.2°C, 85.2°C, 86.3°C, 87.6°C) using a
gradient thermocycler (Jaguva Vasudevan et al., 2017). The PCR parameters were as follows:
(i) 95°C for 5 min; (ii) 40 cycles, with 1 cycle consisting of 83.5°C to 87.6°C for 30 s, 55°C for
30 s, 72°C for 1 min; (iii) 10 min at 72°C. PCRs were performed with Dream Tagq DNA
polymerase (Thermo Fisher Scientific). PCR products from the lowest denaturation
temperatures were cloned using ClonelET PCR Cloning Kit (Thermo Fisher Scientific) and
sequenced. A3 induced hypermutations of at least eight independent clones were analyzed
with the Hypermut online tool (Rose and Korber, 2000)
(http://www.hiv.lanl.gov/content/sequence/HYPERMUT/hypermut.html). Mutated
sequences (clones) carrying similar base changes were omitted and only the unique clones

were presented for clarity.
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To assess the target cell A3A mediated DNA editing of incoming MLV, we first transfected
293T cells with 600 ng A3A. ~24 h later, DNAse | treated MLV particles (prepared with no A3)

were infected and 3D-PCR performed as given above.

Statistical analysis: Data were represented as the mean with SD in all bar diagrams.
Statistically significant differences between two groups were analyzed using the unpaired
Student’s t-test with GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA). A

minimum p value of 0.05 was considered as statistically significant.
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Figure 1. Effect of IFNB treatment on the infectivity of MLV and HIV-1Avif

(A) Human monocyte-derived macrophages (MDMs) were treated with indicated amounts of
IFNB for 24 h, before infecting them with MLV and HIV-1Avif luciferase reporter viruses.
Infectivity of viruses was determined by quantification of luciferase activity 72 h post
infection. Values are means * standard deviations (error bars) for three independent
experiments. Unpaired t-tests were computed to determine whether differences between
untreated and interferon-treated samples reach the level of statistical significance. Asterisks
represent statistically significant differences: ***, p < 0.0001. Please note that the break in
the y-axis of the graph made for presentation purpose. (B) The amount of proteins in the cell
lysate of MDMs and transfected 293T cells were determined by immunoblotting. A3G and
A3A were stained with anti-A3G antiserum cross-reactive to A3A. MxB, SAMHD1 were
stained with anti-SAMHD1, anti-MxB antibodies, respectively. Actin served as a loading
control for MDM samples. “a” represent anti-antibody. (C) 3D-PCR: Total DNA of MLV
infected MDMs (12 h post infection) were isolated and a 714 bp segment of reporter viral

DNA was selectively amplified using 3D-PCR. Td = denaturation temperature.
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Figure 2. Target cell A3A hypermutates incoming MLV genome

(A) Ectopic expression of vector control, A3A, A3A.E72A in 293T cells. Cells were lysed after
12 h post infection of MLV, the same time point also used for subsequent 3D-PCR. (B)
Following infection, half of the cells were used to extract total DNA and a 714 bp segment of
reporter viral DNA was selectively amplified using 3D-PCR. Td = denaturation temperature.
PCR products were stained with ethidium bromide (C) To determine the amount mutation
conferred by A3 proteins, PCR products from the lowest denaturing temperature, shown in
(B) were cloned (marked with an asterisk (*) and a number of independent clones were
sequenced, analyzed and the mutation pattern is presented using hypermut tool (note:

identical clones were omitted). The percentage of G-to-A changes for each sample was
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indicated. Each sequence is given as a horizontal line. Mutations were denoted as small
vertical lines. Red, cyan, magenta, green and black colored lines represent the GG-to-AG,

GA-to-AA, GT-to-AT, GC-to-AC, and non-G-to-A mutations, respectively.
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Figure 3. A3A impairs luciferase expression of transfected plasmid DNA

293 and 293T cells were cotransfected with 200 ng of MLV-luciferase vector with increasing
amount of A3A or A3A.E72A expression plasmid (as indicated). Intracellular luciferase
activity of these transfected cells was determined after 48 h and presented. Values are
means * standard deviations (error bars) for three independent reads. The break in the y-

axis of the graph made for presentation purpose.
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Figure 4. Producer cell A3A restrict MLV infection by associating into viral core

(A) The dose-dependent anti-MLV activity of A3A. MLV virions produced in the presence of
increasing concentration of expression plasmids encoding A3A or A3A.E72A. Infectivities of
(RT-normalized) the equal amount of viruses, relative to the virus did not contain A3A, were
determined by quantification of luciferase activity in 293T cells. Values are means + standard

deviations (error bars) for three independent experiments. Unpaired t-tests were computed
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to determine whether differences between vector and each A3A protein reach the level of
statistical significance. All of the subjects had a significance of p < 0.0001. (B) Immunoblot
shows the amount of A3A or A3A.E72A in cell and viral lysates of MLV. A3A (anti-HA), MLV
capsid (anti-p30), VSV-G (anti-VSV-G) were detected with respective antibodies. Tubulin
served as a loading control. (C) A3A viral core localization was achieved by detergent
stripping. Viral capsid, VSV-G, and A3A present in the core fractions and detergent sensitive
fractions were determined by immunoblotting. TX-100 and “a” denotes detergent Triton X-

100, and anti-antibody, respectively.
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Figure 5. A3A inhibits AKV tropic strains

(A) Mo-MLV, N-tropic and B-tropic AKV strains were produced in presence of vector only,
A3A and A3A.E72A. Infectivities of (RT-normalized) the equal amount of viruses, relative to

the virus did not contain A3A, were determined by quantification of luciferase activity in
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293T cells. Values are means * standard deviations (error bars) for three independent
experiments. Unpaired t-tests were computed to determine whether differences between
vector and each A3A protein reach the level of statistical significance. Asterisks represent
statistically significant differences: ***, p < 0.0001. The break in the y-axis of the graph made
for presentation purpose. (B) Immunoblot shows the amount of A3A or A3A.E72A in cell and
viral lysates of different strains of MLV. A3A (anti-HA), MLV capsid (anti-p30), VSV-G (anti-
VSV-G) were detected with respective antibodies. Tubulin served as a loading control. (C)
Producer cell A3A-3D-PCR: Mo-MLYV virions produced together with vector, A3A or A3A.E72A
was used to infect 293T cells. 12 h later, the total DNA of the infected cells was isolated and
3D-PCR was performed as stated in Fig. 2B. The percentage of G-to-A changes for each
sample was indicated. Each sequence is given as a horizontal line. Mutations were denoted
as small vertical lines. Red, cyan, magenta, green and black colored lines represent the GG-
to-AG, GA-to-AA, GT-to-AT, GC-to-AC, and non-G-to-A mutations, respectively. The

dinucleotide preference of A3A was also given as a pie chart.
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Figure 6. Deaminase-dependent MLV restriction of human and rhesus A3A

(A) MLV virions produced in the presence of vector only, human A3A, A3A.E72A, A3A+SV,
A3A+SVR, rhesus A3A, A3AASV, and A3AASVR. Infectivities of (RT-normalized) the equal
amount of viruses, relative to the virus did not contain A3A, were determined by
quantification of luciferase activity in 293T cells. Values are means + standard deviations
(error bars) for three independent experiments. Unpaired t-tests were computed to

determine whether differences between vector and each A3A protein reach the level of
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statistical significance. Asterisks represent statistically significant differences: **, P < 0.001;
and ***, P <0.0001. (B) Immunoblot shows the amount of A3A or variants of A3A in cell and
viral lysates of different strains of MLV. A3A (anti-HA), and MLV capsid (anti-p30) were
detected with respective antibodies. Tubulin served as a loading control. (C) and (D)

Experiments similar to (A) and (B) was carried out with vector, A3A, deaminase-defective

A3A.F75L, and A3A.E72A.
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Figure 7
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Figure 7. Effect of human and mouse A3 on the infectivity of pHIT60 and amphoteric MLV

(A) p67 (gag) and p80 (glycoggag) expression found in cells transfected with the equal
amount of pHIT60 and amphoteric MLV expression vectors. Blots were stained with anti-p30
antibody. An overexposed figure is also presented. (B) MLV virions produced in the presence
of vector only, human A3A, and mouse A3 (mA3) variants. Four different group of MLV
virions were made as indicated (Amphoteric MLV, pHIT60 MLV, and pHIT60 together with
glycogag expression plasmid p8065-2 or gg88 that encodes only the 88 amino acids of
glycogag lacking gag polyprotein). Infectivities of (RT-normalized) the equal amount of
viruses, relative to the virus did not contain A3A, were determined by quantification of
luciferase activity in 293T cells. Values are means * standard deviations (error bars) for three
independent experiments. Unpaired t-tests were computed to determine whether
differences between vector and each A3 protein reach the level of statistical significance.
Asterisks represent statistically significant differences: *, P < 0.05; **, P < 0.001; and ***, P<

0.0001, and ns, not significant. (C) Immunoblot shows the amount of human A3A or mA3
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variants in cell lysates. A3 (anti-HA), MLV capsid (anti-p30), gg88 (anti-HA) were detected

with respective antibodies. Tubulin served as a loading control.
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Figure 8. Glycogag counteracts A3A packaging into MLV

(A) An A3A titration experiment similar to Fig. 3 was made by including glycogag expression
plasmids p8065-2 or gg88 in 293T cells. Intracellular luciferase activity of transfected cells
was determined after 48 h and presented. Values are means + standard deviations (error
bars) for three independent reads. (B) Immunoblot shows the amount gg88 (88 amino acids
of glycogag lacking gag polyprotein) viral lysates of pHIT60 and pHIT60 + gg88 MLV. gg8
(anti-HA), MLV capsid (anti-p30) were detected with respective antibodies. (C) Target cell
A3A-3D-PCR was done as mentioned in Fig. 2 with virions derived from pHIT60 and pHIT60 +
gg88. Td = denaturation temperature. (D) The amount A3A, mA3, in cell and viral lysates of
pHIT60 and pHIT60 + gg88 MLV was determined by immunoblotting. A3 (anti-HA), gg8 (anti-

HA), MLV capsid (anti-p30) were detected with respective antibodies.
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Supplementary Figure 1. Effect of Vpx on HIV-1Avif infectivity and the comparison of
ectopic and endogenous level of A3A

(A) An independent experiment was performed with MDMs treated with IFNB (see Fig. 1).
The Vpx-mediated rescue of HIV-1Avif infectivity was compared with that of virus lacking
Vpx. MLV infections were also made. Vpx incorporation into HIV-1Avif particles was
confirmed by immunoblotting. (B) Cell lysates of 1000 units/ml IFN treated and untreated
PBMC and MDMs were run in parallel with the different concentration of A3A (with 3X
carboxy-terminal HA tags) encoding plasmid transfected cell lysates. Immunoblots were
stained with anti-A3G antiserum that detects A3A and A3A proteins. Actin served as a

loading control.
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Supplementary Figure 2.
(a) Amino acid sequence alignment of mA3, mA3.R354W, and mA3-A13 was done by using
Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Differing amino acid sequences

are highlighted with rectangles.

153



MLV-glycogag counteracts A3A by virion exclusion

REFERENCES

AGUIAR, R. S., LOVSIN, N., TANURI, A. & PETERLIN, B. M. 2008. Vpr.A3A chimera inhibits HIV
replication. J Biol Chem, 283, 2518-25.

AHI, Y. S., ZHANG, S., THAPPETA, Y., DENMAN, A., FEIZPOUR, A., GUMMULURU, S., REINHARD, B.,
MURIAUX, D., FIVASH, M. J. & REIN, A. 2016. Functional Interplay Between Murine Leukemia
Virus Glycogag, Serinc5, and Surface Glycoprotein Governs Virus Entry, with Opposite Effects
on Gammaretroviral and Ebolavirus Glycoproteins. MBio, 7.

AKEN, B. L., ACHUTHAN, P., AKANNI, W., AMODE, M. R., BERNSDORFF, F., BHAI, J., BILLIS, K.,
CARVALHO-SILVA, D., CUMMINS, C., CLAPHAM, P., GIL, L., GIRON, C. G., GORDON, L.,
HOURLIER, T., HUNT, S. E., JANACEK, S. H., JUETTEMANN, T., KEENAN, S., LAIRD, M. R.,
LAVIDAS, 1., MAUREL, T., MCLAREN, W., MOORE, B., MURPHY, D. N., NAG, R., NEWMAN, V.,
NUHN, M., ONG, C. K., PARKER, A., PATRICIO, M., RIAT, H. S., SHEPPARD, D., SPARROW, H.,
TAYLOR, K., THORMANN, A., VULLO, A., WALTS, B., WILDER, S. P., ZADISSA, A., KOSTADIMA,
M., MARTIN, F. J., MUFFATO, M., PERRY, E., RUFFIER, M., STAINES, D. M., TREVANION, S. J.,
CUNNINGHAM, F., YATES, A., ZERBINO, D. R. & FLICEK, P. 2017. Ensembl 2017. Nucleic Acids
Res, 45, D635-D642.

BAHR, A., SINGER, A., HAIN, A., VASUDEVAN, A. A., SCHILLING, M., REH, J., RIESS, M., PANITZ, S.,
SERRANO, V., SCHWEIZER, M., KONIG, R., CHANDA, S., HAUSSINGER, D., KOCHS, G.,
LINDEMANN, D. & MUNK, C. 2016. Interferon but not MxB inhibits foamy retroviruses.
Virology, 488, 51-60.

BERGER, A., MUNK, C., SCHWEIZER, M., CICHUTEK, K., SCHULE, S. & FLORY, E. 2010. Interaction of
Vpx and apolipoprotein B mRNA-editing catalytic polypeptide 3 family member A
(APOBEC3A) correlates with efficient lentivirus infection of monocytes. J Biol Chem, 285,
12248-54.

BERGER, A., SOMMER, A. F., ZWARG, J., HAMDORF, M., WELZEL, K., ESLY, N., PANITZ, S., REUTER, A.,
RAMOS, 1., JATIANI, A., MULDER, L. C., FERNANDEZ-SESMA, A., RUTSCH, F., SIMON, V.,
KONIG, R. & FLORY, E. 2011a. SAMHD1-deficient CD14+ cells from individuals with Aicardi-
Goutieres syndrome are highly susceptible to HIV-1 infection. PLoS Pathog, 7, €1002425.

BERGER, G., DURAND, S., FARGIER, G., NGUYEN, X. N., CORDEIL, S., BOUAZIZ, S., MURIAUX, D.,
DARLIX, J. L. & CIMARELLI, A. 2011b. APOBEC3A is a specific inhibitor of the early phases of
HIV-1 infection in myeloid cells. PLoS Pathog, 7, €1002221.

BISHOP, K. N., HOLMES, R. K. & MALIM, M. H. 2006. Antiviral potency of APOBEC proteins does not
correlate with cytidine deamination. J Virol, 80, 8450-8.

BISHOP, K. N., HOLMES, R. K., SHEEHY, A. M., DAVIDSON, N. O., CHO, S. J. & MALIM, M. H. 2004.
Cytidine deamination of retroviral DNA by diverse APOBEC proteins. Curr Biol, 14, 1392-6.

BISHOP, K. N., VERMA, M., KIM, E. Y., WOLINSKY, S. M. & MALIM, M. H. 2008. APOBEC3G inhibits
elongation of HIV-1 reverse transcripts. PLoS Pathog, 4, e1000231.

BOCK, M., BISHOP, K. N., TOWERS, G. & STOYE, J. P. 2000. Use of a transient assay for studying the
genetic determinants of Fv1 restriction. J Virol, 74, 7422-30.

BOGERD, H. P., WIEGAND, H. L., DOEHLE, B. P., LUEDERS, K. K. & CULLEN, B. R. 2006a. APOBEC3A and
APOBEC3B are potent inhibitors of LTR-retrotransposon function in human cells. Nucleic
Acids Res, 34, 89-95.

BOGERD, H. P., WIEGAND, H. L., HULME, A. E., GARCIA-PEREZ, J. L., O'SHEA, K. S., MORAN, J. V. &
CULLEN, B. R. 2006b. Cellular inhibitors of long interspersed element 1 and Alu
retrotransposition. Proc Natl Acad Sci U S A, 103, 8780-5.

BRITAN-ROSICH, E., NOWARSKI, R. & KOTLER, M. 2011. Multifaceted counter-APOBEC3G mechanisms
employed by HIV-1 Vif. J Mol Biol, 410, 1065-76.

154



MLV-glycogag counteracts A3A by virion exclusion

BROWNE, E. P., ALLERS, C. & LANDAU, N. R. 2009. Restriction of HIV-1 by APOBEC3G is cytidine
deaminase-dependent. Virology, 387, 313-21.

BULLIARD, Y., NARVAIZA, |., BERTERO, A., PEDDI, S., ROHRIG, U. F., ORTIZ, M., ZOETE, V., CASTRO-
DIAZ, N., TURELLI, P., TELENTI, A., MICHIELIN, O., WEITZMAN, M. D. & TRONO, D. 2011.
Structure-function analyses point to a polynucleotide-accommodating groove essential for
APOBEC3A restriction activities. J Virol, 85, 1765-76.

BURNS, M. B., LACKEY, L., CARPENTER, M. A., RATHORE, A., LAND, A. M., LEONARD, B., REFSLAND, E.
W., KOTANDENIYA, D., TRETYAKOVA, N., NIKAS, J. B., YEE, D., TEMIZ, N. A., DONOHUE, D. E.,
MCDOUGLE, R. M., BROWN, W. L., LAW, E. K. & HARRIS, R. S. 2013. APOBEC3B is an
enzymatic source of mutation in breast cancer. Nature, 494, 366-70.

CARPENTER, M. A., LI, M., RATHORE, A., LACKEY, L., LAW, E. K., LAND, A. M., LEONARD, B.,
SHANDILYA, S. M., BOHN, M. F., SCHIFFER, C. A., BROWN, W. L. & HARRIS, R. S. 2012.
Methylcytosine and normal cytosine deamination by the foreign DNA restriction enzyme
APOBEC3A. J Biol Chem, 287, 34801-8.

CASSETTA, L., KAJASTE-RUDNITSKI, A., CORADIN, T., SABA, E., DELLA CHIARA, G., BARBAGALLO, M.,
GRAZIANO, F., ALFANO, M., CASSOL, E., VICENZI, E. & POLI, G. 2013. M1 polarization of
human monocyte-derived macrophages restricts pre and postintegration steps of HIV-1
replication. AIDS, 27, 1847-56.

CHANDE, A., CUCCURULLO, E. C., ROSA, A., ZIGLIO, S., CARPENTER, S. & PIZZATO, M. 2016. S2 from
equine infectious anemia virus is an infectivity factor which counteracts the retroviral
inhibitors SERINC5 and SERINC3. Proc Natl/ Acad Sci U S A, 113, 13197-13202.

CHEN, H., LILLEY, C. E., YU, Q., LEE, D. V., CHOU, J., NARVAIZA, I., LANDAU, N. R. & WEITZMAN, M. D.
2006. APOBEC3A is a potent inhibitor of adeno-associated virus and retrotransposons. Curr
Biol, 16, 480-5.

CORBIN, A., PRATS, A. C., DARLIX, J. L. & SITBON, M. 1994. A nonstructural gag-encoded glycoprotein
precursor is necessary for efficient spreading and pathogenesis of murine leukemia viruses. J
Virol, 68, 3857-67.

DOEHLE, B. P., SCHAFER, A., WIEGAND, H. L., BOGERD, H. P. & CULLEN, B. R. 2005. Differential
sensitivity of murine leukemia virus to APOBEC3-mediated inhibition is governed by virion
exclusion. J Virol, 79, 8201-7.

DORRSCHUCK, E., FISCHER, N., BRAVO, I. G., HANSCHMANN, K. M., KUIPER, H., SPOTTER, A., MOLLER,
R., CICHUTEK, K., MUNK, C. & TONJES, R. R. 2011. Restriction of porcine endogenous
retrovirus by porcine APOBEC3 cytidine deaminases. J Virol, 85, 3842-57.

DULL, T., ZUFFEREY, R., KELLY, M., MANDEL, R. J., NGUYEN, M., TRONO, D. & NALDINI, L. 1998. A
third-generation lentivirus vector with a conditional packaging system. J Virol, 72, 8463-71.

EDWARDS, S. A. & FAN, H. 1979. gag-Related polyproteins of Moloney murine leukemia virus:
evidence for independent synthesis of glycosylated and unglycosylated forms. J Virol, 30,
551-63.

EHLTING, C., BOHMER, O., HAHNEL, M. J., THOMAS, M., ZANGER, U. M., GAESTEL, M., KNOEFEL, W.
T., SCHULTE AM ESCH, J., HAUSSINGER, D. & BODE, J. G. 2015. Oncostatin M regulates SOCS3
mRNA stability via the MEK-ERK1/2-pathway independent of p38(MAPK)/MK2. Cell Signal,
27, 555-67.

GOILA-GAUR, R., KHAN, M. A., MIYAGI, E., KAO, S. & STREBEL, K. 2007. Targeting APOBEC3A to the
viral nucleoprotein complex confers antiviral activity. Retrovirology, 4, 61.

GUO, F., CEN, S., NIU, M., YANG, Y., GORELICK, R. J. & KLEIMAN, L. 2007. The interaction of
APOBEC3G with human immunodeficiency virus type 1 nucleocapsid inhibits tRNA3Lys
annealing to viral RNA. J Virol, 81, 11322-31.

155



MLV-glycogag counteracts A3A by virion exclusion

HARRIS, R. S., BISHOP, K. N., SHEEHY, A. M., CRAIG, H. M., PETERSEN-MAHRT, S. K., WATT, I. N.,
NEUBERGER, M. S. & MALIM, M. H. 2003. DNA deamination mediates innate immunity to
retroviral infection. Cell, 113, 803-9.

HARRIS, R. S. & DUDLEY, J. P. 2015. APOBECs and virus restriction. Virology, 479-480, 131-45.

HENDERSON, S. & FENTON, T. 2015. APOBEC3 genes: retroviral restriction factors to cancer drivers.
Trends Mol Med, 21, 274-84.

HENRY, M., GUETARD, D., SUSPENE, R., RUSNIOK, C., WAIN-HOBSON, S. & VARTANIAN, J. P. 2009.
Genetic editing of HBV DNA by monodomain human APOBEC3 cytidine deaminases and the
recombinant nature of APOBEC3G. PLoS One, 4, e4277.

HOLMES, R. K., KONING, F. A., BISHOP, K. N. & MALIM, M. H. 2007. APOBEC3F can inhibit the
accumulation of HIV-1 reverse transcription products in the absence of hypermutation.
Comparisons with APOBEC3G. J Biol Chem, 282, 2587-95.

HRECKA, K., HAO, C., GIERSZEWSKA, M., SWANSON, S. K., KESIK-BRODACKA, M., SRIVASTAVA, S.,
FLORENS, L., WASHBURN, M. P. & SKOWRONSKI, J. 2011. Vpx relieves inhibition of HIV-1
infection of macrophages mediated by the SAMHD1 protein. Nature, 474, 658-61.

HULTQUIST, J. F., LENGYEL, J. A., REFSLAND, E. W., LARUE, R. S., LACKEY, L., BROWN, W. L. & HARRIS,
R.S.2011. Human and rhesus APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H
demonstrate a conserved capacity to restrict Vif-deficient HIV-1. J Virol, 85, 11220-34.

IWATANI, Y., CHAN, D. S., WANG, F., MAYNARD, K. S., SUGIURA, W., GRONENBORN, A. M., ROUZINA,
[., WILLIAMS, M. C., MUSIER-FORSYTH, K. & LEVIN, J. G. 2007. Deaminase-independent
inhibition of HIV-1 reverse transcription by APOBEC3G. Nucleic Acids Res, 35, 7096-108.

JAGUVA VASUDEVAN, A. A, HOFMANN, H., WILLBOLD, D., HAUSSINGER, D., KOENIG, B. W. & MUNK,
C. 2017. Enhancing the Catalytic Deamination Activity of APOBEC3C Is Insufficient to Inhibit
Vif-Deficient HIV-1. J Mol Biol, 429, 1171-1191.

JARMUZ, A., CHESTER, A., BAYLISS, J., GISBOURNE, J., DUNHAM, I., SCOTT, J. & NAVARATNAM, N.
2002. An anthropoid-specific locus of orphan C to U RNA-editing enzymes on chromosome
22. Genomics, 79, 285-96.

KAO, S., GOILA-GAUR, R., MIYAG], E., KHAN, M. A., OPI, S., TAKEUCHI, H. & STREBEL, K. 2007.
Production of infectious virus and degradation of APOBEC3G are separable functional
properties of human immunodeficiency virus type 1 Vif. Virology, 369, 329-39.

KAO, S., MIYAGI, E., KHAN, M. A., TAKEUCHI, H., OPI, S., GOILA-GAUR, R. & STREBEL, K. 2004.
Production of infectious human immunodeficiency virus type 1 does not require depletion of
APOBEC3G from virus-producing cells. Retrovirology, 1, 27.

KHATUA, A. K., TAYLOR, H. E., HILDRETH, J. E. & POPIK, W. 2010. Inhibition of LINE-1 and Alu
retrotransposition by exosomes encapsidating APOBEC3G and APOBEC3F. Virology, 400, 68-
75.

KINOMOTO, M., KANNO, T., SHIMURA, M., ISHIZAKA, Y., KOJIMA, A., KURATA, T., SATA, T. &
TOKUNAGA, K. 2007. All APOBEC3 family proteins differentially inhibit LINE-1
retrotransposition. Nucleic Acids Res, 35, 2955-64.

KOLOKITHAS, A., ROSENKE, K., MALIK, F., HENDRICK, D., SWANSON, L., SANTIAGO, M. L., PORTIS, J. L.,
HASENKRUG, K. J. & EVANS, L. H. 2010. The glycosylated Gag protein of a murine leukemia
virus inhibits the antiretroviral function of APOBEC3. J Virol, 84, 10933-6.

KONDO, S., WAKAE, K., WAKISAKA, N., NAKANISHI, Y., ISHIKAWA, K., KOMORI, T., MORIYAMA-KITA,
M., ENDO, K., MURONO, S., WANG, Z., KITAMURA, K., NISHIYAMA, T., YAMAGUCH], K.,
SHIGENOBU, S., MURAMATSU, M. & YOSHIZAKI, T. 2017. APOBEC3A associates with human
papillomavirus genome integration in oropharyngeal cancers. Oncogene, 36, 1687-1697.

KONING, F. A., GOUJON, C., BAUBY, H. & MALIM, M. H. 2011. Target cell-mediated editing of HIV-1
cDNA by APOBEC3 proteins in human macrophages. J Virol, 85, 13448-52.

156



MLV-glycogag counteracts A3A by virion exclusion

KONING, F. A,, NEWMAN, E. N., KIM, E. Y., KUNSTMAN, K. J., WOLINSKY, S. M. & MALIM, M. H. 2009.
Defining APOBEC3 expression patterns in human tissues and hematopoietic cell subsets. J
Virol, 83, 9474-85.

KOTOV, A., ZHOU, J., FLICKER, P. & AIKEN, C. 1999. Association of Nef with the human
immunodeficiency virus type 1 core. J Virol, 73, 8824-30.

LAGUETTE, N., SOBHIAN, B., CASARTELLI, N., RINGEARD, M., CHABLE-BESSIA, C., SEGERAL, E., YATIM,
A., EMILIANI, S., SCHWARTZ, O. & BENKIRANE, M. 2011. SAMHD1 is the dendritic- and
myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature, 474, 654-7.

LAHOUASSA, H., DADDACHA, W., HOFMANN, H., AYINDE, D., LOGUE, E. C., DRAGIN, L., BLOCH, N.,
MAUDET, C., BERTRAND, M., GRAMBERG, T., PANCINO, G., PRIET, S., CANARD, B., LAGUETTE,
N., BENKIRANE, M., TRANSY, C., LANDAU, N. R., KIM, B. & MARGOTTIN-GOGUET, F. 2012.
SAMHD1 restricts the replication of human immunodeficiency virus type 1 by depleting the
intracellular pool of deoxynucleoside triphosphates. Nat Immunol, 13, 223-8.

LAND, A. M., LAW, E. K., CARPENTER, M. A., LACKEY, L., BROWN, W. L. & HARRIS, R. S. 2013.
Endogenous APOBEC3A DNA cytosine deaminase is cytoplasmic and nongenotoxic. J Biol
Chem, 288, 17253-60.

LANDRY, S., NARVAIZA, 1., LINFESTY, D. C. & WEITZMAN, M. D. 2011. APOBEC3A can activate the DNA
damage response and cause cell-cycle arrest. EMBO Rep, 12, 444-50.

LANGLOIS, M. A., KEMMERICH, K., RADA, C. & NEUBERGER, M. S. 2009. The AKV murine leukemia
virus is restricted and hypermutated by mouse APOBEC3. J Virol, 83, 11550-9.

LARUE, R. S., ANDRESDOTTIR, V., BLANCHARD, Y., CONTICELLO, S. G., DERSE, D., EMERMAN, M.,
GREENE, W. C., JONSSON, S. R., LANDAU, N. R., LOCHELT, M., MALIK, H. S., MALIM, M. H.,
MUNK, C., O'BRIEN, S. J., PATHAK, V. K., STREBEL, K., WAIN-HOBSON, S., YU, X. F., YUHKI, N.
& HARRIS, R. S. 2009. Guidelines for naming nonprimate APOBEC3 genes and proteins. J
Virol, 83, 494-7.

LECOSSIER, D., BOUCHONNET, F., CLAVEL, F. & HANCE, A. J. 2003. Hypermutation of HIV-1 DNA in the
absence of the Vif protein. Science, 300, 1112.

LI, J., HAKATA, Y., TAKEDA, E., LIU, Q., IWATANI, Y., KOZAK, C. A. & MIYAZAWA, M. 2012. Two genetic
determinants acquired late in Mus evolution regulate the inclusion of exon 5, which alters
mouse APOBEC3 translation efficiency. PLoS Pathog, 8, €1002478.

LI, X. Y., GUO, F., ZHANG, L., KLEIMAN, L. & CEN, S. 2007. APOBEC3G inhibits DNA strand transfer
during HIV-1 reverse transcription. J Biol Chem, 282, 32065-74.

LIU, S. Y., SANCHEZ, D. J., ALIYARI, R., LU, S. & CHENG, G. 2012. Systematic identification of type | and
type Il interferon-induced antiviral factors. Proc Natl/ Acad Sci U S A, 109, 4239-44.

LOGUE, E. C., BLOCH, N., DHUEY, E., ZHANG, R., CAO, P., HERATE, C., CHAUVEAU, L., HUBBARD, S. R.
& LANDAU, N. R. 2014. A DNA sequence recognition loop on APOBEC3A controls substrate
specificity. PLoS One, 9, e97062.

LOVSIN, N. & PETERLIN, B. M. 2009. APOBEC3 proteins inhibit LINE-1 retrotransposition in the
absence of ORF1p binding. Ann N Y Acad Sci, 1178, 268-75.

LUCIFORA, J., XIA, Y., REISINGER, F., ZHANG, K., STADLER, D., CHENG, X., SPRINZL, M. F.,
KOPPENSTEINER, H., MAKOWSKA, Z., VOLZ, T., REMOUCHAMPS, C., CHOU, W. M., THASLER,
W. E., HUSER, N., DURANTEL, D., LIANG, T. J., MUNK, C., HEIM, M. H., BROWNING, J. L.,
DEJARDIN, E., DANDRI, M., SCHINDLER, M., HEIKENWALDER, M. & PROTZER, U. 2014. Specific
and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA. Science, 343, 1221-8.

MACDUFF, D. A., DEMOREST, Z. L. & HARRIS, R. S. 2009. AID can restrict L1 retrotransposition
suggesting a dual role in innate and adaptive immunity. Nucleic Acids Res, 37, 1854-67.

MANGEAT, B., TURELLI, P., CARON, G., FRIEDLI, M., PERRIN, L. & TRONO, D. 2003. Broad antiretroviral
defence by human APOBEC3G through lethal editing of nascent reverse transcripts. Nature,
424, 99-103.

157



MLV-glycogag counteracts A3A by virion exclusion

MARIANI, R., CHEN, D., SCHROFELBAUER, B., NAVARRO, F., KONIG, R., BOLLMAN, B., MUNK, C.,
NYMARK-MCMAHON, H. & LANDAU, N. R. 2003a. Species-specific exclusion of APOBEC3G
from HIV-1 virions by Vif. Cell, 114, 21-31.

MARIANI, R., CHEN, D., SCHROFELBAUER, B., NAVARRO, F., KONIG, R., BOLLMAN, B., MUNK, C.,
NYMARK-MCMAHON, H. & LANDAU, N. R. 2003b. Species-specific exclusion of APOBEC3G
from HIV-1 virions by Vif. Cell, 114, 21-31.

MARIN, M., ROSE, K. M., KOZAK, S. L. & KABAT, D. 2003. HIV-1 Vif protein binds the editing enzyme
APOBEC3G and induces its degradation. Nat Med, 9, 1398-403.

MBISA, J. L., BARR, R.,, THOMAS, J. A., VANDEGRAAFF, N., DORWEILER, I. J., SVAROVSKAIA, E. S.,
BROWN, W. L., MANSKY, L. M., GORELICK, R. J., HARRIS, R. S., ENGELMAN, A. & PATHAK, V. K.
2007. Human immunodeficiency virus type 1 cDNAs produced in the presence of APOBEC3G
exhibit defects in plus-strand DNA transfer and integration. J Virol, 81, 7099-110.

MCEWAN, W. A., SCHALLER, T., YLINEN, L. M., HOSIE, M. J., TOWERS, G. J. & WILLETT, B. J. 2009.
Truncation of TRIMS5 in the Feliformia explains the absence of retroviral restriction in cells of
the domestic cat. J Virol, 83, 8270-5.

MOHANRAM, V., SKOLD, A. E., BACHLE, S. M., PATHAK, S. K. & SPETZ, A. L. 2013. IFN-alpha induces
APOBEC3G, F, and A in immature dendritic cells and limits HIV-1 spread to CD4+ T cells. J
Immunol, 190, 3346-53.

MUCKENFUSS, H., HAMDORF, M., HELD, U., PERKOVIC, M., LOWER, J., CICHUTEK, K., FLORY, E.,
SCHUMANN, G. G. & MUNK, C. 2006. APOBEC3 proteins inhibit human LINE-1
retrotransposition. J Biol Chem, 281, 22161-72.

MUNK, C., BECK, T., ZIELONKA, J., HOTZ-WAGENBLATT, A., CHAREZA, S., BATTENBERG, M.,
THIELEBEIN, J., CICHUTEK, K., BRAVO, I. G., O'BRIEN, S. J., LOCHELT, M. & YUHKI, N. 2008.
Functions, structure, and read-through alternative splicing of feline APOBEC3 genes. Genome
Biol, 9, R48.

MUNK, C., JENSEN, B. E., ZIELONKA, J., HAUSSINGER, D. & KAMP, C. 2012a. Running Loose or Getting
Lost: How HIV-1 Counters and Capitalizes on APOBEC3-Induced Mutagenesis through Its Vif
Protein. Viruses., 4,3132-3161.

MUNK, C., WILLEMSEN, A. & BRAVO, . G. 2012b. An ancient history of gene duplications, fusions and
losses in the evolution of APOBEC3 mutators in mammals. BMC Evol Biol, 12, 71.

NARVAIZA, |., LINFESTY, D. C., GREENER, B. N., HAKATA, Y., PINTEL, D. J., LOGUE, E., LANDAU, N.R. &
WEITZMAN, M. D. 2009. Deaminase-independent inhibition of parvoviruses by the
APOBEC3A cytidine deaminase. PLoS Pathog, 5, €1000439.

NIEWIADOMSKA, A. M., TIAN, C., TAN, L., WANG, T., SARKIS, P. T. & YU, X. F. 2007. Differential
inhibition of long interspersed element 1 by APOBEC3 does not correlate with high-
molecular-mass-complex formation or P-body association. J Virol, 81, 9577-83.

NITTA, T., KUZNETSOV, Y., MCPHERSON, A. & FAN, H. 2010. Murine leukemia virus glycosylated Gag
(gPr80gag) facilitates interferon-sensitive virus release through lipid rafts. Proc Natl Acad Sci
USA, 107, 1190-5.

NITTA, T., TAM, R., KIM, J. W. & FAN, H. 2011. The cellular protein La functions in enhancement of
virus release through lipid rafts facilitated by murine leukemia virus glycosylated Gag. MBio,
2,e00341-10.

OKEOMA, C. M., PETERSEN, J. & ROSS, S. R. 2009. Expression of murine APOBEC3 alleles in different
mouse strains and their effect on mouse mammary tumor virus infection. J Virol, 83, 3029-
38.

OOMS, M., KRIKONI, A., KRESS, A. K., SIMON, V. & MUNK, C. 2012. APOBEC3A, APOBEC3B, and
APOBEC3H haplotype 2 restrict human T-lymphotropic virus type 1. J Virol, 86, 6097-108.

158



MLV-glycogag counteracts A3A by virion exclusion

OPI, S., KAQ, S., GOILA-GAUR, R., KHAN, M. A., MIYAGI, E., TAKEUCHI, H. & STREBEL, K. 2007. Human
immunodeficiency virus type 1 Vif inhibits packaging and antiviral activity of a degradation-
resistant APOBEC3G variant. J Virol, 81, 8236-46.

PENG, G., GREENWELL-WILD, T., NARES, S., JIN, W., LEI, K. J., RANGEL, Z. G.,, MUNSON, P. J. & WAHL,
S. M. 2007. Myeloid differentiation and susceptibility to HIV-1 are linked to APOBEC3
expression. Blood, 110, 393-400.

PENG, G., LEI, K. J., JIN, W., GREENWELL-WILD, T. & WAHL, S. M. 2006. Induction of APOBEC3 family
proteins, a defensive maneuver underlying interferon-induced anti-HIV-1 activity. J Exp Med,
203, 41-6.

PIZZATO, M. 2010. MLV glycosylated-Gag is an infectivity factor that rescues Nef-deficient HIV-1. Proc
Natl Acad Sci U S A, 107, 9364-9.

REFSLAND, E. W., STENGLEIN, M. D., SHINDO, K., ALBIN, J. S., BROWN, W. L. & HARRIS, R. S. 2010.
Quantitative profiling of the full APOBEC3 mRNA repertoire in lymphocytes and tissues:
implications for HIV-1 restriction. Nucleic Acids Res, 38, 4274-84.

RICHARDSON, S. R., NARVAIZA, I., PLANEGGER, R. A., WEITZMAN, M. D. & MORAN, J. V. 2014.
APOBEC3A deaminates transiently exposed single-strand DNA during LINE-1
retrotransposition. Elife, 3, e02008.

ROBERTS, S. A., LAWRENCE, M. S., KLIMCZAK, L. J., GRIMM, S. A., FARGO, D., STOJANOV, P., KIEZUN,
A., KRYUKOV, G. V., CARTER, S. L., SAKSENA, G., HARRIS, S., SHAH, R. R., RESNICK, M. A.,
GETZ, G. & GORDENIN, D. A. 2013. An APOBEC cytidine deaminase mutagenesis pattern is
widespread in human cancers. Nat Genet, 45, 970-6.

ROSA, A., CHANDE, A., ZIGLIO, S., DE SANCTIS, V., BERTORELLI, R., GOH, S. L., MCCAULEY, S. M.,
NOWOSIELSKA, A., ANTONARAKIS, S. E., LUBAN, J., SANTONI, F. A. & PIZZATO, M. 2015. HIV-1
Nef promotes infection by excluding SERINC5 from virion incorporation. Nature, 526, 212-7.

ROSALES GERPE, M. C., RENNER, T. M., BELANGER, K., LAM, C., AYDIN, H. & LANGLOIS, M. A. 2015. N-
linked glycosylation protects gammaretroviruses against deamination by APOBEC3 proteins. J
Virol, 89, 2342-57.

ROSE, P. P. & KORBER, B. T. 2000. Detecting hypermutations in viral sequences with an emphasis on
G --> A hypermutation. Bioinformatics, 16, 400-1.

SANTA-MARTA, M., DA SILVA, F. A., FONSECA, A. M. & GONCALVES, J. 2005. HIV-1 Vif can directly
inhibit apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G-mediated
cytidine deamination by using a single amino acid interaction and without protein
degradation. J Biol Chem, 280, 8765-75.

SCHAMBACH, A., WODRICH, H., HILDINGER, M., BOHNE, J., KRAUSSLICH, H. G. & BAUM, C. 2000.
Context dependence of different modules for posttranscriptional enhancement of gene
expression from retroviral vectors. Mol Ther, 2, 435-45.

SCHMITT, K., GUO, K., ALGAIER, M., RUIZ, A., CHENG, F., QIU, J., WISSING, S., SANTIAGO, M. L. &
STEPHENS, E. B. 2011. Differential virus restriction patterns of rhesus macaque and human
APOBEC3A: implications for lentivirus evolution. Virology, 419, 24-42.

SCHMITT, K., GUO, K., KATUWAL, M., WILSON, D., PROCHNOW, C., BRANSTEITTER, R., CHEN, X. S.,
SANTIAGO, M. L. & STEPHENS, E. B. 2013. Lentivirus restriction by diverse primate APOBEC3A
proteins. Virology, 442, 82-96.

SHEEHY, A. M., GADDIS, N. C. & MALIM, M. H. 2003. The antiretroviral enzyme APOBEC3G is
degraded by the proteasome in response to HIV-1 Vif. Nat Med, 9, 1404-7.

SIMM, M., SHAHABUDDIN, M., CHAO, W., ALLAN, J. S. & VOLSKY, D. J. 1995. Aberrant Gag protein
composition of a human immunodeficiency virus type 1 vif mutant produced in primary
lymphocytes. J Virol, 69, 4582-6.

STAVROU, S., NITTA, T., KOTLA, S., HA, D., NAGASHIMA, K., REIN, A. R., FAN, H. & ROSS, S. R. 2013.
Murine leukemia virus glycosylated Gag blocks apolipoprotein B editing complex 3 and

159



MLV-glycogag counteracts A3A by virion exclusion

cytosolic sensor access to the reverse transcription complex. Proc Natl Acad Sci U S A, 110,
9078-83.

STENGLEIN, M. D., BURNS, M. B., LI, M., LENGYEL, J. & HARRIS, R. S. 2010. APOBEC3 proteins mediate
the clearance of foreign DNA from human cells. Nat Struct Mol Biol, 17, 222-9.

STREBEL, K. 2005. APOBEC3G & HTLV-1: inhibition without deamination. Retrovirology, 2, 37.

SUSPENE, R., AYNAUD, M. M., GUETARD, D., HENRY, M., ECKHOFF, G., MARCHIO, A., PINEAU, P.,
DEJEAN, A., VARTANIAN, J. P. & WAIN-HOBSON, S. 2011. Somatic hypermutation of human
mitochondrial and nuclear DNA by APOBEC3 cytidine deaminases, a pathway for DNA
catabolism. Proc Natl Acad Sci U S A, 108, 4858-63.

SUSPENE, R., MUSSIL, B., LAUDE, H., CAVAL, V., BERRY, N., BOUZIDI, M. S., THIERS, V., WAIN-
HOBSON, S. & VARTANIAN, J. P. 2017. Self-cytoplasmic DNA upregulates the mutator enzyme
APOBEC3A leading to chromosomal DNA damage. Nucleic Acids Res.

TAKEDA, E., TSUJI-KAWAHARA, S., SAKAMOTO, M., LANGLOIS, M. A., NEUBERGER, M. S., RADA, C. &
MIYAZAWA, M. 2008. Mouse APOBECS3 restricts friend leukemia virus infection and
pathogenesis in vivo. J Virol, 82, 10998-1008.

TAN, L., SARKIS, P. T., WANG, T., TIAN, C. & YU, X. F. 2009. Sole copy of Z2-type human cytidine
deaminase APOBEC3H has inhibitory activity against retrotransposons and HIV-1. FASEB J, 23,
279-87.

THIELEN, B. K., MCNEVIN, J. P., MCELRATH, M. J., HUNT, B. V., KLEIN, K. C. & LINGAPPA, J. R. 2010.
Innate immune signaling induces high levels of TC-specific deaminase activity in primary
monocyte-derived cells through expression of APOBEC3A isoforms. J Biol Chem, 285, 27753-
66.

USAMI, Y., WU, Y. & GOTTLINGER, H. G. 2015. SERINC3 and SERINCS restrict HIV-1 infectivity and are
counteracted by Nef. Nature, 526, 218-23.

VARTANIAN, J. P., GUETARD, D., HENRY, M. & WAIN-HOBSON, S. 2008. Evidence for editing of human
papillomavirus DNA by APOBEC3 in benign and precancerous lesions. Science, 320, 230-3.

VASUDEVAN, A. A., SMITS, S. H., HOPPNER, A., HAUSSINGER, D., KOENIG, B. W. & MUNK, C. 2013.
Structural features of antiviral DNA cytidine deaminases. Biol Chem, 394, 1357-70.

WANG, X., AO, Z., CHEN, L., KOBINGER, G., PENG, J. & YAOQ, X. 2012. The cellular antiviral protein
APOBEC3G interacts with HIV-1 reverse transcriptase and inhibits its function during viral
replication. J Virol, 86, 3777-86.

WANG, X., DOLAN, P. T., DANG, Y. & ZHENG, Y. H. 2007. Biochemical differentiation of APOBEC3F and
APOBEC3G proteins associated with HIV-1 life cycle. J Biol Chem, 282, 1585-94.

WIEGAND, H. L. & CULLEN, B. R. 2007. Inhibition of alpharetrovirus replication by a range of human
APOBEC3 proteins. J Virol, 81, 13694-9.

WIEGAND, H. L., DOEHLE, B. P., BOGERD, H. P. & CULLEN, B. R. 2004. A second human antiretroviral
factor, APOBEC3F, is suppressed by the HIV-1 and HIV-2 Vif proteins. EMBO J, 23, 2451-8.

WIJESINGHE, P. & BHAGWAT, A. S. 2012. Efficient deamination of 5-methylcytosines in DNA by
human APOBEC3A, but not by AID or APOBEC3G. Nucleic Acids Res, 40, 9206-17.

YU, Q., KONIG, R., PILLAI, S., CHILES, K., KEARNEY, M., PALMER, S., RICHMAN, D., COFFIN, J. M. &
LANDAU, N. R. 2004a. Single-strand specificity of APOBEC3G accounts for minus-strand
deamination of the HIV genome. Nat Struct Mol Biol, 11, 435-42.

YU, X, YU, Y., LIU, B., LUO, K., KONG, W., MAO, P. & YU, X. F. 2003. Induction of APOBEC3G
ubiquitination and degradation by an HIV-1 Vif-Cul5-SCF complex. Science, 302, 1056-60.

YU, Y., XIAQ, Z., EHRLICH, E. S., YU, X. & YU, X. F. 2004b. Selective assembly of HIV-1 Vif-Cul5-
ElonginB-ElonginC E3 ubiquitin ligase complex through a novel SOCS box and upstream
cysteines. Genes Dev, 18, 2867-72.

160



MLV-glycogag counteracts A3A by virion exclusion

ZHANG, H., YANG, B., POMERANTZ, R. J., ZHANG, C., ARUNACHALAM, S. C. & GAO, L. 2003. The
cytidine deaminase CEM15 induces hypermutation in newly synthesized HIV-1 DNA. Nature,
424, 94-8.

ZIELONKA, J., BRAVO, I. G., MARINO, D., CONRAD, E., PERKOVIC, M., BATTENBERG, M., CICHUTEK, K.
& MUNK, C. 2009. Restriction of equine infectious anemia virus by equine APOBEC3 cytidine
deaminases. J Virol, 83, 7547-59.

161



Chapter V

Prototype Foamy Virus Bet
Impairs the Dimerization and Cytosolic Solubility
of Human APOBEC3G

Journal :Journal of Virology (published in 2013)

Own contribution to this work:

e Performed the following experiments, immunoblots, virus
infection, establishment and optimization of in vitro
deamination assay and protein purification strategies,
protein-protein interaction, sucrose density gradient
centrifugation, and subcellular localization of proteins by
differential detergent fractionation

e Statistical analysis of all the data

e Shared first author of this paper and do not own the
following data presented in figures 1A, 2, 5A and 5B, 6C and
6E and 7

e Writing of the manuscript

162



JVI

Journals. ASM.org
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Cellular cytidine deaminases from the APOBEC3 family are potent restriction factors that are able to block the replication of
retroviruses. Consequently, retroviruses have evolved a variety of different mechanisms to counteract inhibition by APOBEC3
proteins. Lentiviruses such as human immunodeficiency virus (HIV) express Vif, which interferes with APOBEC3 proteins by
targeting these restriction factors for proteasomal degradation, hence blocking their ability to access the reverse transcriptase
complex in the virions. Other retroviruses use less-well-characterized mechanisms to escape the APOBEC3-mediated cellular
defense. Here we show that the prototype foamy virus Bet protein can protect foamy viruses and an unrelated simian immuno-
deficiency virus against human APOBEC3G (A3G). In our system, Bet binds to A3G and prevents its encapsidation without in-
ducing its degradation. Bet failed to coimmunoprecipitate with A3G mutants unable to form homodimers and dramatically re-
duced the recovery of A3G proteins from soluble cytoplasmic cell fractions. The Bet-A3G interaction is probably a direct binding
interaction and seems to be independent of RNA. Together, these data suggest a novel model whereby Bet uses two possibly com-

plementary mechanisms to counteract A3G: (i) Bet prevents encapsidation of A3G by blocking A3G dimerization, and (ii) Bet
sequesters A3G in immobile complexes, impairing its ability to interact with nascent virions.

POBEC3G (apolipoprotein B mRNA-editing, enzyme-catalytic,

polypeptide-like 3G; also called A3G) is a cytidine deaminase of
the APOBEC family. There are seven A3 genes (A3A to -D and A3F to
-H) found in humans and most primates, one gene in rodents, and
four genes in cats, showing that the A3 genes evolved in lineage-
specific compositions in placental mammals (1, 2).

Human immunodeficiency virus type 1 with a deleted vif gene
(HIV-1 Avif) is efficiently inhibited by A3G. Viral particle-encapsi-
dated A3G interferes with viral replication by multiple mechanisms:
it deaminates cytosines to uracils in the viral cDNA generated during
reverse transcription, reduces the efficiency of reverse transcription,
and impairs integration (for recent reviews, see references 3 and 4).
The HIV-1 Vif protein counteracts A3G by triggering its polyubig-
uitination and degradation (5). Vif also employs other mechanisms
to inhibit A3G. In HeLa cells, production of infectious HIV-1 was
shown to be independent of A3G depletion (6-8). Vif bound to A3G
might inhibit the deamination activity of A3G (9), especially when
both proteins are encapsidated in virions as a complex (10). Some of
the A3G molecules escape the action of Vif and can even edit wild-
type HIV-1, causing mutations which may contribute to viral diver-
sity (see reference 3 for a review).

HIV-1 is not the only virus that faces antiviral A3 proteins:
retroviruses, retroelements, hepadnaviruses, and certain RNA and
DNA viruses show some restriction (11). Most other lentiviruses
also use their Vif proteins to destroy cellular A3s: human T cell
lymphotropic virus type 1 escapes the virion encapsidation of
A3G, but not that of A3A, A3B, and A3H, through its unique
nucleocapsid protein (12, 13); murine leukemia virus mitigates
murine A3 activity by its glycosylated Gag protein (glyco-Gag)
(14, 15); and foamy retroviruses express the accessory protein Bet
to counteract A3 proteins (16-20).

Species-specific foamy viruses (FVs) are found in many mam-
mals, and simian foamy viruses (SFVs) infect Old World monkeys,
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New World monkeys, and apes. In chimpanzees, the chimpanzee
SEV (SFVcpz) is widely distributed, and prevalence rates from 44% to
100% have been reported (21). The prototype foamy virus (PFV) was
isolated from human cell cultures but identified as a chimpanzee vi-
rus (22). Humans are occasionally infected by diverse simian foamy
viruses (23-25), but neither in their natural host species nor after
cross-species transmission to humans do foamy retroviruses induce
disease, and infected humans are dead-end hosts (26-28). The reason
that humans do not transmit FVs is not clear.

Bet is an accessory protein expressed in all foamy viruses. PFV
Bet has been suggested to be involved in resistance to viral super-
infection (29) and as a negative regulator of the basal activity of the
internal PFV promoter (30). The feline foamy virus (FFV) Bet
protein inhibits antiviral feline A3 proteins without inducing their
degradation (16—18). A mechanism for FFV Bet activity has not
been identified, but an interaction of FFV Bet and feline A3s was
demonstrated to be important (16). For the PFV system, contro-
versial data regarding the function of Bet as an A3G antagonist
have been reported (20, 31). Russell et al. described that PFV Bet
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was able to rescue the infectivity of PFV Abet and Vif-deficient
HIV-1 in the presence of A3G (20). In contrast, Delebecque et al.
found that PFV is sensitive to A3G, independent of Bet (31). Like
the Bet activity of FFV, the mechanism of PFV Bet’s inhibition of
the antiviral activity of A3G has not been resolved.

We aimed here to address whether PFV Bet can protect PFV
and lentiviruses against the antiviral activity of human A3G
(huA3G) and to understand the fate of A3G bound to Bet.

MATERIALS AND METHODS

Plasmids. Reporter viruses for the simian immunodeficiency virus
SIV ,6mTAN-1 (pSIV sgp-luc-R™E~Avif) have been described previ-
ously (32). The PFV vector pczDWPO002 is a variant of the PFV Gag/Pol
expression vector pczDWP001 (33) in which the NLS-LacZ sequence re-
places the enhanced green fluorescent protein (EGFP) open reading frame
(OREF). The PFV Env expression construct pczHFVenvEMO002 has been
described previously (34). Human (hu), African green monkey (AGM),
and chimpanzee (cpz) A3G-HA expression constructs were kindly pro-
vided by N. R. Landau (32). Myc-tagged huA3G (pcDNA3.1 expressing
human APOBEC3G-Myc-6His) has been described previously (35). Plas-
mids encoding huA3G Y124A, Y125A, F126L, and W127A mutants were
described previously (36). pBetppy, (19) was generated by insertion of the
PFV Bet sequence, which was obtained from HEL299 cells (ATCC CCL-
137) infected with the PFV isolated by Achong et al. (37), into the HindIII
and Smal sites of pBC12-CMV (38). pVify ., (39) (referred to here as
pcDNA3.1Vif) and the analogous pVif,gyran.: plasmid were kindly
provided by N. R. Landau. To generate pBet-V5-His, the forward primer
Kpnl 5’ Bet (5'-TAGGGTACCGTATCATGGATTCCTACGAA-3") and
the reverse primer Apal 3’ Bet (5'-CTAGGGCCCGAAGGGTCCATCTG
AGTCAC-3") were used. The amplicons were cloned into the KpnI and
Apal sites of pcDNA4/V5-HisA (Life Technologies, Darmstadt, Ger-
many). Subsequent amplification of the 3’ part of Bet containing V5 and
His sequences by use of primers HFV-Bet824-844f (5'-GTTTCAAGGTA
ATTTATGAAG-3") and G-6xH-stop-Xbal_rc (5'-GCTCTAGAGCTCA
ATGGTGATGGTGATGATG-3") generated a fragment which was cloned
into pBetPFV via BglIl and Xbal sites. pA3G-a (40), expressing A3G fused
to the a-fragment of B-galactosidase, was a gift of N. R. Landau. The
w-fragment of B-galactosidase (pCMV-w [41]; formerly known as
pSCTZ-omega [42]) was a gift of S. Rusconi.

Cell culture. Human HOS and 293T cells were maintained in Dulbec-
co’s modified Eagle’s complete medium (PAN-Biotech, Aidenbach, Ger-
many) supplemented with 10% fetal bovine serum (FBS), 0.29 mg/ml
L-glutamine, and 100 U/ml penicillin-streptomycin at 37°C in a humidi-
fied atmosphere of 5% CO,. Plasmid transfection into 293T cells was done
with Lipofectamine LTX (Life Technologies), except that PFV plasmid
transfection was accomplished with Polyfect (Qiagen, Hilden, Germany),
with a DNA/Polyfect ratio of 1:2.5. Reporter lentiviruses were generated
by transfection into 6-well plates with 1.5 g pSIV , g\-luc-E"R™Avif; 0.5
g vesicular stomatitis virus G glycoprotein (VSV-G) expression plasmid
pMD.G, 1 pg A3 expression plasmid, and 2 g pVifyyy» PVifacam ran.1 OF
pBetppy. PEV reporter vectors were generated in 12-well plates with 1 pg
pczDWP002, 1 wg pczHFVenvEMO2, 0.33 jug A3 expression plasmid, and
0.66 g pBetppy. Total plasmid DNA (4.5 or 3 ug) was maintained by the
addition of pcDNA3.1 as needed. Reverse transcriptase (RT) activity of
SIV-containing supernatants was determined using a Cavidi HS Lenti RT
kit or a C-type RT activity kit (Cavidi Tech, Uppsala, Sweden) for PFV
vectors. For infectivity assays, HOS cells were transduced in 96-well plates
in triplicate with a virus amount equivalent to 10 pg of RT for HIV or SIV
vectors and 20 mU for PFV. At 3 days postinfection (dpi), luciferase ac-
tivity was measured by using a Steadylite HTS kit (PerkinElmer, Rodgau,
Germany), or [3-galactosidase activity was determined by using a Tropix
Galacto-Star system (Life Technologies). Data are presented as counts/s
normalized to that for virus obtained without A3 and Bet.

a-Complementation assay. 293T cells (seeded in 96-well plates) were
transfected in triplicate with an expression vector for the w-subunit of
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B-galactosidase and an APOBEC3G a-subunit expression vector
(huA3G-a) in combination with Betpgy, Vifsryagm» OF Vifyyy - The activ-
ity of B-galactosidase was measured 3 days later by using a Tropix Ga-
lacto-Star system (Life Technologies).

Immunoblot analysis. To generate protein lysates, cells were washed
with phosphate-buffered saline (PBS) and lysed in radioimmunoprecipi-
tation assay (RIPA) buffer for 5 min on ice. Lysates were clarified by
centrifugation. For mild cell lysis, cells were treated with mild lysis buffer
(50 mM HEPES, 125 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride
[PMSF], 0.2% NP-40, pH 7.5, and 1X complete protease inhibitor cock-
tail [Merck Calbiochem]) for 30 min on ice and then centrifuged (10 min,
300 X g, 4°C), and the supernatant was separated from the pellet. The
pellet was treated with RIPA buffer for 5 min on ice and then centrifuged
(10 min, 300 X g, 4°C), and the supernatant was taken. For the differential
detergent fractionation of proteins from cells, a ProteoExtract subcellular
proteome extraction kit (Merck, Darmstadt, Germany) was used accord-
ing to the manufacturer’s specifications. To generate virus lysates, super-
natant samples were layered on a 2-ml 20% (wt/vol) sucrose cushion (in
PBS), and virions were pelleted at 35,000 rpm (SW-41 rotor; Beckman
Coulter, Krefeld, Germany) for 2 h at 4°C. Pellets were resuspended with
RIPA buffer and normalized to RT values for 500 pg determined from
original supernatants. The levels of p27 and hemagglutinin (HA)-tagged
A3 proteins were analyzed by immunoblotting. For coimmunoprecipita-
tion (co-IP) of Bet and A3G, cells were transfected with 2 pg of pBetppy,
and 1 ug of A3G expression plasmid. After 2 days, cells were lysed, lysates
were clarified by centrifugation, and supernatants were incubated with
anti-HA beads (Roche Diagnostics, Berlin, Germany) for 60 min at 4°C
and washed 5 times with RIPA buffer. For immunoblot analysis, samples
were boiled in NuPAGE SDS sample buffer and NuPAGE sample reduc-
ing agent (Life Technologies) and subjected to SDS-PAGE followed by
transfer to a polyvinylidene difluoride (PVDF) membrane. Proteins were
detected using an anti-HA antibody (Ab) (1:10* dilution) (MMS-101P;
Covance, Munich, Germany) or an anti-c-Myc monoclonal Ab (MAb)
(1:200 dilution) (9E10; Sigma-Aldrich, Munich, Germany). For the de-
tection of endogenous A3G, rabbit antiserum (anti-Apo C17; 1:10* dilu-
tion) was used (7). For the detection of Betppy, a Bel2/Bet-specific hyper-
immune serum (1:50,000 dilution) was used (43). Equal loading of cell
lysates was confirmed for immunoblots probed with anti-tubulin Ab (1:
10* dilution) (B5-1-2; Sigma-Aldrich), and equal loading of virions was
confirmed by use of anti-p24/p27 MAb AG3.0 (44). Anti-mouse— and
anti-rabbit—horseradish peroxidase (GE Healthcare, Freiburg, Germany)
were used as secondary Abs. Signals were visualized using ECL reagent
(GE Healthcare).

Purification of Bet-A3G complexes. To purify A3G-Bet complexes,
expression plasmids for A3G-HA and Bet-V5-His were cotransfected into
293T cells. Cells were harvested at 48 h posttransfection, washed with PBS,
and lysed with lysis buffer (50 mM Tris, pH 8.0, 10% glycerol, 0.8% [vol/
vol] NP-40, 1 mM PMSF, and 1X complete protease inhibitor cocktail
[Merck Calbiochem]). Cell suspensions were placed on ice for 15 min,
and the debris was pelleted by centrifugation at 13,000 rpm for 20 min.
Prior to RNase A (Thermo Scientific, Schwerte, Germany) treatment (50
mg/ml), the soluble fraction was adjusted to 0.8 M NaCl and incubated for
15 min at 37°C and for 1 h at 25°C. After treatment, the lysate was mixed
with 20 pl of equilibrated Ni-nitrilotriacetic acid (Ni-NTA) agarose (Life
Technologies) and kept at 4°C for 2 h, turning in an end-over-end fashion.
Beads were washed extensively with wash buffer (50 mM Tris, pH 8.0, 0.3
M NaCl, 10% [vol/vol] glycerol, 20 mM imidazole), and Bet-A3G com-
plexes were eluted with elution buffer (50 mM Tris, pH 8.0, 0.3 M NaCl,
10% [vol/vol] glycerol, 250 mM imidazole).

Sequencing of viral reverse transcripts. SIV ,-lucAvif (VSV-G) re-
porter viruses generated in the presence of huA3G with and without Bet
and treated with 20 U/ml DNase I (Thermo Scientific) for 1 h at 37°C were
used for infection of 293T cells (5 X 10°). After 10 h, the cells were washed
and total DNA was isolated using a DNeasy DNA blood and tissue kit
(Qiagen). A 600-bp luc fragment was amplified with DreamTaq DNA
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polymerase (Thermo Scientific) (denaturation at 95°C for 5 min followed
by 30 cycles of annealing at 61°C for 30 s and denaturation at 94°C for 30
s) and primers Luc-Fw (5'-GATATGTGGATTTCGAGTCGTC-3") and
Luc-Rev (5'-GTCATCGTCTTTCCGTGCTC-3") and then cloned into
the pJet blunt cloning vector (Thermo Scientific). The nucleotide se-
quences of 10 independent clones were analyzed and the G-to-A conver-
sion presented using the Hypermut online tool (http://www.hiv.lanl.gov
/content/sequence/ HYPERMUT/hypermut.html).

In vitro DNA cytidine deamination assay of A3G-Bet complexes.
A3G deamination reactions were performed as described previously (45),
using a 10-pl reaction volume containing 25 mM Tris, pH 7.0, and 10
fmol single-stranded DNA (ssDNA) substrate (5'-GGATTGGTTGGTTA
TTTGTTTAAGGAAGGTGGATTAAAGGCCCAAGAAGGTGATGGAA
GTTATGTTTGGTAGATTGATGG-3"). Reaction mixtures were incu-
bated for 3 h at 37°C, and reactions were terminated by incubation at 95°C
for 5 min. One femtomole of the reaction mixture was used for PCR
amplification with DreamTaq polymerase (Thermo Scientific) (denatur-
ation at 95°C for 3 min followed by 19 cycles of annealing at 61°C for 30 s
and denaturation at 94°C for 30 s) and the following primers: forward,
5'-GGATTGGTTGGTTATTTGTTTAAGGA-3'; and reverse, 5'-CCATC
AATCTACCAAACATAACTTCCA-3". PCR products were digested with
the restriction enzyme Eco1471 (Stul) (Thermo Scientific) for 1 hat 37°C,
resolved by 15% PAGE, and stained with SYBR gold (Life Technologies).
A positive-control substrate oligonucleotide with CCU instead of CCA
was used to control the Eco1471 digestion. To determine the deamination
activity of purified A3G in the presence of purified Bet, A3G-Myc-His and
Bet-V5-His were purified separately as described above, except that the
RNase A treatment step was omitted in the Bet purification. Purified His-
tagged protein concentrations were determined spectrophotometrically
by measuring the A, using their (theoretical) extinction coefficients and
molecular masses. The A3G deamination reaction was conducted as de-
scribed above. For the titration experiments, 10 fmol single-stranded
DNA substrate was mixed with 20 fmol A3G-His protein and increasing
amounts of Bet protein (10 to 1,000 nM).

Sucrose density gradient centrifugation. 293T cells were transfected
with expression plasmids for 2 wg A3G-HA, 2 pg Bet-His, or 2 pg
A3G-HA plus 2 pg Bet-His. After 24 h, cells were lysed with lysis buffer
(0.626% NP-40, 100 mM NaCl, 50 mM potassium acetate, 10 mM EDTA,
10 mM Tris, pH 7.4, and complete protease inhibitor cocktail [Merck
Calbiochem]) and then clarified by centrifugation for 10 min at 162 X g
followed by a short spin at 18,000 X g for 30s. A half-portion of the sample
was aliquoted to a new tube, to which RNase A (Thermo Scientific) (70
wg/ml) was added and incubated for 30 min at 37°C. Samples were then
overlaid on top of a 10%-15%-20%-30%-50% sucrose step gradient in
lysis buffer and centrifuged for 45 min at 163,000 X gat 4°C in an MLS-50
rotor (Beckman Coulter, Fullerton, CA). After centrifugation, the sam-
ples were sequentially removed from the top of the gradient, resolved by
SDS-PAGE, and analyzed by immunoblotting with anti-HA and anti-Bet
antibodies to detect A3G and Bet, respectively.

Coimmunoprecipitation assays. (i) Interaction of purified A3G-
Myc-His and Bet-V5-His proteins. A total of 1.5 g of mouse monoclo-
nal anti-Myc antibody (AbD Serotec, Diisseldorf, Germany) was mixed
with purified A3G-Myc-His and Bet-V5-His proteins (1:2 ratio) in a buf-
fer (50 mM Tris, pH 7.4, and 150 mM NaCl) and incubated overnight at
4°C with end-over-end rotation. The next day, 20 .l of protein A/G Plus
agarose (Santa Cruz, Heidelberg, Germany) was added and incubated for
3 h at 4°C. After binding, the beads were washed 4 times with the same
buffer, and the Bet-A3G complexes were eluted by boiling the beads at
95°C for 5 min in native loading buffer. The supernatant was further
heated at 95°C for 5 min with 2-mercaptoethanol (2-ME) before being
subjected to SDS-PAGE. Immunoblots were developed using PentaHis
antibody (Qiagen) analysis. For better visualization of the A3G-Bet inter-
action, the gel was stained with Coomassie brilliant blue staining solution
after the immunoblot transfer and was destained with destaining solution.
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(ii) RNA-dependent interaction. The protocol to assay RNA-depen-
dent interactions was adapted from a previously described protocol (46).
293T cells were transfected with 1 ug pcDNA3.1 (Invitrogen) empty vec-
tor (mock) and expression plasmids for 1 pg A3G-HA plus 1 pg A3G-
Myc-Hisor 1 ng A3G-HA plus 1 pg Bet-V5-His in a six-well culture plate.
At 24 h posttransfection, cells were harvested and lysed with lysis buffer
(0.5% Triton X-100, 287 mM NaCl, 3 mM KCI, 50 mM Tris, pH 7.5, and
Complete protease inhibitor mixture [Roche]). The cleared lysates were
incubated with 30 .l anti-HA affinity matrix beads (Roche) for A3G-A3G
co-IP and with 30 pl Ni-NTA agarose (Life Technologies) for 2 h at 4°C,
with end-over-end rotation. After binding, the beads were washed twice,
with lysis buffer and lysis buffer containing 20 mM imidazole for A3G-
A3G and A3G-Bet, respectively, and half-portions of the samples were
aliquoted to new tubes. RNase A (70 pg/ml) was added to one aliquot of
the sample and incubated at 37°C for 10 min and at 22°C for 40 min.
Samples were further washed thrice with lysis buffer and lysis buffer con-
taining 20 mM imidazole for A3G-A3G and A3G-Bet, respectively. A3G-
A3G co-IP products were eluted by boiling beads in SDS gel loading buffer
at 95°C for 5 min, and A3G-Bet co-IP products were eluted with an elu-
tion buffer containing 300 mM imidazole; the supernatant containing the
eluate was heated at 95°C for 5 min with 2-ME before being subjected to
SDS-PAGE and detected by immunoblotting with respective antibodies.
Results are representative of three independent experiments.

Immunofluorescence microscopy. Immunofluorescence studies
were performed in Hela cells 2 days after transfection by applying
FuGENE technology (Roche Applied Science). Cells were fixed in 4%
paraformaldehyde in PBS for 20 min, washed twice in PBS, permeabilized
in 0.1% Triton X-100 in PBS for 15 min, washed twice in PBS, and blocked
with blocking solution (1% milk powder in PBS) for 45 min. For A3G-HA
staining, cells were incubated for 1 h with an anti-HA antibody (MMS-
101P; Covance) in a 1:1,000 dilution in blocking solution. Bet was stained
with Bet antibody at a 1:1,000 dilution in blocking solution. Anti-mouse—
Alexa Fluor 488 (Life Technologies) and anti-rabbit—Alexa Fluor 594 were
used as secondary antibodies at a 1:300 dilution in blocking solution for 1
h. Subsequently, 4’,6-diamidino-2-phenylindole staining (1:1,000; Milli-
pore, Darmstadt, Germany) was performed for 10 min. Finally, cells were
washed twice in PBS and analyzed by laser scanning microscopy (LSM 510
Meta; Zeiss, Gottingen, Germany). Images were acquired using a 40X
objective.

Model structure. For structure-guided mutation analysis, the pre-
viously published homology model of the A3G N terminus-N termi-
nus dimer interface (36) was used. This model was generated using the
MODELLER program (47); the crystal structure of the human A3G C-
terminal domain (48) served as the template (for detailed methods, see
reference 36). The graphical visualization presented in Fig. 5C was con-
structed using PyMOL (PyMOL Molecular Graphics System, version
1.5.0.4; Schrodinger, Portland, OR).

Statistical analysis. Data are presented as means with standard de-
viations (SD) in all bar diagrams. Statistically significant differences
between two groups were analyzed using unpaired Student’s ¢ test in
GraphPad Prism, version 5 (GraphPad Software, San Diego, CA). A min-
imum P value of 0.05 was considered statistically significant.

RESULTS

PFV Bet counteracts A3G in a dose-dependent manner. Con-
flicting data on the functional effect of PFV Bet on the activity of
A3G have been reported (20, 31). These data prompted us to fur-
ther investigate possible Bet activity toward A3G. First, we tested
A3G by using a Bet-deficient single-round reporter vector based
on PFV and expressing the lacZ gene for B-galactosidase in 293T
cells transfected with an expression plasmid for A3G alone and
together with Bet. Normalized amounts of particles were used to
transduce human osteosarcoma cells, and the 3-galactosidase lev-
els were quantified at 3 days postransduction (Fig. 1A). A3G re-
duced the infectivity of PFV vectors 10-fold, and the expression of
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FIG 1 Bet counteracts A3G in a dose-dependent manner and independent of the virus background. (A) Bet-deficient lacZ reporter viruses derived from PFV
were produced in the presence and absence of human APOBEC3G (huA3G) and Bet. Infectivities of viruses were determined by quantification of galactosidase
expression at 3 dpi. Infectivities relative to that of the virus generated in the absence of huA3G and Bet are given. (B) SIV y,-lucAvif viruses were produced in
the presence and absence of huA3G and increasing amounts of Bet. Infectivities of equal amounts of viruses, relative to that of the virus generated in the absence
of huA3G and Bet, were determined by quantification of luciferase activity at 3 dpi. (C) Endogenous level of A3G in activated human PBMCs compared to
plasmid-derived A3G level in transfected 293T cells (1 g A3G-HA plasmid), detected by using anti-A3G antiserum. Equal loading of cell lysate samples was
confirmed with an anti-tubulin antibody. (D) Packaging of A3G in SIV sgy,-lucAvif virions. Virions were produced in the presence of an empty expression
plasmid (—; pcDNA3.1) or 1 ug A3G expression plasmid and increasing amounts of Bet expression plasmid (0 g, 0.05 g, 0.5 pg, 1 g, and 2 pg). Supernatants
were filtered and concentrated through a 20% sucrose cushion by centrifugation. The cell and viral lysates were analyzed by immunoblotting and were probed
for A3G (a-HA, anti-HA antibody), Bet (a-Bet, anti-Bet antibody), capsid (a-p27, anti-p27 antibody), and tubulin (a-Tubulin, anti-tubulin antibody).
Unpaired t tests were computed to determine whether differences between samples in the presence of A3G protein with and without Bet reached the level of

statistical significance (*, P < 0.05; **, P < 0.001; and ***, P < 0.0001), using GraphPad Prism 5 software.

Bet rescued the PFV infectivity to half the levels attained by PFV
vectors generated without A3G. Previously, it was shown that Bet
can also protect heterologous lentiviruses against A3 proteins (19,
20). Thus, for the next experiments, we used a luciferase reporter
virus based on the SIV derived from AGMs (SIV zgu), with an
inactivated vif gene (referred to here as SIV,qy-lucAvif) (32).
SIV yon-lucAvif was generated in the presence of 1 ug A3G plas-
mid and increasing amounts of Bet plasmid (0 to 2 pg). Viral
particles were normalized for reverse transcription activity and
used for transduction. Figure 1B shows that the SIV reporter virus
could be inhibited >10-fold by A3G under these experimental
conditions. The A3G expression plasmid yielded physiological
levels of A3G protein compared to the level of A3G detectable in
activated human peripheral blood mononuclear cells (PBMCs)
(Fig. 1C). The coexpression of Bet counteracted the antiviral ac-
tivity of A3G in a dose-dependent way, and virus made with A3G
and 2 pg of Bet plasmid had an infectivity similar to that of SIV
without A3G (Fig. 1B). Note that neither Bet expression in the
PFV system nor that in the SIV system completely restored infec-
tivity, showing that human A3G can be counteracted only par-
tially by PFV Bet. Bet expression also caused a dose-dependent
inhibition of A3G encapsidation, as demonstrated by immuno-
blotting of viral particles produced in the presence of 1 g A3G
plasmid and increasing amounts of Bet expression plasmid
(Fig. 1D). Under these conditions, the viral particles did not pack-
age the Bet protein.

We also used the SIV,gy-lucAvif reporter virus to ask
whether PFV Bet inhibits the antiviral activity of A3G proteins
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derived from chimpanzees (cpzA3G) and AGMs (AGM.A3G).
To control for specificity, we directly compared Bet to HIV-1
Vif and SIV g\ Vif. All three A3Gs inhibited the SIV reporter
virus 10- to 100-fold, and Bet completely counteracted cpzA3G
and largely counteracted AGM.A3G and human A3G (Fig. 2A).
HIV-1 Vif inhibited and degraded huA3G and cpzA3G but was
not active on AGM.A3G. Only SIV ,\, Vif was active upon and
degraded AGM.A3G, as seen previously (32). In contrast to the
sensitivity of A3Gs to Vif, immunoblots of the viral producer
cells showed no degradation of A3Gs in samples where Bet was
produced (Fig. 2B). To further support the absence of A3G
degradation by Bet, we applied the a-complementation assay
to A3G (40). This assay is based on a-complementation, the
ability of B-galactosidase fragments to complement in trans.
Figure 2C shows that A3G fused to the a-peptide comple-
mented a coexpressed w-fragment of B-galactosidase. HIV-1
Vif synthesis reduced the galactosidase activity 10-fold, likely
due to A3G degradation, as described previously (40). In con-
trast, neither SIV 4y, Vif nor PFV Bet reduced the 3-galacto-
sidase activity, further indicating the lack of a Bet-triggered
degradation of A3G.

In summary, PFV Bet has a broad A3G tropism, does not de-
plete cellular A3G proteins of human, chimpanzee, or AGM ori-
gin, and can rescue the infectivity of PFV and of a heterologous
lentivirus produced in the presence of A3G.

Bet prevents antiviral editing but does not inhibit A3G enzy-
matic activity. Next, we were interested in studying the functional
consequences of the Bet interaction with A3G. Published data
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FIG 2 Bet exhibits a broader spectrum of anti-A3G activity than Vif, without leading to A3G degradation. (A) SIV ,y-lucAvif viruses were produced in the
presence and absence (vector only) of the indicated HA-tagged A3G, V5-tagged HIV-1 Vif and SIV g\, Vif, and PFV Bet expression plasmids. Relative
infectivities (relative to the virus generated in the absence of A3G and Bet) of equal amounts of the reporter viruses are shown. (B) Immunoblot analysis
performed with lysates of virus-producing cells. A3G was detected with an anti-HA MADb, tubulin with an anti-tubulin MAb, Vif with an anti-V5 MAb, and Bet
with Bet antiserum. (C) a-Complementation assay of B-galactosidase. 293T cells were transfected in triplicate with the w-subunit expression plasmid of

B-galactosidase and an a-subunit—A3G expression plasmid in combination

with PFV Bet, SIV g\, Vif, or HIV-1 Vif. The activity of B-galactosidase was

measured 3 days later. Unpaired ¢ tests were computed to determine whether differences between samples in the presence of A3G, with and without Vif or Bet,
reached the level of statistical significance (¥, P < 0.05; **, P < 0.001; ***, P < 0.0001; and ns, not significant), using GraphPad Prism 5 software.

support Bet binding to A3G, so one could postulate that Bet might
impair the enzymatic activity of A3G. To test A3G-induced ge-
nome editing, SIV ,gy-lucAvif reporter particles were generated
with A3G alone and with A3G and Bet. We used these virions to
infect 293T cells, isolated the viral genomic DNA by PCR at 10 h
postinfection, and analyzed the sequence for signs of G-to-A mu-
tations on the positive (+) strand, which are indicative of cytidine
deaminations in DNA of the viral negative (—) strand. A3G in-
duced G-to-A changes at a mutation rate of 2.6%, in contrast to
virions made without A3G, which had a verylow G-to-A mutation
rate of 0.26% (Fig. 3A). The viral cDNA prepared from virions
made in the presence of A3G and Bet showed a reduced but
important G-to-A mutation rate of 0.9%, supporting the con-
clusion that Bet partially counteracts the antiviral activity of
A3G (Fig. 3A).

To test whether Bet can inhibit the cytidine deaminase activity
of A3G, we purified Bet by immunoprecipitation from 293T cells
producing either Bet alone or Bet together with A3G. These ex-
periments were performed using His-tagged Bet that showed full
anti-APOBECS3 activity (data not shown). The immunoprecipi-
tated samples were subjected to Western blotting (Fig. 3B) and an
in vitro deamination assay (45) (Fig. 3C). We tested two different
conditions and transfected either 0.5 pug or 1 pug Bet expression
plasmid together with an expression plasmid for A3G (A3G-HA).
Immunoprecipitated Bet protein showed binding to A3G as dem-
onstrated with an anti-A3G antibody (Fig. 3B, a-His-IP panel).
We used different volumes (0.1, 1, and 3 pl) of the immunopre-
cipitated protein samples and asked whether A3G bound to Bet is
able to deaminate single-stranded DNA in vitro (Fig. 3C). In ad-
dition, we treated the 1-pl samples with RNase A to remove po-
tential inhibitory RNA (49). As a positive control for in vitro
cytidine deamination, we directly immunoprecipitated A3G hav-
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ing a His tag (A3G-Myc-6XHis). This sample contained several-
fold more A3G protein than the amount of A3G immunoprecipi-
tated by Bet. The PCR-based deamination assay depends on the
sequence change caused by A3G converting a cytidine to uridine
in an 80-nucleotide (nt) ssDNA substrate. Deamination of C to U
by A3G is then followed by a PCR that replaces the uridine with
thymidine, generating a Stul restriction site. The efficiency of Stul
digestion is monitored by using a similar 80-nt ssDNA substrate
containing a uridine instead of a cytidine in the Stul recognition
site (Fig. 3C, lane U). Polyacrylamide gel electrophoresis separates
deaminated from nondeaminated DNA substrates after Stul
cleavage of the PCR product. While we found a faint band after
Stul cleavage in the 3-pl input of the sample generated with 0.5 pg
Bet plasmid, much more cleavage product was detectable using
the 3-pl input of cells transfected with 1 g Bet plasmid (Fig. 3C).
Smaller volumes (0.1 and 1 pl) of this sample showed a reduced,
dose-dependent deamination of cytidine. Immunoprecipitated
Bet-A3G complexes treated with RNase A displayed little change
in deamination activity compared to the corresponding sample
prepared without RNase A treatment (Fig. 3C). Very importantly,
immunoprecipitated Bet protein from cells that did not produce
A3G did not show cytidine deamination activity, irrespective of
RNase A treatment. Similar results were obtained using chimpan-
zee A3G instead of human A3G (data not shown). In addition,
recombinant A3G and Bet proteins were purified from 293T cells
by use of Ni-NTA agarose (Fig. 3D), and the in vitro deamination
assay was conducted with a constant level of A3G (2 nM) and a
gradient of Bet (Fig. 3E). A deamination activity chart (Fig. 3F)
was plotted according to the corresponding density units (Fig. 3E)
and illustrates the activity of A3G in the presence of Bet. The
slightly reduced activity (to 83%) at the 100 nM Bet concentration
may have been due to precipitation of Bet proteins. Using even
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FIG 3 Bet reduces antiviral editing of A3G but does not affect enzymatic activity of A3G. (A) A fragment of the luciferase gene was amplified from reverse
transcripts of SIV ,gy-lucAvif viruses, generated in the presence and absence of huA3G in combination with Bet, at 12 h postinfection. Ten independent
nucleotide sequences were determined. The G-to-A conversions (vertical lines) are shown for each clone (horizontal line). (B) The A3G cytidine deamination
activity of Bet-A3G complexes was analyzed in Bet-precipitated complexes. For immunoprecipitation of Bet-A3G complexes, 0.5 pg or 1 g of Bet-V5-His
expression plasmid was transfected alone or together with a constant amount (0.5 pug) of A3G-HA into 293T cells. Blots were probed separately with anti-Bet
antibody and anti-A3G antibody. (C) Immunoprecipitated complexes and A3G-His and Bet alone were tested in the in vitro deamination assay. Protein
complexes (0.1 pl, 1 pl, and 3 pl) were used with each Bet concentration (for cells transfected with either 0.5 pg or 1 pug Bet expression plasmid). In addition, 1
wlwas purified after RNase A treatment (+ ) and compared with the untreated sample. An oligonucleotide with CCU in place of CCA served as a marker/digestion
control (U). A3G-His (0.5 pg) served as a positive control for the cytidine deamination reaction, whereas Bet alone was the negative control. (D) Coomassie
blue-stained SDS-PAGE gel indicating the purity of huA3G-Myc-His and Bet-V5-His proteins after purification from transfected 293T cells by use of Ni-NTA
agarose. (E) In vitro deamination assay using 293T cell-purified huA3G and Bet proteins. The A3G-Myc-His activity of 20 fmol (2 nM) of protein was tested in
the presence of increasing amounts of Bet-His (0 to 1,000 wM). (F) Deaminase activities determined in panel E, in terms of density units plotted against the
concentration of Bet. The plot represents relative deaminase activities, with 100% activity adjusted to deamination in the absence of Bet. (G) Anti-Myc
immunoprecipitation (IP) shows the interaction of purified A3G-Myc-His and Bet-His in vitro. HC, anti-Myc antibody heavy chain. (Top) Immunoblot (IB) of
IP and input samples, using anti-His antibody. (Bottom) The same SDS-PAGE gel stained with Coomassie blue (CB).

higher Bet concentrations, a further minor drop in deamination
activity, to about 70%, was seen. The interaction between the sep-
arately purified A3G and Bet proteins was confirmed by coimmu-
noprecipitation using an anti-Myc antibody. The Myc antibody
bound to protein A/G Plus agarose precipitated A3G-Myc-His
and Bet-V5-His complexes but not Bet-V5-His alone, as shown in
the anti-His immunoblot and Coomassie blue-stained gel (Fig.
3G). Together, these observations indicate that A3G bound to Bet
is not inhibited in its cytidine deamination activity.

Bet interaction is RNA independent. Since A3G-A3G interac-
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tion is known to be bridged by RNAs (46), we asked whether
A3G-Bet interaction follows a similar phenomenon. To test this,
we first performed velocity sedimentation of cell lysates contain-
ing A3G alone, A3G with Bet, or Bet alone, with and without
RNase A treatment. 293T cells were transfected with expression
vectors for A3G alone or together with Bet. Part of the lysates was
subjected to RNase A treatment for an hour, and all samples were
layered on 10 to 50% sucrose gradients. A3G without Bet showed
the expected high-molecular-mass (HMM) complexes that were
sensitive to RNase A (Fig. 4A) (50). In contrast, Bet was distrib-
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FIG 4 A3G-Betinteraction is RNA independent. (A) Velocity sedimentation of RNase A-treated and untreated cell lysates of 293T cells that were transfected with
expression plasmids for A3G alone, A3G and Bet, or Bet alone through sucrose gradients (10% to 50%). Samples were examined by use of specific antibodies: A3G
was detected with an anti-HA MAD, and Bet was detected with an anti-His antibody. (B) 293T cells were cotransfected with expression plasmids for A3G-HA and
A3G-Myc-His for A3G-A3G immunoprecipitation (IP) and with Bet-V5-His and A3G-HA expression plasmids for Bet-A3G IP. Immunoblots (IB) were
incubated with specific antibodies: A3G was detected with an anti-HA MAD, and Bet was detected with an anti-His antibody. IP samples were treated with RNase

A or left untreated while binding to the beads.

uted throughout the fractions, irrespective of RNase A treatment,
indicating that Bet forms complexes of various molecular masses
that are RNA independent. Cell lysates of A3G with Bet showed
that A3G was found partially in HMM complexes but also in lower-
molecular-mass (LMM) complexes. In the presence of A3G, the
Bet protein delocalized from HMM to LMM complexes, consis-
tent with a Bet-A3G interaction. RNase A did not change the de-
tection of Bet in the coexpressing cells but removed the HMM
complexes of A3G that did not show copurification with Bet (Fig.
4A). While Bet oligomerization appears to be RNA independent,
Bet could require RNA to bind to A3G. To directly check the
influence of RNA on A3G-Bet interaction, we performed a co-IP
analysis of A3G-HA and Bet-V5-His produced in 293T cells with
and without RNase treatment. The cell lysates were allowed to
bind to Ni-NTA agarose first and then split into two parts for
RNase A treatment. The immunoblot indicates no difference be-
tween RNase-treated and untreated Bet-A3G samples (Fig. 4B,
right panel), demonstrating that Bet does not bind to A3G via an
RNA molecule. In contrast, the parallel A3G-A3G co-IP with
anti-HA beads showed a dramatic reduction of A3G-A3G inter-
action when lysates were treated with RNase A (Fig. 4B, left panel).

Bet prevents A3G-A3G interaction. We recently reported that
PFV Bet binds to A3C and reduces A3C dimer formation (19). To
determine if Bet also inhibits A3G-A3G complex formation, we
studied the oligomerization of A3G in the presence of Bet. Copre-
cipitation experiments were done with HA-tagged A3G and Myc-
tagged A3G. As expected, A3G-HA coprecipitated with A3G-Myc
(Fig. 5A), but interestingly, this A3G-A3G interaction was not
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detectable when Bet was coexpressed. The observation that Bet
prevented A3G dimerization allowed us to identify relevant resi-
dues in A3G regulating the Bet interaction. Amino acids in the
putative A3G dimer interface were recently described (36, 46), so
we tested the Y124A, Y125A, F126L, and W127A A3G mutants
(36) that partake in stabilizing the A3G dimer for interaction with
Bet. Of these mutants, the W127A mutant is unable to ho-
modimerize and to inhibit HIV-1 Avif due to a lack of encapsida-
tion (36, 46).

The Y124A and F126L A3G mutants coimmunoprecipitated
with Bet, like wild-type A3G, whereas the F126A and W127A A3G
mutants showed partial and complete loss of coimmunoprecipi-
tation, respectively (Fig. 5B). The predicted localization of the
analyzed amino acids is shown in Fig. 5C, using a head-to-head
structural model of the A3G homodimer (36, 48). Together, these
data suggest that Bet interacts with A3G and disrupts its ability to
dimerize.

Bet impairs the cytosolic solubility of A3G. Pilot experiments
indicated that the choice of cell lysis buffer strongly affected im-
munoblot detection of A3G in Bet-cotransfected cells (data not
shown). To describe any Bet-dependent recovery of A3G under
mild lysis conditions, we performed a Western blot titration ex-
periment. After cotransfection of A3G and different amounts of
Bet plasmid (0.5 to 2 pg in experiment I and 0.1 to 2 jug in exper-
iment II), we used a mild lysis buffer, separated the soluble and
insoluble fractions by centrifugation, and solubilized the insoluble
fraction with RIPA buffer. Normalized protein samples were an-
alyzed by SDS electrophoresis and immunoblotting (Fig. 6A). In-
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FIG 5 Bet prevents A3G dimerization. (A) Cells were transfected with Myc-
tagged huA3G alone or also with HA-tagged huA3G in the presence and ab-
sence of Bet. Cell lysates were prepared, and anti-HA immunoprecipitation
(a-HA-IP) was performed. huA3G-Myc was coprecipitated with HA-tagged
A3G, Bet was detected by immunoblot (IB) analysis using Bet antibody, and
A3G-Myc was detected using an anti-Myc MAb. The HA-tagged A3G protein
was detected with an anti-HA MAb. TCL, total cell lysate. (B) Cells were trans-
fected with Bet alone or with expression plasmids for HA-tagged wild-type
(wt) huA3G or the Y124A, Y125A, F126L, or W127A mutant. Cell lysates were
prepared, and anti-HA immunoprecipitation (a-HA-IP) was performed.
A3G-associated Bet was detected by immunoblot (IB) analysis using Bet anti-
serum. A3G proteins were detected in anti-HA IP samples and in cell lysates by
use of anti-HA MAbs, as well as Bet and tubulin antibodies in cell lysates
(TCL). (C) Model of A3G N-terminal dimeric interface. The cartoon repre-
sentation of the A3G dimer interface depicts the spatial arrangements of amino
acids 124 to 127, which are involved in dimerization, and HIV-1 Vif binding
residues 128 to 130. Dark gray and light gray represent separate N-terminal
parts of two A3G proteins, and the Trp127 residue is highlighted in bold.

creasing amounts of Bet protein reduced the detectable amount of
A3G in the soluble fraction in a dose-dependent way, and the
sample generated with 2 g Bet plasmid lost most of the A3G
signal (Fig. 6A to C). In contrast, the insoluble cell fractions
showed no A3G depletion, but rather an increased amount of A3G
with increased expression of Bet. The Bet protein itself was detect-
able in the soluble as well as insoluble cell fraction.

To determine whether the presence of Bet affects the subcellu-
lar recovery of A3G, proteins were fractionated according to their
subcellular locations by applying a ProteoExtract subcellular pro-
teome extraction kit. For this approach, proteomes of 293T cells
containing A3G in combination with Bet were separated by taking
advantage of the different solubilities of certain subcellular com-
partments in four selected reagents. This system, also known as
differential detergent fractionation (DDF), uses different deter-
gents to sequentially extract cellular proteins prior to homogeni-
zation while keeping the cell architecture intact (51). Interestingly,
using DDF, the resulting fractions reflect not only the character-
istics of the protein’s solubility but also its localization within the
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cell (52). The cellular fractions of proteins in their native state,
representing enriched samples of cytosolic proteins (F1; digitonin
extraction), proteins of membranes and organelles (F2; Triton
X-100 extraction), soluble and DNA-associated nuclear proteins
(F3; Tween 20/deoxycholate extraction), and cytoskeleton pro-
teins (F4; SDS extraction), were analyzed by immunoblotting for
the presence of A3G and Bet. Proper fractionation was controlled
by the use of MADs specific for the cytosolic proteins glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), calpain, and cal-
nexin, the mitochondrial protein cytochrome P450 reductase, and
the nuclear histone proteins. The results show that Bet reduced the
amount of A3G in the cytosolic (F1), membrane/organelle (F2),
and cytoskeleton (F4) fractions while increasing the amount of
A3G protein in the nuclear (F3) fraction (Fig. 6D). Bet was found
in all fractions, independent of the presence or absence of A3G
(Fig. 6E), with the largest amounts in the nuclear fraction (F3).
The control proteins GAPDH, calpain, calnexin, cytochrome
P450 reductase, and histones were detected only in the expected
fractions (Fig. 6D to F), and their recovery was not influenced by
Bet or A3G (data not shown). To rule out the possibility that an
artificially elevated level of A3G was modulating its detection, we
performed immunoblot analysis of subcellular fractions derived
from human PBMCs, which possess endogenous A3G. The results
revealed that endogenous A3G was localized predominately in
fractions F1 and F2 (Fig. 6F), similar to the localization of A3G in
transfected 293 T cells (Fig. 6D).

To further characterize whether Bet modifies the subcellular
localization of A3G, we analyzed cells expressing huA3G together
with Bet by confocal microscopy. Using anti-HA antibodies di-
rected against HA-tagged A3G, immunofluorescence studies with
transiently transfected HeLa cells showed that huA3G was distrib-
uted in the cytoplasm (Fig. 7A). In the presence of Bet, the cyto-
plasmic localization of A3G did not change. The Bet protein was
detectable only in the cytoplasm, and expression of A3G did not
affect its localization (Fig. 7A and data not shown). Because both
A3G and Bet showed a cytoplasmic localization, we also tested
A3C in the presence of Bet (Fig. 7B). A3C has a cytoplasmic and
nuclear localization and is sensitive to Bet (19). Interestingly, in
the presence of Bet, the nuclear A3C was removed, indicating that
complexes of Bet and A3C proteins change their subcellular local-
ization. Taking the data together, we concluded that Bet either
modulates the subcellular localization of A3G via sequestration to
a not yet identified cytoplasmic region or impairs its solubility,
thus reducing its capacity for encapsidation.

DISCUSSION

In this study, we extend previous reports that PFV Bet can coun-
teract human APOBEC3 proteins (19, 20). Our data are in full
agreement with those of Russell et al., who reported that PFV Bet
antagonizes A3G and can protect foamy viral and unrelated lenti-
viral particles (20). In our study, we showed that SIV ,\Avif can
be defended by Bet from A3Gs of human, chimpanzee, and AGM
origin (Fig. 2). We also confirmed a molecular interaction be-
tween Bet and A3G that does not induce degradation of A3G. We
found that Bet showed anti-A3G activity in a dose-dependent
manner but that even the largest transfectable amounts of Bet
expression plasmid could not fully restore viral infectivity (Fig.
1B). Thus, it is likely that the expression levels of Bet, like the case
for A3G, are critical for the replication of wild-type PFV. The
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FIG 6 Betimpairs the cytosolic solubility and modifies the buffer-dependent detection of huA3G. (A) 293T cells transfected with huA3G and increasing amounts
of Bet expression plasmid (0.5, 1, 1.3, 1.6, and 2 ng; Exp. I) were lysed under mild conditions. Soluble and insoluble fractions were separated by centrifugation
and analyzed by SDS electrophoresis and subsequent immunoblotting. HA-tagged A3G was detected with an anti-HA MAb, and Bet was detected with Bet
antiserum. (B) Relative density units (rdu) of A3G signals shown in panel A. (C) Independent experiment IT (Exp. IT) was performed as described for panel A,
except that 0.1, 0.5, 1, and 2 pg of Bet expression plasmid were used. (D) Differential detergent fractionation of proteins of 293T cells transfected with expression
plasmids for A3G-HA, with and without Bet, according to their solubilities in buffers specific for the following subcellular fractions: cytoplasm (F1; digitonin
extraction), membranes and organelles (F2; Triton X-100 extraction), nucleus (F3; Tween20/deoxycholate extraction), and cytoskeleton (F4; SDS extraction).
HA-tagged A3G on immunoblots was detected with an anti-HA MAD, and Bet was detected with Bet antiserum. Equal loading of samples and proper
fractionations were confirmed with an anti-GAPDH MADb for cytosolic fractions, anti-calnexin MAb for membrane/organelle fractions, and anti-histone H3
MAD for nuclear fractions. (E) Immunoblot analysis of Bet without huA3G in different fractions of 293T cells. The F1 fraction was detected using an anti-calpain
MAD, the F2 fraction using an anti-cytochrome 450 reductase MAb, and the F3 fraction using an anti-histone H1 MAD. (F) Immunoblot analysis of endogenous
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levels of huA3G in different fractions of activated human peripheral blood mononuclear cells, using huA3G antiserum.

amount of A3G protein in the poorly described in vivo target cells
of FVs is unknown.

Our aim was to obtain information about the functional con-
sequences of Bet binding to A3G. We have demonstrated that Bet
inhibits A3G-A3G complex formation in an RNA-independent
manner. Very similarly, we recently showed that PFV Bet changes
the capacity of A3C to form homodimers (19). The amino acid
W127 in A3G was found to be critical for forming a complex with
Bet. Changing this tryptophan to alanine abolished the binding to
Bet. W127 is in the dimerization interface of A3G and was found
to be important for A3G to form A3G-A3G dimers (36, 46). How-
ever, the importance of A3G dimerization is controversial, and
Khan et al. did not see inhibition of A3G dimerization of the
W127A mutant (53).

Our data allowed us to conclude that Bet prevents the forma-
tion of A3G dimers by its interaction, likely with the dimer inter-
face. The interaction of Bet and A3G is either direct via W127 or
indirectly regulated by W127. Interestingly, despite the positive
selection in genes for A3G, the residues in the A3G dimer inter-
face, including W127, are highly conserved between primates
(36). Thus, targeting these residues essential for antiviral activity
might explain the ability of PFV Bet to counteract diverse A3Gs of
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AGM, macaque, chimpanzee, and human origin (Fig. 2) (19).
Amino acids in the dimer interface are necessary for A3G to gain
access to budding viral particles. The packaging-defective pheno-
type of A3G W127A can be rescued by forcing its incorporation
into HIV by fusion with Vpr (36). These data and the DNA editing
shown in an A3G W127A bacterial expression system (54) dem-
onstrate that this protein can deaminate cytidine. Our results
show that A3G bound to Bet is not inhibited in cytidine deamina-
tion (Fig. 3C and E), providing further evidence that monomeric
A3G is able to deaminate cytidines. In a first model, we propose
that Bet counteracts A3s by preventing the A3 homodimerization
that is required for viral encapsidation.

While W127 is important for A3G’s interaction with Bet, very
interestingly, the HIV-1 Vif interaction with A3G is regulated by
amino acids 128 to 130, which are not involved in encapsidation
(54). Thus, the presumed interaction sites of these two viral inhib-
itors are in remarkably close proximity on A3G (Fig. 5C). The
molecular consequences of Vif interaction on A3G encapsidation
in experimental situations where Vif-induced degradation of A3G
is prevented are controversially described. Yu et al. showed that
A3G is detectable in HIV particles when the Vif-induced degrada-
tion of A3G is blocked by the proteasome inhibitor MG132 (55).
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FIG 7 Influence of Bet on subcellular localization of APOBEC3G. HeLa cells
were transfected with expression plasmids for HA-tagged huA3G and huA3G
with Bet (A) or HA-tagged human APOBEC3C (huA3C-HA) and huA3C-HA
with Bet (B). To detect APOBECS3 (green) and Bet (red), immunofluorescence
staining was performed with anti-HA antibodies and Bet antiserum, respec-
tively. Nuclei (blue) were visualized by 4',6-diamidino-2-phenylindole
(DAPI) staining. Bar = 20 pm.
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Very similarly, blocking the Vif-mediated degradation of A3G by
inhibition of NEDD8 conjugation of the Cullin-5 compound of
the ubiquitin ligase restored the restriction of HIV-1 by A3G and
the viral A3G encapsidation (56). In a different system, Vif inhib-
ited the packaging of a degradation-resistant mutant of A3G
(A3G.C97A), suggesting that Vif, like Bet, might be able to inter-
fere with the encapsidation of A3G without inducing A3G degra-
dation (8).

Because A3G most likely interacts with nascent virions in the
cytoplasm to become encapsidated, we were interested in the sub-
cellular fate of A3G in the presence of Bet. We found that A3G
disappeared from cytoplasmic extracts in a Bet-dependent man-
ner (Fig. 6). Immunofluorescence microscopy did not display Bet-
dependent redistribution of A3G within the cell as was seen for
A3C (Fig. 7). It remains unknown whether Bet drags A3G to a
subcellular compartment that resists simple detection in the mi-
croscope and sequesters it away from progeny virions or forms
insoluble protein aggregates that inhibit the interaction with as-
sembling viral proteins. Our data revealed the intriguing possibil-
ity that Bet uses a second mechanism to counteract A3G, seques-
tering A3G in insoluble complexes.

Because the A3 genes have undergone a turbulent evolution
and are found only in placental mammals (2), the recent dis-
coveries of endogenous foamy viruses in the aye-aye (Dauben-
tonia madagascariensis, a strepsirrhine primate) and the two-
toed sloth (Choloepus hoffmanni) and of foamy virus-like
insertions within the genome of a “living fossil,” the coelacanth
(Latimeria chalumnae), provide a unique opportunity to study
the evolution of the foamy virus bet gene in species with and
without A3 genes (57-59).
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Abstract

Members of the APOBEC3 (A3) family of enzymes were shown to act in an oncogenic
manner in several cancer types. Immunodetection of APOBEC3A (A3A), APOBEC3B (A3B) and
APOBEC3G (A3G) proteins is particularly challenging due to the large sequence homology of
these proteins and limited availability of antibodies. Here we combine independent
immunoblotting with an in vitro activity assay technique, to detect and categorize specific

A3s expressed in urothelial bladder cancer and other cancer cells.

Keywords APOBEC3, cytidine deaminase, urothelial bladder cancer, mutation, deamination

assay, cancer cell

1. Introduction

APOBEC3G (apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like 3G; referred
to as A3G), one of the cellular polynucleotide cytidine deaminases of the APOBEC3 (A3)
family, is extensively studied as a retroviral (HIV-1) restriction factor (Sheehy et al., 2002,
Bishop et al., 2004, Zhang et al., 2003). On infection, A3 proteins encapsidated into the virus
catalyze the deamination of cytidines to uridines in single stranded viral cDNA generated
during reverse transcription in the target cells, thereby hypermutating the viral genome and
subsequently inhibiting productive infection (for reviews on antiviral role of A3s and their
protein features, see: (Harris and Dudley, 2015, Chiu and Greene, 2008, Vasudevan et al.,
2013)). The preferred dinucleotides of A3G and other A3s are CC and TC in the DNA
substrate, respectively (Yu et al., 2004, Burns et al., 2013, Henderson and Fenton, 2015,
Burns et al., 2015). A3 act only on single-stranded DNA and can deaminate the cytosines on
the substrate molecule in a processive manner in 3’5’ direction (Chelico et al., 2006,
Nowarski et al., 2008). To counter A3-mediated mutagenesis, lentiviruses acquired the
accessory protein Vif (viral infectivity factor) that anchors A3s to target them for

polyubiquitylation and proteasomal degradation (Sheehy et al., 2003, Yu et al., 2003).
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Recently, mutation signatures resulting from catalytic activity of A3s (especially A3A and
A3B) were reported in several cancer types, including bladder, cervical, head and neck,
breast and lung cancers (Burns et al., 2013, Roberts et al., 2012, Nik-Zainal et al., 2012,
Roberts et al., 2013, Cancer Genome Atlas Research, 2014). Specifically, mRNA levels of A3B
were found to be elevated in breast, urothelial and several other cancer tissues (Burns et al.,
2013, Hedegaard et al.,, 2016) positively correlating with overall mutation loads in the
respective tumor genomes (Burns et al., 2013, Roberts et al., 2013). Even though the mRNA
levels of A3B appear to be much higher (Hedegaard et al., 2016), the mutation spectrum in
the bladder tumor patient cohort was found to be two times more A3A specific (YTCA) than
A3B specific (RTCA) (Hedegaard et al., 2016, Chan et al., 2015). Interestingly, an A3B deletion
polymorphism was reported to increase the risk of breast cancers (Long et al., 2013, Xuan et
al., 2013) and further analysis revealed that the fusion form of protein A3A_B (A3A coding
sequence with A3B 3’ UTR) tends to be more mutagenic (Caval et al., 2014, Nik-Zainal et al.,
2014). In addition, the haplotype | of APOBEC3H (A3H) was recently linked to breast and lung

cancer mutagenesis (Starrett et al., 2016).

In experimental research, A3 proteins are often fused to an epitope tag (such as
hemagglutinin (HA), V5, or FLAG), which is then used for detection of the particular proteins
from the cell and virus lysates using tag specific antibodies. Although antibodies raised
against A3G and A3B are available, they broadly detect A3A, A3B, and A3G due to their high
sequence homology (for example A3A and A3B C-terminal domains share >90% identity at
nucleotide and amino acid level). This makes it difficult to quantitatively determine the
endogenous A3(s) as well as to study the localization of A3s by immunohistochemistry
(Henderson and Fenton, 2015, Burns et al., 2015). However, the approximate molecular
weight of A3A, A3B and A3G are 23, 45.9 and 46.4 kDa, respectively. Because of this
difficulty in assessing A3 family members using mRNA expression profile and available
antibodies, an additional independent method to validate endogenous enzymatic activity of
A3s in cancer research is crucial. This validation is important to understand whether A3
borne mutations in the genome are a consequence of malignancy and whether this mutation

load drives tumor development (Henderson and Fenton, 2015).

Our method involves immunodetection of A3s and determining deamination activity of the

A3s using different substrate nucleotides from cell lysates (Figure 1). We adapted the PCR-
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based in vitro deamination assay described by Nowarski et al. (Nowarski et al., 2008) which
depends on a cytidine to uridine conversion in an 80 nt ssDNA by A3. A subsequent PCR
generates a double stranded DNA, replaces the uridine with thymidine, and thus generates a
new restriction site (Figure 1). The efficiency of the restriction enzyme digestion is
monitored using a similar 80 nt ssDNA containing uridine instead of a cytidine in the hotspot.
This method was shown to be effective in determining specific A3 activity from various
samples (Jaguva Vasudevan et al., 2013, Marino et al., 2016). Here we used two different
bladder cancer cell lines (UMUC-3 and VMCUB-1) to demonstrate our method. As a source
of defined cell-derived A3s, 293T cells transiently transfected with A3-encoding plasmids

were used.

2. Materials

Prepare all buffers using ultrapure water and analytical grade reagents. Prepare and store all
reagents at room temperature (unless indicated otherwise). Diligently follow all waste
disposal regulations when disposing waste materials (see Note 1). Note that we did not
include the operating procedure for SDS-PAGE and immunoblotting in this chapter, as it

follows commonly used standard protocols.
2.1 Cells and immunoblotting

1. Cell culture: Bladder cancer cell lines of interest and HEK293T cells for transient
transfection (see Note 2).

2. Complete Dulbecco’s Modified Eagle Medium (DMEM). For 293T: Dulbecco’s high-glucose
modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 50 units/ml penicillin, and 50 pg/ml streptomycin. For bladder cancer cell lines:
DMEM plus 10% FBS and 2 mM L-glutamine.

3. Phosphate buffered saline (PBS).

4. Trypsin-EDTA.

5. Transfection reagent such as Lipofectamine.

6. Human APOBEC3 expression plasmids for A3B or A3G can be obtained from the NIH AIDS

reagent program (www.aidsreagent.org/).
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7. Mild lysis buffer (1X): 50 mM Tris, pH 8, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10%
glycerol, 0.8% NP-40, 150 mM NaCl and 1X complete protease inhibitor cocktail. Store at 4°C
(see Note 3).

8. Materials needed for standard SDS-PAGE and immunoblotting (semi-dry or wet blotting).

The data presented here was obtained using Mini PROTEAN © 3 System glass plates and
semi-dry blotting procedure (Biorad). It is also expected to work in a similar way with other

glass plates and wet blotting.
9. PVDF membrane (see Note 4)

10. TBST (1X): 10 mM Tris, pH 8, 150 mM NaCl and 0.05% Tween-20, adjust the pH to 8 using

1 M hydrochloric acid. TBST can be prepared as 10X stock, store at room temperature.

11. Blocking solution: 5% skimmed-milk powder in 1X TBST (see Note 5). Store at 4°C.

12. A plastic container to handle blot.

13. Anti-HA antibody (1:7,500 dilution, MMS-101P, Covance) and anti-APOBEC3G antiserum
(NIH catalog number 9906) (see Note 6).

14. Appropriate anti-mouse and anti-rabbit secondary antibodies (see Note 7).

15. Chemiluminescent reagent (see Note 8).

2.2 In vitro DNA deamination assay

1. Single stranded oligonucleotide DNA substrates (ss DNA), and control oligonucleotides as
given in Table 1 (see Note 9).

2. 250 mM Tris buffer; adjust the pH to 7.0 using 1 M hydrochloric acid, store at room
temperature.

3. RNAse A.

4. Thermoblock.

5. Standard thermocyler

6. PCR reaction tubes.

7. PCR components: Tag DNA polymerase and its buffer, 10 mM dNTPs, 10 uM forward and
reverse primers (Table 1).

8. Restriction enzymes: Ecol147] and Msel
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2.3 Native-PAGE electrophoresis of DNA

1. In-house, native-PAGE gel: 10X TBE buffer: 890 mM Tris (pH 8), 890 mM borate and 20
mM EDTA (can be diluted from 0.5 M EDTA, pH 8), store at room temperature. (see Note
10).

2. Aqueous 30% acrylamide and bisacrylamide stock solution at a ratio of 37.5:1, store at 4°C
(see Note 11).

3. Ammonium persulfate (APS): 10% solution in water

4. N,N,N',N'-tetramethylethylenediamine, 1,2-bis(dimethylamino)-ethane (TEMED), store at
4°C.

5. Ethidium bromide staining solution in water, 7.5 pg/ml final concentration (see Note 12).

6. UV-detection and documentation system

3. Methods

Perform the following procedures at room temperature unless otherwise specified.

3.1 Cell lysis and immunoblotting

1. Maintain HEK293T cells and bladder cancer cell lines at 37 C in a humidified atmosphere
of 5% CO, in complete DMEM as specified in 2.1. Treat the cancer cell line of interest as

required.

2. Seed 6 x10° 293T cells per well in a 6 well plate. Next day, transfect 293T cells with 1 pg of
A3B or A3G expression plasmids using a suitable transfection reagent. Incubate the cells for

2 days.

3. Lyse with 250-300 pl mild lysis buffer, incubate on ice for at least 15 min and clarify the
lysate at 21,000 x g for 20 min at 4 C, transfer the soluble fraction into a new tube (see Note

13).

4. Determine the protein concentration in the cell lysate using BCA assay.
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5. Load 20 ug of total protein on the 12% SDS-PAGE gel after heating the protein at 95 °C for

5 min with loading dye containing denaturing agent.

6. Run the gel at a constant 40 mA/gel until the bromophenol blue dye front has reached the

bottom of the gel.
7. Transfer the protein onto a PVDF membrane using blotting technique.
8. Block the membrane with 5% milk in TBST for 30 min (in a blot shaker).

9. Incubate the blot with the primary antibody (anti-HA or anti-A3G antiserum) for overnight

at 4 C or in a cold room with slight shaking.
10. Next day, wash 3X with TBST, 10 min each time.

11. Probe the blot with appropriate secondary antibody and incubate it for 1 h at room

temperature.
12. Wash 3X with TBST, 10 min each time.

13. Detect the signals using appropriate chemiluminescent reagent, image on the X-ray film

or direct imaging system (Figure 2A).

3.2 In vitro DNA cytidine deamination assay

1. Set up the deamination reaction as follows: 100 fmol ssDNA, 1 pl of 250 mM Tris, pH 7, 2

ul of cell lysate, make up to 10 ul volume with water and mix gently (see Note 14).

2. Split the reaction mixture into two halves; to one tube add 50 pg/ml RNAse A (final

concentration) (see Note 15).

3. Incubate the reaction mixture at 37°C for at least 1 h and then terminate by boiling at 95°C

for 5 min (see Note 16).

4. Dilute the reaction mixture to 1/10 with water, in order to get the substrate concentration

tol fmol/pl. Use 1 pl of this as template DNA in the subsequent PCR reaction.
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5. Set the PCR reaction (to a total volume 25 pl) with 1ul of template, 1 pl of each
appropriate forward and reverse primers (stock 10 uM) (Table 1), 1 ul of dNTPs (10 mM), 2.5
ul Tag polymerase buffer containing MgCl, (10X), 1.5 units Tag DNA polymerase (see Note
17). The PCR parameters are 95°C for 3 min, followed by 30 cycles of 61°C for 30 s and 94°C
for 30 s (see Note 18).

6. As a control for restriction enzyme digestion, include parallel PCR reactions with CU and

TU oligos (1 fmol) together.

7. Add 10 units of the respective restriction enzyme Eco147] or Msel to the PCR reactions,

mix thoroughly and incubate for at least 1 h at 37°C (see Note 19).

3.3 Native page and visualization of DNA

1. Prepare a 15% NATIVE-PAGE gel as follows: Add 10 ml of 30% acrylamide-bisacrylamide
solution, 8 ml water, 2 ml 10X TBE, 165 pl APS and add finally 16.6 pul TEMED. Quickly mix the
casting solution by swirling the container and pour between the glass plates placed in the

casting frame. Insert a comb immediately without introducing air bubbles (see Note 20).

2. When polymerization is complete, immediately transfer the gel to a running container, fill
with 1X TBE buffer, and pre-run the gel in 1X TBE for 30 min at 100 V before adding any

sample (see Note 21).

3. To avoid heat formation in the gel tank and buffer, running the native gel in a cold room

or on ice is recommended. Load the digested PCR products with 6X loading dye.

4. Following electrophoresis, pry the gel plates open using a gel releaser, stain with ethidium

bromide solution in water for 5 min at room temperature

5. Detect the DNA signal using a 320 nm UV-lamp and appropriate documentation system

(Figure 2B).
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Notes

1. Wear laboratory safety equipment such as goggles, nitrile gloves, mask and lab coat,
follow the safety instructions suggested by the manufacturer of chemicals and the local legal

regulations.

2. We used UMUC-3 and VMCUB-1 bladder cancer cell lines as a model in this chapter. Our
method can be used for any other cancer cell line as required. Cell lines can also be
subjected to drug treatment, ectopic co-expression of another factor or downregulation by
siRNA. Maintain the cells with appropriate medium and conditions as required. HEK293T
cells were used for transient transfection of A3 since these cells are easily transfectable

using Lipofectamine reagent.

3. Prepare mild lysis buffer without adding the PMSF and 1X protease inhibitor cocktail. It is
suggested to make an aliquot of the buffer and freshly add the above components for cell

lysis.
4. We obtained optimum results using Immobilon-P Membrane, 0.45 um from Millipore.

5. We routinely use 5% milk in TBST for blocking and diluting primary and secondary
antibodies. It doesn’t mean that you must not use 5% BSA in TBST. Empirically determine the

better one suits for your antibody and detection method.

6. The NIH antibody was obtained through the NIH AIDS reagent program. Researchers can

request reagents through their website (www.aidsreagent.org/).

7. We used anti-mouse, anti-rabbit antibody from GE healthcare at dilution of 1: 10,000 as

final concentration.

8. Our immunoblot was developed using ECL prime reagent and X-ray film (both from GE
healthcare). It should also work in a similar manner with other reagents or imaging systems.
Note that different cell lines may have higher or lower A3 protein levels; hence the detection

reagent must be chosen accordingly to avoid capturing saturated signal.

9. We recommend HPLC-purified standard oligonucleotides for this assay. Salt-purified

oligonucleotides may result in unspecific DNA amplification.
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10. 10X TBE buffer on long storage often tends to precipitate. This complication can be

resolved by warming up the buffer for a while prior to use or by using a 5X TBE stock.

11. Due to the neurotoxicity of acrylamide, we prefer buying this reagent rather than

preparing it ourselves. Handle this solution inside the hood while making gels.

12. Alternatively, SYBR gold (1:1,000 dilution) nucleic acid gel stain from Thermo Fischer
Scientific can be used, which better stains weak signals. Note that the number of PCR cycles

then needs to be reduced to 18 (instead of 30) for optimal amplification and staining.

13. We use mild lysis buffer for keeping the protein content native for activity assay, but it is
also good to try using other harsh buffers such as RIPA if required for the cell lysis. Choose

the same buffer and conditions throughout for all the cell lines.

14. If required, for convenient sample handling, the 15 pl reaction volume can be made up

with the same substrate concentration.

15. It is easy to dilute the RNAse A to a concentration 10 times higher than the final working
concentration required in 25 mM Tris buffer, pH 7. RNAse treatment is important to release

the A3 protein from the higher mass RNA complexes.
16. Spin the tube shortly to settle down the contents immediately after boiling.

17. Archaeal DNA polymerases such as the Pfu enzyme bind tightly to template-strand uracil
and stall replication (Fogg et al., 2002) unless a point mutation V93Q is introduced (Firbank
et al., 2008)).

18. The PCR reaction volume was kept within 20-25 pl, because it facilitates loading the

complete products on the gel after restriction digestion.

19. Following PCR, add the restriction enzyme directly to the PCR product. PCR purification is
not suggested (and not needed) because the columns may not be able to bind the 80 bp ds
DNA fragments. Specific restriction enzyme buffers may not be required as well. We do this

incubation in a PCR machine, by setting 1 h at 30°C and then 4°C indefinitely.

20. Given here is a composition to make a mini-gel with 1.5 mm thick glass plates from
Biorad. The volumes can be scaled according to the need. Note that here we have only one

layer of gel to cast, unlike stacking and separating gels of SDS-PAGE.
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21. It is suggested to wash each well of the gel before and after pre-run with a syringe (to

remove unwanted gel fragments). This ensures the convenient loading of samples.
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Table 1

Designation | Oligonucleotide sequence

5'-
cC GGATTGGTTGGTTATTTGTTTAAGGAAGGTGGATTAAAGGCCCAAGAAGGTGATG
GAAGTTATGTTTGGTAGATTGATGG

5'-
cu GGATTGGTTGGTTATTTGTTTAAGGAAGGTGGATTAAAGGCCUAAGAAGGTGATG
GAAGTTATGTTTGGTAGATTGATGG

5’-
TC GGATTGGTTGGTTATTTGTATAAGGAAGGTGGATTGAAGGTTCAAGAAGGTGATG
GAAGTTATGTTTGGTAGATTGATGG

5’-
TU GGATTGGTTGGTTATTTGTATAAGGAAGGTGGATTGAAGGTTUAAGAAGGTGATG
GAAGTTATGTTTGGTAGATTGATGG

CC-forward | 5'-GGATTGGTTGGTTATTTGTTTAAGGA

Common
5'-CCATCAATCTACCAAACATAACTTCCA
reverse

TC-forward | 5'-GGATTGGTTGGTTATTTGTATAAGGA

Table 1

Oligonucleotides used in the deamination assay (substrate DNA and PCR primers) are listed.
Note that the underlined cytosine is the target base for deamination by A3. A3G and A3B
prefers CC and TC motif in the ssDNA, respectively. Uracil containing modified DNA (CU and

TU) oligonucleotides were used as a control to denote the restriction enzyme digestion.
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Figure 1
(a) (b)
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Figure 1

(a) Flow chart representing the combination of techniques used for the characterization of
endogenous APOBEC3 from bladder cancer cell lines. (b) Principle of DNA deamination assay
adapted from Nowarski et al. Incubation of ssDNA with A3 results in deamination of cytidine
to uridine in the target motif (CC>CU), generating a specific restriction site following PCR. S-

substrate; P-product; RE-restriction enzyme.
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Figure 2
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(a) Immunodetection of endogenous A3 from bladder cancer cell lines UMUC-3 and VMCUB-
1 lysates and detection of ectopically expressed HA-tagged A3B and A3G from 293T cells.
Blot was stained with anti A3G antiserum, where GAPDH served as a loading control. | and |l
represent two independent samples. (b) Deamination activity of endogenous A3 proteins
was tested on two different oligonucleotide substrates containing either CC or TC. RNase A
treatment was performed to derive physiologically active A3 proteins from higher mass RNA
complexes. Deamination substrate band (S) and product band (P) were marked. “U” specifies
the cleavage of CU or TU substrate by its respective restriction enzyme to be used as a

wukn

marker to denote deaminated product. indicates an unspecific band. In a separate panel,
activity assay gel image representing A3G and A3B protein derived from 293T cells was

included.
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APOBEC4 Enhances the Replication of HIV-1

Journal :PLoS ONE (published in 2016)

Own contribution to this work:

e A shared first author of this paper, performed the following
experiments, immunoblots, a semi-quantitative RT-PCR,
establishment and optimization of in vitro deamination
assay, protein purification strategies from E. coli and 293T
cells (cloned some plasmids for the same),
immunoprecipitation, and Electrophoretic mobility shift
assay; Virion isolation to assess A3/A4 encapsidation. These
data are presented in figures 1A, 9, 10, 11A and 11B
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191



@’PLOS | ONE

CrossMark

click for updates

ﬁ OPEN ACCESS

Citation: Marino D, Perkovi¢ M, Hain A, Jaguva
Vasudevan AA, Hofmann H, Hanschmann K-M, et al.
(2016) APOBEC4 Enhances the Replication of HIV-1.
PLoS ONE 11(6): e0155422. doi:10.1371/journal.
pone.0155422

Editor: Javier Marcelo Di Noia, Institut de
Recherches Cliniques de Montréal (IRCM), CANADA

Received: April 5, 2016
Accepted: April 28, 2016
Published: June 1, 2016

Copyright: © 2016 Marino et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: CM is supported by the Heinz-Ansmann
foundation for AIDS research

Competing Interests: The authors have declared
that no competing interests exist.

APOBEC4 Enhances the Replication of HIV-1

Daniela Marino'2®, Mario Perkovié¢'2**3, Anika Hain'®, Ananda A. Jaguva Vasudevan'®,
Henning Hofmann'?**, Kay-Martin Hanschmann?®, Michael D. Miihlebach?*, Gerald
G. Schumann?, Renate K6nig®>?®, Klaus Cichutek?, Dieter Haussinger', Carsten Miink'-2*

1 Clinic for Gastroenterology, Hepatology, and Infectiology, Medical Faculty, Heinrich-Heine-University
Dusseldorf, Dusseldorf, Germany, 2 Division of Medical Biotechnology, Paul-Ehrlich-Institute, Langen,
Germany, 3 Biostatistics, Paul-Ehrlich-Institute, Langen, Germany, 4 Product Testing of Immunological
Medicinal Products for Veterinary Uses, Paul-Ehrlich-Institute, Langen, Germany, 5 Host-Pathogen
Interactions, Paul-Ehrlich-Institute, Langen, Germany, 6 Sanford Burnham Prebys Medical Discovery
Institute, Immunity and Pathogenesis Program, La Jolla, California, United States of America

® These authors contributed equally to this work.

rg Current address: TRON (Translational Oncology at the University Medical Center), Johannes Gutenberg
University Mainz, Mainz, Germany

ab Current address: Robert Koch Institute, Division for HIV and other Retroviruses, Berlin, Germany

* carsten.muenk @ med.uni-duesseldorf.de

Abstract

APOBECA4 (A4) is a member of the AID/APOBEC family of cytidine deaminases. In this
study we found a high mRNA expression of A4 in human testis. In contrast, there were only
low levels of A4 mRNA detectable in 293T, Hela, Jurkat or A3.01 cells. Ectopic expression
of A4 in Hela cells resulted in mostly cytoplasmic localization of the protein. To test whether
A4 has antiviral activity similar to that of proteins of the APOBECS3 (A3) subfamily, A4 was
co-expressed in 293T cells with wild type HIV-1 and HIV-1 luciferase reporter viruses. We
found that A4 did not inhibit the replication of HIV-1 but instead enhanced the production of
HIV-1 in a dose-dependent manner and seemed to act on the viral LTR. A4 did not show
detectable cytidine deamination activity in vitro and weakly interacted with single-stranded
DNA. The presence of A4 in virus producer cells enhanced HIV-1 replication by transiently
transfected A4 or stably expressed A4 in HIV-susceptible cells. APOBEC4 was capable of
similarly enhancing transcription from a broad spectrum of promoters, regardless of whether
they were viral or mammalian. We hypothesize that A4 may have a natural role in modulat-
ing host promoters or endogenous LTR promoters.

Introduction

The AID/APOBEC (apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like) poly-
nucleotide (deoxy) cytidine deaminases family consists of AICDA (activation-induced cytidine
deaminase, AID), APOBECI1 (A1), APOBEC2 (A2), APOBECS3 (A3), which has the following
seven paralogues in humans: A3A-A3D, A3F-A3H, and APOBEC4 (A4) [1-5]. These enzymes
have a diverse range of functions and substrate specificities. Cytidine deamination of single-
stranded DNA or RNA was shown to be the principal activity of the AID, A1, and A3 proteins in
biochemical and cell culture assays, but such evidence is lacking for A2 and A4 proteins.
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Cytidine deaminases of the A3 gene family can inhibit long terminal repeat (LTR)—and
non-LTR-retrotransposons and have broad antiviral activity against retroviruses such as HIV
and murine leukemia virus (MLV), hepadnaviruses, and non-related viruses [6-21]. A3s
mainly act by deaminating cytidine into uridine using single-stranded DNA as a substrate (for
review, see [22]). DNA editing introduces hypermutations of the viral genome that eventually
render the target genome inactive. Conversely, retroviruses have evolved countermeasures to
prevent encapsidation of A3s into viral particles. For example, the Vif protein in lentiviruses,
the Bet protein in foamyviruses, the glycosylated Gag (glyco-Gag) protein in MLV, and the
nucleocapsid protein in Human T-cell lymphotropic virus accomplish this counteraction using
different mechanisms [17, 19, 20, 22-28].

AID is a B lymphoid protein that deaminates chromosomal DNA, thereby inducing somatic
hypermutations and gene conversion. Furthermore, AID stimulates class switch recombination
in B cells [29-35]. AID can restrict LINE-1 (L1) retrotransposition [15, 36, 37], but it is inactive
against HIV-1 [38-40]. A1 catalyzes the cytidine-to-uridine editing of apolipoprotein B mRNA
in the intestine [41, 42]. Editing generates a premature stop codon, which is translated to pro-
duce a truncated form of apolipoprotein B protein, termed apoB48, that has distinct functions
in lipid transport [43]. The editing mechanism is highly specific for residue C6666 and works
in conjunction with A1 complementation factor [44]. Other mRNA targets for A1 editing were
recently identified [45]. Als of rabbit and rodents inhibit both MLV and HIV-1 by mutating
the viral RNA and DNA; in contrast human A1 does not edit in vitro [39, 46-49]. In addition,
L1 retrotransposons can be restricted by Als derived from rodents and rabbits, but this effect is
weak for human Al [15, 50]. A2 plays an important role in regulating and maintaining muscle
development in mammals [51]. A2 did not exhibit cytidine deaminase activity of DNA sub-
strates in bacterial or yeast mutation assays [52, 53]. Human A2 lacks inhibitory activity against
retrotransposons [9, 54, 55] and HIV-1 [38, 40], and murine A2 does not inhibit or edit MLV
[46].

A4 protein is more closely related to Al than to the other APOBECs, and the A4 gene is
conserved in chimpanzee, rhesus monkey, dog, cow, mouse, rat, chicken, and frog [3]. A4 is
considered to be a putative cytidine-to-uridine editing enzyme. However, experiments con-
ducted using A4 overexpression in yeast and bacteria failed to show cytidine deamination
activity in DNA [52]. In mice, the A4 gene is expressed primarily in testis [3], which suggests
that it may be involved in spermatogenesis. Whether human A4 participates in intrinsic immu-
nity against HIV as demonstrated for A3s and A1 is unknown, but these anti-viral activities of
its sister proteins suggest that it might be possible. Therefore we set out to evaluate the effect of
human A4 on the replication of HIV-1 in vitro.

Results
Analysis of A4 expression in cell lines and human testis tissue

Based on information of public repositories (e.g. GenBank) A4 is detectable mainly in human
testis, and neither full length A4 mRNAs nor expressed sequence tags (ESTs) have been identi-
fied in blood cells, lymphoid tissues, T cells or macrophages. To functionally test A4 in cell cul-
ture, we first wanted to determine whether widely used human cell lines express A4. To this
end, semi-quantitative RT PCRs on total RNA from the 293T, HeLa, A3.01 T, and Jurkat T cell
lines were conducted and the weakly detected PCR products were cloned and sequence verified
(Fig 1A). We further compared the A4 expression levels of these cell lines to A4 expression in
human testis tissue by quantitative real-time RT PCR on total RNA. Data demonstrate that A4
expression levels in testis are approximately 30- to 50-fold higher than those in the tested cell
lines (Fig 1B). A4 expression plasmids were generated with either N-terminal or C-terminal
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Fig 1. Differential expression of A4. (a) A4 expression was determined by semi-quantitative RT-PCR. Low
level A4 amplification by PCR using equal amount of cDNA prepared from total RNA of 293T, A3.01, Hela,
and Jurkat cell lines. As a control, 3-2-microglobulin (3-2-M) cDNA was amplified. Water instead of template
served as a background control and a plasmid coding for A4 cDNA (pA4 cDNA) served as a positive control.
M: 50 bp DNA ladder. (b) Levels of A4 expression were determined by quantitative real-time RT-PCR and
measured relative to endogenous HPRT1 RNA levels. A4 is expressed at a high level in human testis tissue,
while 293T, Hela, A3.01 and Jurkat cells exhibit very low A4 expression. Error bars indicate standard
deviation.

doi:10.1371/journal.pone.0155422.9001

HA-tags or without any tag (HA-A4, A4-HA, A4, Fig 2A). A4 constructs expressed 10- to
100-fold less protein than A3 plasmids expressed from the same vector as shown for A4-HA
(3xHA-tag) in comparison with A3G-HA (1xHA-tag) and A3A-HA (3xHA-tag) (Fig 2B). To
study the subcellular localization of the differently tagged A4 proteins, we analyzed the expres-
sion of these proteins in transfected HeLa cells using confocal microscopy. HA-A4 was local-
ized in both cytoplasm and nucleus (Fig 3A and 3B). A4-HA exhibited a predominantly
cytoplasmic distribution (Fig 3C and 3D). Untagged A4 could not be detected, because there
was no A4-specific antibody available. To analyze if the characteristic polylysine stretch
(KKKKKGKK) at the C-terminus is important for nuclear localization of A4, an N-terminal
HA-tagged mutant lacking the polylysine domain (HA-A4AKK, Fig 2A) was tested. Only few
cells showed expression of this protein, however, if expressed, HA-A4AKK was detectable in
nucleus and cytoplasm, suggesting that the polylysine stretch does not function as a nuclear
localization motif (Fig 3F).

A4 expression results in an increased HIV-1 particle yield

To determine the effect of A4 on HIV-1 particle production, we co-transfected increasing
amounts of the HA-A4 expression plasmid with a constant amount of HIV-1 expression
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Fig 2. Expression of the A4-HA fusion proteins. (a) Schematic representation of protein domains and motifs found in the human A4 protein and tested
variants. Zn?*: presumed zinc-binding domain. HA (white boxes): HA-tag. KKKKKGKK: polylysine domain. (b) Increasing amounts of A4-HA (3xHA-tags),
A3G-HA (1xHA-tag) and A3A-HA (3xHA-tags) expression plasmids were transfected into 293T cells followed by immunoblot analysis of the transfected
cells using an anti-HA antibody. Immunoblot analysis with anti-tubulin (tub) antibody served as loading control. a, anti.

doi:10.1371/journal.pone.0155422.9002

plasmid (pNL4-3 [56]). The total amount of transfected DNA was kept constant by replacing
HA-A4 with the empty expression plasmid (pcDNA3.1zeo). Two days post transfection, we
quantified virus production by measuring viral reverse transcriptase (RT) activity in the cell
culture supernatant (Fig 4A) and tested the cell lysate for expression of HIV-1 Gag (p24) by
immunoblot analysis (Fig 4B). Transfection of incremental amounts of HA-A4 plasmid caused
a 2.5-fold increase in the amount of released viral particles as reflected by the RT activity
detected in cell culture supernatants. Immunoblot analyses of viral lysates concentrated from
the cell culture supernatant also demonstrated the A4 stimulating effect on virus expression
(Fig 4B). This positive effect of HA-A4 on late stage HIV-1 particle production was highly
reproducible, as demonstrated by data from four independent experiments (Fig 4C). These
results were consistent with experimental findings using untagged A4 protein (data not
shown).

Production but not infectivity of HIV-1-luciferase is enhanced by A4
expression

We used VSV-G pseudotyped HIV-1 luciferase virus (NL.Luc R’E" [57]) to test whether
increasing the levels of expressed A4 influences HIV-1 production and infectivity. Co-transfec-
tion of A4 expression plasmids (data are shown for A4 and A4-HA plasmids in Fig 5A) and
NL-Luc resulted in a dose-dependent increase of intracellular virus-encoded luciferase activity
in transfected 293T cells. Presence or absence of the viral Vif protein (using the vif-deficient
NL.Luc R'E'Avif/VSV-G in the same set of experiments) had no detectable effect on the
A4-induced stimulation of NL.Luc (data not shown). Immunoblot analysis of lysates isolated
from the transfected cells confirmed the A4 dose-dependent expression of viral capsid p24 (Fig
5B). Fig 5C shows that co-expression of HA-A4 with NL.Luc also caused a similar boost of Gag
expression, indicating that the location of the HA tag did not influence virus production
enhancement by A4. Results from 28, 16, and seven independent experiments using different
amounts of the A4-HA plasmid together with NL.Luc are summarized in Fig 5D, 5E and 5F,
respectively. These results confirmed a significant increase in NL-Luc-mediated luciferase
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Fig 3. Subcellular localization of A4 in transfected cells. Inmunofluorescence confocal laser scanning microscopy
images of HelLa cells transfected with N- or C-terminal HA-tagged A4 (HA-A4 and A4-HA). (a, b) HA-A4 proteins show
cytoplasmic and nuclear localization. (c, d) A4-HA proteins show cytoplasmic localization. (a, c, €, f) x-y optical sections.
(b, d) x-z vertical scanning image of indicated cells (see asterisks). (e) Mock transfected cells (no A4). (f) HA-A4AKK
transfected cells show cytoplasmic and nuclear localization. To detect A4 (green) immunofluorescence, cells were stained
with an anti-HA antibody. Nuclei (blue) were visualized by DAPI staining. a, anti.

doi:10.1371/journal.pone.0155422.g003

activity in the transfected virus producer cells (Fig 5D). When testing equal volumes of cell cul-
ture supernatants for the presence of infectious HIV reporter virions, we also detected a dose-
dependent increase in luciferase activity in infected cells (Fig 5E). However, when equal con-
centrations of viral particles normalized for RT activity were used escalating levels of A4-HA
did not cause a significant increase in infectivity (Fig 5F). The summarized individual experi-
ments did not always cover all ranges of applied plasmid concentrations (Fig 5D), and single
virus samples obtained from a subset of experiments were used to study particle infectivity (Fig
5E and 5F). Taken together, these data indicate that A4 expression enhances the production of
HIV-1, but does not change its infectivity.

Stable A4 expression enhances multiple-cycle replication of HIV-1

To test whether A4 can also enhance production of CCR5-tropic HIV-1, we co-transfected the
replication competent HIV-1 NL-BaL plasmid [58] with A4 expression plasmid and measured
the infectivity of RT value normalized particles using the HIV-reporter cell line TZM-bl [59].
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Fig 4. A4 enhances the expression of HIV-1. (a) HIV-1 genome expression plasmid was co-transfected
with increasing amounts of HA-A4 expression plasmid, as indicated. A4 increases the production of HIV-1
particles as measured by the RT activity in the supernatant of the transfected cells. (b) Immunoblot analysis
of virions and transfected 293T cells (same cells as in (a)). Immunoblots of virions and cell lysates were
probed with anti-p24 (capsid) antibody. Anti-tubulin (tub) antibody served as loading control. a, anti. (c) RT
concentrations in the supernatant of cells co-transfected with HA-A4 and HIV-1 plasmids relative to
supernatant of cells co-transfected with empty vector and HIV-1, as in (a), summary of four independent
experiments, median indicated. Evaluation of RT activity data was performed by means of a multifactorial
analysis of variance (ANOVA).

doi:10.1371/journal.pone.0155422.9004

The expression of A4-HA resulted in enhanced expression of NL-BaL, as demonstrated by
immunoblots probed for viral capsid p24 and Vif proteins (Fig 6A). The viral particles har-
vested from this experiment demonstrated similar infectivity after normalization for RT activ-
ity (Fig 6B).

To analyze whether A4 expression can also enhance spreading replication of HIV-1, we gen-
erated a stable A4-HA expressing cell line derived from HOS.CD4.CCRS5 cells [60] using a
G418-selectable retroviral A4-expressing vector (Fig 7A). As a control, we generated HOS.
CD4.CCR5.neo cells transduced with a retroviral vector just encoding the G418-resistance

PLOS ONE | DOI:10.1371/journal.pone.0155422 June 1,2016 6/23
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Fig 5. Presence of A4 does not affect HIV-1 infectivity. HIV-1 reporter virus NL-Luc R'E” (VSV-G) was produced in 293T
cells in the presence of increasing amounts of A4 (no tag) and A4-HA (C-terminal HA-tag). A4 and A4-HA increase in a dose-
dependent manner both (a) the virus-encoded luciferase activity and (b) the expression of intracellular viral capsid (p24) in the
transfected virus producing cells as demonstrated by immunoblot analysis (same cell lysates used in (a) and (b)). Error bars
indicate standard deviation. (c) Immunoblot analysis of intracellular viral p24 (capsid) expression. Similar as in (a) and (b),
NL-Luc R'E/VSV-G was co-transfected with increasing amounts of HA-A4 plasmid (N-terminal HA-tag), as indicated.
Immunoblots of cells were probed with anti-p24 (capsid) antibody. A4-HA expression in transfected cells was detected by
immunoblotting using anti-HA antibody. Anti-tubulin (tub) antibody served as loading control. a, anti. (d) Relative viral luciferase
activity in cells co-transfected with A4-HA and HIV-1 plasmids, as in (a). Summary of 28 independent experiments, median
indicated. A4-HA was transfected in increasing amounts. (e) Equal volumes of supernatants of cells co-transfected with NL-Luc
R'E/VSV-G and increasing amounts of A4-HA were used to infect HOS cells. Intracellular luciferase activities were determined
in infected cells; summary of 16 experiments (a subset of the experiments shown in (d)), median is indicated. (f) A subset of
samples (seven experiments) used in (e) was quantified for RT concentrations. RT normalized supernatants of cells co-
transfected with NL-Luc R'E/VSV-G and increasing amounts of A4-HA were used to infect HOS cells. Intracellular luciferase
activities determined in infected cells, median is indicated. (d—f) Statistical evaluation of reporter luciferase activity data was
performed by means of a multifactorial ANOVA.

doi:10.1371/journal.pone.0155422.g005

gene. The cell lines were infected with NL-BaL, and virus spread was monitored for 20 days
(Fig 7B). HIV-1 showed comparable overall virus replication kinetics in both cell lines; how-
ever, HIV-1 replicated in the A4 expressing cells more efficiently resulting in 2-3 fold increased
virus titers. These data are consistent with our finding that A4 stimulated HIV expression in
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Fig 6. A4 enhances expression of CCR5-tropic HIV-1. (a) Increasing amounts of A4-HA expression plasmid were co-transfected with HIV-
1 NL-BaL and immunobilot analysis of co-transfected 293T cells were performed. Immunoblots were probed with anti-p24 (capsid), anti-Vif,
anti-HA and anti-tubulin (tub) antibodies. a, anti. (b) Infectivity of RT-normalized viral supernatant of the transfected cells from (a) were used
to infect TZM-bl luciferase reporter cells. cps, counts per second. Data are represented as the mean with SD. Statistically significant
differences between no A4 and A4 groups were analyzed using the unpaired Student’s t-test with GraphPad Prism version 5 (GraphPad
software, San Diego, CA, USA). Validity of the null hypothesis was verified with significance level at a value = 0.05. NS: not significant.

doi:10.1371/journal.pone.0155422.g006

the transient transfection experiments, supporting the premise that A4 modulates HIV-1
replication.

HIV enhancement is not mediated by cytidine deamination

To test whether cytidine deamination activity is associated with the described A4 effect, we
generated the active site mutants E95Q and C134A, in which the zinc-coordinating motif
HxEx;0PCxC (E95 and C134 underlined, x can be any amino acid) was mutated (Fig 2A).
Unexpectedly, only the A4-E95Q construct expressed detectable protein, precluding
A4-C134A mutant from functional studies (Fig 8A). To analyze if the active site mutation has
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Fig 7. A4 enhances multiple cycle replication of HIV-1. (a) Inmunoblot analysis of A4-HA expressing HOS.CD4.CCR5.A4 cells (1) and empty
retroviral vector just encoding G418-resistance containing HOS.CD4.CCR5.neo cells (2) using an anti-HA antibody. Cell lysates were also
analyzed for equal amounts of total proteins by using anti-tubulin antibody. (b) HOS.CD4.CCR5.A4 and HOS.CD4.CCR5.neo cells were infected
with HIV-1 clone NL-BaL, MOI of 0.01. Virus replication was monitored by testing the cell supernatants on TZM-bl cells and measuring luciferase
activity.

doi:10.1371/journal.pone.0155422.g007
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C134A expression in transfected cells. (b) HIV-1 reporter virus (NL-Luc R'E’) was co-transfected with increasing amounts of
expression plasmid for A4-HA.E95Q. Virus encoded luciferase activity in the transfected cells was enhanced by A4-HA.E95Q
in a dose-dependent manner.

doi:10.1371/journal.pone.0155422.9008

o

DCON4
\/7,4
4~/Y’q
gz
relative luciferase activity (%

any effect on virus production, HIV-1 luciferase plasmid (NL.Luc R’E") was co-transfected
with increasing amounts of A4-HA.E95Q expression plasmid and luciferase activity was mea-
sured in virus producer cells (Fig 8B). 293T cells showed higher virus-encoded luciferase activ-
ity after transfection of A4-HA.E95Q in a dose-dependent manner, comparable with the
luciferase enhancement after transfection of wildtype A4 (Fig 5A), indicating that cytidine
deamination activity of A4 protein is dispensable for the described HIV enhancing effect.

A4 lacks detectable cytidine deaminase activity

To evaluate the cytidine deaminase activity of A4 directly, we performed in vitro cytidine
deamination assays as described before [61, 62]. We expressed and purified GST-tagged fusion
proteins (GST-A3C, GST-A4, GST-A4AKK and free GST) from E. coli (Fig 9) and used them
for activity assays (Fig 10) and DNA binding experiments (Fig 11). In parallel, A3G-His was
purified from transfected 293T cells [62] (Fig 9) and used as a positive control for deamination
of CCC to CCU. Because the target preference for A4 is not known, we used two different oli-
gonucleotide substrates containing either CCCA/G or TTCA in the central region. If deamina-
tion of cytidine to uridine occurred, a 40-nt DNA product is generated after restriction enzyme
cleavage and detectable after separation of the digested substrate on a polyacrylamide gel. This
method demonstrated cytidine deamination of CCC oligonucleotide substrates by A3G-His
protein but not by GST-A4 (Fig 10A and 10B). Since E. coli-derived GST-proteins might not be
optimally folded and may differ in deamination activity or DNA binding due to the GST-tag,
we additionally tested APOBEC proteins encapsidated in virions, protein lysates of transfected
293T cells or APOBEC proteins immunoprecipitated from transfected cells (Fig 10C and 10E)
for their deamination activity (Fig 10D and 10F). We performed in vitro editing experiments
with HA-tagged A4, A4-AKK, A3F and A3G. In contrast to A3 proteins, A4 were not detected
in HIV-1 particles (Fig 10C). Similarly, only minor amounts of 3xHA-A4 were detectable in
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lysate of transfected 293T cells, but this could be enhanced by immunoprecipitation with HA
affinity beads (Fig 10E). We saw deamination of CCC to CCU and TTC to TTU only by A3G
and A3F, respectively. A4 did not deaminate in any of the above experiments irrespective of its
protein source, tags or target DNA (Fig 10D and 10F).

A4 weakly interacts with single stranded DNA

For A3 proteins such as A3G, interaction with single-stranded DNA (ss-DNA) and the forma-
tion of multiple DNA-protein complexes was shown [61, 63, 64]. We purified GST, GST-A4
and as a control, GST-A3C from E. coli to characterize whether GST-A4 interacts with ss-
DNA. Electrophoretic mobility shift assays (EMSA) were carried out with a biotinylated end-
labelled 30 nt DNA oligo (TTCA). GST as a background control protein did not cause any
characteristic shift. GST-A3C formed complex I, but a greater proportion shifted on the top of
the blot (complex II) at the highest protein concentration (1 pM) (Fig 11A). However, the addi-
tion of detergent NP-40 aided to form the stable complex I at 10 nM GST-A3C and complex II
at higher protein concentrations, suggesting a strong GST-A3C interaction with DNA. Impor-
tantly, the GST moiety did not affect the binding (Fig 11A). GST-A4 did not cause a shift at
low protein concentration like A3C or A3G [64], but at the highest amount of protein used
(500-1000 nM) a minor proportion of complex I was formed. All the DNA-protein complexes
in the EMSA were disrupted by adding the 80 nt unlabeled competitive DNA in 200-fold
molar excess. In contrast, GST-A4AKK failed to form any complexes (Fig 11B).

Crosslinking DNA-A3G studies previously showed that the deamination activity on ss-
DNA was facilitated when A3G formed dimers and tetramers [65]. These observations sug-
gested analyzing the capacity of A4 to form dimers. To demonstrate that A4 protein multi-
merizes in human cells, cleared cell lysate was incubated with different concentrations of the
cross linking reagent disuccinimidyl suberate (DSS). Immunoblot analysis of cross-linked sam-
ples dose-dependently revealed the existence of A4 running at the molecular weight expected
for dimers, indicating that primary amines which can be crosslinked with DSS are present
within the A4 dimerization interface (Fig 11C).

A4 enhances expression of HIV-1 LTR and other promoters

To test whether A4 enhances specifically HIV-1 production, we performed comparative
expression analysis of HIV-1 LTR and other viral and cellular promoters with and without A4

3ug
o
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Fig 9. Recombinantly produced and affinity purified E. coli-derived GST, GST-A3C, GST-A4, GST-A4-
AKK proteins and 293T cell-derived A3G-His protein were resolved on a 10% SDS gel. Purity of the
proteins was determined by staining the gel with Coomassie blue. GST-A4, A3G-His and GST proteins are
indicated according to their molecular mass.

doi:10.1371/journal.pone.0155422.9009
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Fig 10. A4 does not deaminate single stranded DNA. (a) Deamination activity of A4 was tested on two different oligonucleotide substrates
containing nucleotide sequences CCCA or CCCG. The A3G-His fusion protein was incubated with CCCA and CCCG containing substrates
and served as positive control for deamination resulting in 40-bp DNA fragments. Oligonucleotide CCUA served as a marker to denote the
deaminated product after Eco147I cleavage; ND: not deaminated; D: deaminated. (b) Deamination experiment using TTCA containing
oligonucleotide and GST-purified A4 proteins, RNAse A treatment was included; ND: not deaminated; D: deaminated. (c) Immuno blot
analysis of cell lysates and virus lysate of A3G-HA, A3F-HA, 3xHA-A4 and HA-A4-AKK expressing cells and HIV virus like particles (VLP),
respectively. Anti-HA staining indicates the presence of HA-tagged A3 and A4 proteins, while anti-p24 antibody detects HIV-1 capsid proteins.
(d) Deamination assay using transfected 293T cell lysate (from experiment shown in (c)). RNAse A treatment was included; ND: not
deaminated; D: deaminated. (e) Immuno blot analysis of cell lysate and immunoprecipitate (IP) fraction of A3 and A4 proteins. (f) Deamination
assay using the immunoprecipitated APOBEC proteins (from experiment shown in (e)). RNAse A treatment was included; ND: not

deaminated; D: deaminated.

doi:10.1371/journal.pone.0155422.901

0

in the same cell. To this end, we co-transfected the NL-Luc plasmid expressing the firefly lucif-
erase gene which is located in the nef gene together with the Herpes simplex virus (HSV) thy-
midine kinase (TK) promoter-driven Renilla luciferase (HSV-RLuc) reporter plasmid and

different amounts of A4-HA expression plasmids. Both luciferases were measured sequentially
from single samples. The results revealed an A4 dose-dependent increase in both luciferase
activities (up to 2.5-fold for NL-Luc expression and up to 1.5-fold for the HSV driven lucifer-
ase) (Fig 12A). To test whether A4 affects HIV expression by acting on the viral LTR, luciferase
reporter constructs with the HIV-1 LTR (LTR-Lug, firefly luciferase) and HSV-RLuc were co-
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Fig 11. A4 interacts weakly with single-stranded DNA. EMSA with purified, GST-A3C (a), GST-A4 and GST-A4AKK (b) performed with 30 nt single
stranded target DNA labeled with 3’-labeled with biotin. Indicated amounts of protein (at the bottom of blot) were titrated with 10 nM of DNA. (+) indicates
presence of competitor DNA, which is unlabeled 80 nt DNA (200-fold molar excess), as used for deamination assay to demonstrate specific binding of
protein to DNA being causative for the shift. For GST-A3C (a) a separate panel was added for reactions containing 0.05% NP-40 detergent. (c) A4-HA
crosslinking by DSS. DSS was added to the cleared cell lysates to reach the indicated DSS concentrations. The blot was probed with anti HA antibody to
detect monomeric and dimeric forms of A4-HA.

doi:10.1371/journal.pone.0155422.9011

transfected with increasing amounts of A4-HA expression plasmid with or without addition of
an HIV-1 Tat expression plasmid. As expected, the presence of Tat enhanced the expression of
the LTR-Luc construct (by 19-fold) relative to LTR-Luc expression in the absence of the Tat plas-
mid (Fig 12B). A4 expression in the absence of Tat stimulated the LTR-Luc expression by up to
2.6-fold and by up to 1.6-fold in the presence of Tat. The thymidine kinase promoter of HSV was
not sensitive to the presence of Tat. In contrast, A4 enhanced the HSV-RLuc expression by up to
2.8-fold when Tat was not co-transfected. In the next experiment, we tested firefly luciferase
expression constructs driven by promoters of HSV-TK, LINE1 (P850 L1), probasin, or prostate-
specific antigen (PSA), together with NL-Luc. Co-transfection with 2 ug A4-HA expression plas-
mid enhanced the luciferase activity of all these constructs from 3.5-fold to 5-fold, whereas
HIV-LTR expression was enhanced by 7-fold (Fig 12C). Based on these results, we conclude that
A4 might directly or indirectly enhance the transcription of HIV and other promoters.

Discussion

Herein we report the first study addressing the potential function of the A4 protein in human
cells. A4 is the most recently identified and the least studied APOBEC protein [3, 52]. It is
more closely related to A1 than to the A3 proteins [3]. Knowledge about the A4 protein is very
limited; it is unknown if A4 binds to RNA or DNA or possesses any enzymatic activity, and no
biochemical and structural information about A4 is available to date. Our data show for the
first time biological activity of A4, which enhances the expression of HIV-1.

As part of this study, we established mammalian expression plasmids for A4 and we also
generated bacterially expressed GST-A4 fusion proteins to test for their enzymatic activity.
Under experimental conditions that readily detect cytidine deamination by A3G, purified
GST-A4 did not carry out any detectable cytidine deamination. We also tested A4 isolated
from transfected human cells and similarly found no cytidine deamination activity. These find-
ings are in agreement with the previously reported absence of cytidine deamination of A4
using a cellular mutation assay in bacteria and yeast [52]. In addition, we found that mutating
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Fig 12. A4 enhances expression of luciferase reporter genes driven by various viral and cellular promoters. (a) Dual
luciferase reporter assay was performed two days post co-transfection of NL-Luc R'E”and HSV-TK promoter Renilla luciferase
(HSV-RLuc) with and without A4-HA, relative luciferase activities are shown. (0) indicates transfections in the absence of
A4-HA plasmid. A4-HA was transfected in increasing amounts. (b) Relative luciferase activities after co-transfection of
LTR-Luc (LTR of HIV-1 driving firefly luciferase) with A4-HA or HSV-TK promoter Renilla luciferase (HSV-RLuc) with A4-HA
and with and without Tat expression plasmid (c) Luciferase activities driven by various viral (LTR, HSV TK) or cellular
promoters (LINE, Probasin, PSA) in presence of the transfected A4-HA expression plasmid, relative to luciferase activity in
cells without A4 expression. Total amounts of luciferase expression plasmid and total plasmid DNA was kept constant within
all experiments. Error bars indicate standard deviation.

doi:10.1371/journal.pone.0155422.9012

the zinc-coordinating domain of A4 did not abolish the HIV-enhancing activity of A4. Never-
theless, these observations do not mean that A4 is catalytically inactive, A4 may just have dif-
ferent substrate specificity and cytidine deamination may not be the A4 function required for
enhancement of HIV expression.

The deamination activity of A3 proteins such as A3G on ss-DNA is facilitated by A3G
dimers and tetramers [65]. A4 formed at least dimers, but did weakly bind to ss-DNA only.
This weak DNA binding was lost, if the characteristic polylysine stretch (KKKKKGKK) at the
C-terminus of A4 was deleted (A4AKK), supporting the hypothesis that the net positive charge
rendered by polylysines confer some capacity to interact with DNA [66]. Thus, the weak inter-
action of A4 with ss-DNA may be one reason for the lack of detectable deamination.

We speculated that the polylysine domain would be involved in nuclear localization of A4
and that a C-terminal HA-tag would obstruct this activity, because A4 with an N-terminal
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HA-tag (HA-A4) localized to both cytoplasm and nucleus of transfected cells, while A4-HA
with a C-terminal HA-tag was detected only in the cytoplasm. However, HA-A4AKK also
localized to both compartments, cytoplasm and nucleus, suggesting that the polylysine domain
is not important for nuclear localization. C-terminal stretches of lysines are also found in

other proteins unrelated to A4 e.g. in the GTPase KRas (KRAS, K-Ras4B, NP_004976) and
FAM133B (NP_001035146). In KRas, the polylysine region (KKKKKKSK) contributes to the
interaction of KRas with Ca®*/calmodulin and strongly influences its binding to the plasma
membrane by electrostatic interactions with the membrane anionic lipids [67, 68]. Whether A4
specifically interacts with membranes or Ca®*/calmodulin is not known.

We demonstrated that A4 mRNA is highly expressed in human testis, but is barely detect-
able in 293T, HeLa, A3.01 T and Jurkat T cell lines. Analysis of protein expression of endoge-
nous A4 was precluded, due to the non-availability of any A4-specific antibody. In light of the
sexual transmission of HIV-1 and the possibility of sanctuary sites for HIV-1 in the male geni-
tal tract, the origin of seminal HIV-1 is a topic of ongoing discussion [69-76]. Human testicu-
lar tissue is described to be susceptible to HIV-1 [69, 72, 77-80] and macaque testis and
epididymis are found to be infected by SIV in several studies [70, 73, 76, 81, 82]. Since we do
not know whether CD4" cells in testis express A4, we cannot make a statement concerning
modulation of HIV infection in testis by A4. A4 also enhanced the expression of firefly lucifer-
ase which is controlled by the HIV-1 LTR in a manner similar to that of the unrelated HSV
promoter driven Renilla luciferase and A4 expression increased the expression of luciferase
constructs driven by cellular promoters. However, our results do not clearly demonstrate that
A4 is a factor that enhances LTR-mediated transcription. Indeed, it is thus likely that HIV ben-
efits from a broad activity of A4. We hypothesize that A4 creates a cellular/nuclear environ-
ment that stimulates for example the expression of HIV-1. A4 may boost expression or activity
of a factor important for HIV or reduce the expression or activity of a negative regulator of
HIV. It is very well possible that the observed enhancing activity of A4 to HIV is relevant for
the expression of cellular promotors and endogenous retroviruses in testis [83]. Future studies
investigating the interactome of A4 may help to reveal the A4 pathway and its enhancing
activity.

Material and Methods
Plasmids

pA4-HA (pA4-3xHA) expresses APOBEC4 (A4, GenBank NM_203454.2) fused to three
C-terminal HA-tags; pMH-A4_3xHA (obtained from Matthias Hamdorf) was used to excise
A4-3xHA using EcoRI x Notl, cloned into EcoRI / NotI of pcDNA3.1zeo(+) (Life Technolo-
gies, Darmstadt, Germany). pA4-HA-E95Q was generated by side-directed mutagenesis of the
pA4-HA plasmid, the mutation was confirmed by sequencing. pA4 expresses A4 without an
epitope tag. pA4 was cloned by PCR (pA4-HA as template) using primers hA4 5’ (5-CGGAT
CCCTAGCAATGGAGCCCATATATG) and hA4 3’ (5-GAATTCTTTATTTCTTCCCTTTC
TTCTTCTTC), the PCR product was cloned via BamHI / EcoRI into pcDNA3.1zeo(+). HA-
A4 (p2xHA-A4): expresses A4 with two N-terminal HA-tags, a pcDNA3.1zeo(+)-based plas-
mid with one N-terminal HA-tag of A4 was generated by PCR using primers HA-hA4 5’
(5-CGGATCCCTAGCAATGGGATATCCATACGATGTTCCAGATTACGCTGAGCCCA
TATATGAGGAGTACC) and hA4 3’ (5-GAATTCTTTATTTCTTCCCTTTCTTCTTCTTC);
this plasmid served as template for a second PCR using primers for_2xHA-A4 (5-CGGGATC
CCTAGCAATGGGATATCCATACGATGTTCCAGATTACGCTGGCTATCCATACGATG
TTCCAGATTACGCTGGCTATCCATACGATGTTCCAGATTACGCT) and rev rc_hA4
(5-GCCGGAATTCTITATTTCTTCCCTTTCTTCTTCTTC). The product was cloned via
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BamHI / EcoRI into pcDNA3.1zeo(+). pGST-A4: A4 with an N-terminal GST-tag in pGEX-
6-P1 (GE Healthcare, Munich, Germany), A4 was cloned via BamHI / EcoRI by excising A4
from pA4. Similarly pGST-A4-AKK was cloned in pGEX-6-P1 (GE Healthcare, Freiburg, Ger-
many) using forward primer 5- ATCGGATCCATGGAGCCCATATATGAGGAG and
reverse primer 5-CGGCGAATTCTTATTCATCTGCCTCCTTGCTACT. pMSCV.A4: a
murine leukemia virus-based vector to express A4 fused with three C-terminal HA-tags; it was
cloned by PCR using template pA4-3xHA and primers A4_fw_RI (5-TGGAATTCGCCCTT
CAGGCGGTACCAGCCTGGAGACAAATTGATG) and A4_rv_RI (5-TAGAATTCTCAGT
TAGCCGGCGTAG)via EcoRI into pMSCV.neo (Clonetech, Takara Bio Europe/SAS, Saint-
Germain-en-Laye, France). pLTR-Luc (pGL3-bas-NL43LTR-luc): containing the LTR region
of HIV-1 pNL4-3, cloned by PCR of U3, R, and TAR elements using primers NL4-3-U3(+)
(5"-CTCGGCAGATCTCTGGAAGGGCTAATTCACTCC) and U3/R/TAR(-) (5'-GCTCGG
AAGCTTGGCTTAAGCAGTGGGTTCCCTAG); amplicons were cloned via HindIII and
BglIT (partial digest) into pGL3-Basic (Promega, Mannheim, Germany). P850 luciferase plas-
mid with LINE Promotor (P850 L1) [84] and reporter constructs with androgen responsive
promotors probasin (pGL3Eprob) and PSA (pPSA61-luc) [85] were kindly provided by Wolf-
gang A. Schulz. APOBEC3G (A3G)-HA expression construct was kindly provided by Natha-
niel R. Landau [17]. His-tagged huA3G (A3G-Myc-6His) has been described previously [86].
APOBEC3A (A3A)-HA expression plasmid was obtained from Bryan R. Cullen [87]. pTat
(pBS-KRSPA-Tat NL4-3), expressing Tat protein of HIV-1 NL4-3 was a gift of Heide Mucken-
fuss and Egbert Flory. For cloning of pTat, both Tat exons were amplified and fused by PCR
using pNL4-3 [56] as template, and cloned into Xhol / Spel of pBS-kRSPA [88]. pHSV-RLuc
(pPRG-TK, Promega), Renilla reniformes luciferase expressed by the Herpes simplex virus type 1
thymidine kinase promoter.

Cells, transfections and infections

HOS (ATCC CRL-1543), HOS.CD4.CCR5 [60], HeLa (ATCC CCL-2), TZM-bl [59] and 293T
(ATCC CRL-3216) cells, were maintained in Dulbecco’s modified Eagle’s medium complete
(PAN-Biotech, Aidenbach, Germany); A3.01 T cells [89] and Jurkat T cells clone E61 (ATCC
TIB152) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (PAN-Bio-
tech) supplemented with 10% FBS, 0.29 mg/ml L-glutamine, and 100 U/ml penicillin/strepto-
mycin at 37°C in a humidified atmosphere of 5% CO,. Plasmid transfections into 293T cells
were performed with Lipofectamine LTX (Life technologies). HIV-1 and reporter lentiviruses
were generated by transfection in 6-well plates with 200 ng pNL.Luc R" E” (pNL4-3.Luc.R".E")
[57] plus 50 ng vesicular stomatitis virus G glycoprotein (VSV-G) expression plasmid pMD.G
or with 1 pg pNL4-3 [56] and different amounts of A4 expression plasmid. Total transfected
plasmid DNA was maintained by adding appropriate amounts of pcDNA3.1zeo(+) plasmid
DNA where needed. To produce NL4.3 with the env BaL, pNL-BaL [58] was transfected in
293T cells. Reverse-transcriptase (RT) activity was determined using the Cavidi HS kit Lenti
RT (Cavidi Tech, Uppsala, Sweden). For infectivity assays, 4x10° HOS cells were transduced in
96-well plates in triplicate with a virus amount equivalent to 10 pg of RT for HIV. Three days
post infection, luciferase activity was measured using the Steadylite HTS kit (PerkinElmer,
Rodgau, Germany). To quantify firefly and Renilla luciferase in the same cell lysate, the dual-
Luciferase reporter assay (Promega) was applied. All luciferase assays in transfected cells were
performed two days post transfection. To generate stable A4-expressing HOS.CD4.CCR5.A4
and control HOS.CD4.CCR5.neo cells, pMSCV.A4 or pMSCV.neo plasmid was co-transfected
together with pHIT60 [90] and pMD.G for generation of murine leukemia viral vector parti-
cles. Vector particles were used to transduce HOS.CD4.CCR5 cells; G418 resistant cells were
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pooled and characterized for CD4 and CCR5 receptor and A4 expression. Spreading virus rep-
lication with NL-BaL was quantified over 20 days infecting HOS.CD4.CCR5.neo or HOS.CD4.
CCR5.A4 cells using a multiplicity of infection of 0.01 and testing the culture supernatants
with the HIV reporter cell line TZM-bl [59]. Transfection efficiency was monitored by cotrans-
fection of 100 ng Monster Green fluorescent protein expression plasmid hMGFP (Promega).

Immunoblot analysis

Cells were lysed in radioimmunoprecipitation assay buffer (RIPA, (25 mM Tris (pH 8.0), 137
mM NaCl, 1% glycerol, 0.1% SDS, 0.5% Na-deoxycholat, 1% Nonidet P-40, 2 mM EDTA, and
protease inhibitor cocktail set III [Calbiochem, Darmstadt, Germany].) buffer, 20 min on ice.
Lysates were clarified by centrifugation (10 min, 300 g, 4°C). Samples were boiled in NuPAGE
SDS Sample Buffer and NuPAGE Sample Reducing Agent (Life technologies) and subjected to
SDS-PAGE followed by transfer to a PVDF membrane. A3G and A4 Proteins were detected
using an anti-HA antibody (Ab) (1:10* dilution, MMS-101P; Covance, BioLegend, Fell, Ger-
many), HIV-1 p24 Gag was detected applying HIV-1 p24 monoclonal Ab (1:250 dilution,
AG3.0, NIH AIDS REAGENTS, Germantown, USA) [91]. Cell lysates were probed with o
tubulin Ab (1:10* dilution, B5-1-2; Sigma-Aldrich, Munich, Germany) and virions with o-p24
monoclonal Ab 183-H12-5C. Vif protein was detected with HIV-1 Vif monoclonal antibody
(1:5x10° dilution, #319, NIH AIDS REAGENTS) [92]. Secondary Abs.: anti-mouse (NA931V)
and anti-rabbit (NA934V) horseradish peroxidase (1:10* dilution, GE Healthcare). Signals
were visualized using ECL reagent (GE Healthcare).

Chemical cross linking

293T cells were transfected with pA4-HA and lysed two days after transfection with RIPA
buffer. Soluble fraction was clarified by centrifugation at 13,000 rpm and 4°C. To chemically
cross link the amines of the protein, the lysate was treated with various concentrations of disuc-
cinimidyl suberate (DSS) (Thermo Scientific, Braunschweig, Germany) dissolved in DMSO to
make a final concentration of 50, 100 and 500 pM and the reaction mixture was incubated for
20 min on ice. To quench the reaction, 20 mM of Tris (final concentration) was added and
lysates were subjected to immunoblot analysis without addition of reducing reagent. The pres-
ence of A4 monomers and dimers were detected by anti HA antibody.

PCR

Total RNA was isolated using RNeasy mini kit (Qiagen, Hilden, Germany). Human testis RNA
(DNase free, HR-401) was obtained from Zyagen (San Diego, USA). RNA was reverse tran-
scribed with QuantiTect Reverse Transcription (Qiagen). Semi-quantitative PCR analyses of
A4 mRNA: The A4 fragments were amplified from cDNA by Dream-Tagq polymerase (Thermo
Scientific) and the primers Origene_for (5-“CAAGCCTGGAGACAAATTGATGG) x Origen-
e_rev (5-GCAATCGAGAGAGAAGCTTAGCC). As a control, B-2-microglobulin cDNA was
amplified in the same PCR reaction applying primer -2-Mikroglobulin A_for (5-CTCGCTC
CGTGGCCTTAGCTGTGCTCGCGC) x B-2-Mikroglobulin A_rev (5-TAACTTATGCACG
CTTAACTATC): Initial denaturation at 95°C for 5 min followed by 39 cycles of 95°C for 1
min, 56°C for 1 min, 72°C for 1 min and final extension 72°C for 15 min. Water instead of
template served as a background control and a plasmid coding for A4 cDNA (pA4 cDNA)
served as a positive control. The identity of the PCR fragments was confirmed by cloning and
sequencing. Quantitative real-time PCR analyses of A4 mRNA: The A4 fragments were ampli-
tied from cDNA using SYBR green PCR Master Mix (Applied Biosystems, Warrington, United
Kingdom) with an Applied Biosystems 7500 Real-Time PCR system (Applied Biosystems,
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Foster City, CA) and primers: A4 _909_for (5-ACCAATGCATATGGGCCAAA) x A4_906_
rev rc (5-GTGCCTTACGATATTCCTGGGT). After initial incubations at 50°C for 2 min and
95°C for 10 min, 40 cycles of amplification were carried out for 15 s at 95°C, followed by 1 min
at 60°C. The amplification product was normalized to that of HPRT1 using PCR Primers
HPRT1_for (5-GCTTTCCTTGGTCAGGCAGT) x HPRT1_rev rc (5-GCTTGCGACCTTGA
CCATCT).

Purification of A3 and A4 proteins from E. coli and 293T cells

A3G-His was expressed in 293T cells and purified by immobilized metal affinity chromatogra-
phy (IMAC) using Ni-nitrilotriacetic acid (Ni-NTA) agarose (Life Technologies) as described
[62]. GST-A3C, GST-A4, GST-A4AKK and GST proteins were overexpressed in E. coli Rosetta
(DE3) cells (Millipore, Merck Chemicals, Darmstadt, Germany) and purified by affinity chro-
matography using Glutathione Sepharose 4B beads (GE healthcare). After the growth of trans-
formants containing pGEX4T2-GST-A4 until 0.6 ODgq, cells were induced with 1 mM
isopropyl-beta-D-thiogalactopyranoside (IPTG) and 1 uM ZnSO, and cultured at 18°C over-
night. A4 harboring cells were washed with PBS and lysed with 1X Bug buster protein extrac-
tion reagent (Millipore) containing 50 mM Tris (pH 7.0), 10% glycerol, 1 M NaCl and 5 mM
2-mercaptoethanol (2-ME), clarified by centrifugation (14,800 rpm for 20 min at 4°C) and the
soluble fraction was mixed with glutathione sepharose beads. After 3 h incubation at 4°C in
end-over-end rotation, the beads were washed twice with wash buffer containing 50 mM Tris
(pH 8.0), 5 mM 2-ME, 10% glycerol and 500 mM NaCl. The bound GST-A4 protein was eluted
with wash buffer containing 20 mM reduced glutathione. Purified protein concentration was
determined spectrophotometrically by measuring the A,g, using their (theoretical) extinction
coefficient and molecular mass.

In vitro DNA cytidine deamination assay

Deamination reactions were performed as described [61, 62] in a 10 pL reaction volume con-
taining 25 mM Tris pH 7.0, and 100 fmol single stranded DNA substrate (CCCA: 5-GGATTG
GTTGGTTATTTGTTTAAGGAAGGTGGATTAAAGGCCCAAGAAGGTGATGGAAGTTA
TGTTTGGTAGATTGATGG; CCCG: 5-GGATTGGTTGGTTATTTGTTTAAGGAAGGTG
GATTAAAGGCCCGAAGAAGGTGATGGAAGTTATGTTTGGTAGATTGATGG and
TTCA: 5- GGATTGGTTGGTTATTTGTATAAGGAAGGTGGATTGAAGGTTCAAGAAG
GTGATGGAAGTTATGTTTGGTAGATTGATGG). Samples were splitted into two halves; in
one half 50 ug/ml RNAse A (Thermo Scientific) was added. Reactions were incubated for at
least 1 h at 37°C and the reaction was terminated by boiling at 95°C for 5 min. One fmol of the
reaction mixture was used for PCR amplification (Dream Taq polymerase (Thermo Scientific)
95°C for 3 min, followed by 19 cycles of 61°C for 30 sec and 94°C for 30 sec) and the primers
forward 5-GGATTGGTTGGTTATTTGTTTAAGGA, reverse 5-CCATCAATCTACCAAAC
ATAACTTCCA used to amplify CCC(A/G) substrate, forward primer 5-GGATTGGTTGGT
TATTTGTATAAGGA with the above reverse primer used for TTCA. PCR products of CCC
(A/G) and TTCA were digested with Eco1471 (Stul) (Thermo Scientific) and Msel (NEB,
Frankfurt/Main, Germany), respectively, resolved on 15% PAGE, stained with ethidium bro-
mide (5 pg/ml). As a positive control substrate oligonucleotides with CCUA and TTUA instead
of respective CCCA and TTCA were used to control the restriction enzyme digestion.
APOBEC incorporation into HIV-1: HIV-1 vectors were produced with 250 ng A3 plasmids
and 1000 ng A4 constructs. 48 h later virion containing supernatants were concentrated by lay-
ering on 20% sucrose cushion and centrifuged for 4 h at 14,800 rpm. Viral particles were re-
suspended in mild lysis buffer (50 mM Tris (pH 8), 1 mM PMSF, 10% glycerol, 0.8% NP-40,
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150 mM NaCl and 1X complete protease inhibitor) and used as input for the in vitro deamina-
tion assay.

Deamination assay using immunoprecipitated protein from 293T cells: 293T cells were
transfected with expression plasmids encoding A4-HA, 3xHA-A4, A3G-HA or A3F-HA. Cells
were lysed 48 h post transfection with mild lysis buffer (50 mM Tris (pH 8.0), 1 mM PMSF,
10% glycerol, 0.8% NP-40, 150 mM NaCl and protease inhibitor (protease inhibitor cocktail
set ITI, Calbiochem). HA-tagged proteins were immunoprecipitated using 20 pl of anti-HA
Affinity Matrix Beads (Roche Diagnostics, Mannheim, Germany) by slowly rotating the lysate
bead mixture for 2 h at 4°C. One third of the beads were used for deamination assay and the
remaining was used for immunoblot analysis.

Electrophoretic mobility shift assay (EMSA) with GST-A3C and GST-A4

EMSA method is adapted from [63, 64]. Proteins were produced as described above, kept in
protein buffer (final concentration 50 mM Tris (pH 8.0), 50 mM NaCl, and 10% glycerol). 10
mM 3’ biotinylated DNA (30-TTC-Bio-TEG purchased from Eurofins Genomics, Ebersberg
Germany) was mixed with 10 mM Tris (pH 7.5), 100 mM KCl, 10 mM MgCl,, 1 mM DTT, 2%
glycerol, and desired amount of recombinant proteins in a 10 ul reaction mixture, and incu-
bated at 25°C for 30 min. The protein-DNA complex was resolved on a 5% native PAGE gel on
ice, and then transferred onto nylon membrane (Amersham Hybond-XL, GE healthcare) by
southern blot. After transfer, the molecules on the membrane were crosslinked by UV-radia-
tion using a transilluminator at 312 nm for 15 min. Chemiluminescent detection of biotiny-
lated DNA was carried out according to the manufacturer’s instruction (Thermo scientific).

Confocal microscopy

1 x 10° HeLa cells grown on coverslips (Marienfeld, Lauda Kénigshofen, Germany) were trans-
fected with 500 ng A4 expression plasmids by applying Lipofectamine LTX transfection
reagent. At day two post transfection, cells were fixed in 4% paraformaldehyde in PBS for 30
min, permeabilized in 0.1% Triton X-100 in PBS for 45 min, incubated in blocking solution
(10% donkey antiserum (Sigma-Aldrich) in PBS) for 1 h, and treated with anti-HA Ab (MMS-
101P; Covance) in blocking solution for 1 h. Donkey anti-mouse Alexa Fluor 488 (Life Tech-
nologies) was used as secondary Ab in a 1:300 dilution in blocking solution for 1 h. Finally,
nuclei were stained using DAPI (4’, 6’-diamidino-2-phenylindole; 1:1000 in PBS) (Merck Milli-
pore, Darmstadt, Germany) for 5 min. Coverslips were mounted on glass microscope slide
(Marienfeld) using Fluorescent Mounting Medium (DAKO, Hamburg, Germany). The images
were captured by using a 63x objective on a Zeiss LSM 510 Meta laser scanning confocal micro-
scope. x-z optical sections were acquired from 0.28 um layers.

Statistics

Evaluation of RT or reporter activity data was performed by means of a multifactorial analysis
of variance (ANOVA) with fixed factor plasmid ratio. Additionally a random factor day was
included, if more than one determination were obtained from one day in order to model day-
to-day variability. The statistical analysis was performed with SAS/STAT software, version 9.3,
SAS System for Windows (Cary, USA).
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ABSTRACT

Lentiviruses have evolved the Vif protein to counteract APOBEC3 (A3) restriction factors by targeting them for proteasomal
degradation. Previous studies have identified important residues in the interface of human immunodeficiency virus type 1
(HIV-1) Vif and human APOBEC3C (hA3C) or human APOBEC3F (hA3F). However, the interaction between primate A3C pro-
teins and HIV-1 Vif or natural HIV-1 Vif variants is still poorly understood. Here, we report that HIV-1 Vif is inactive against
A3Cs of rhesus macaques (rhA3C), sooty mangabey monkeys (smmA3C), and African green monkeys (agmA3C), while HIV-2,
African green monkey simian immunodeficiency virus (SIVagm), and SIVmac Vif proteins efficiently mediate the depletion of all
tested A3Cs. We identified that residues N/H130 and Q133 in rhA3C and smmA3C are determinants for this HIV-1 Vif-triggered
counteraction. We also found that the HIV-1 Vif interaction sites in helix 4 of hA3C and hA3F differ. Vif alleles from diverse
HIV-1 subtypes were tested for degradation activities related to hA3C. The subtype F-1 Vif was identified to be inactive for deg-
radation of hA3C and hA3F. The residues that determined F-1 Vif inactivity in the degradation of A3C/A3F were located in the
C-terminal region (K167 and D182). Structural analysis of F-1 Vif revealed that impairing the internal salt bridge of E171-K167
restored reduction capacities to A3C/A3F. Furthermore, we found that D101 could also form an internal interaction with K167.

Replacing D101 with glycine and R167 with lysine in NL4-3 Vif impaired its counteractivity to A3F and A3C. This finding indi-
cates that internal interactions outside the A3 binding region in HIV-1 Vif influence the capacity to induce degradation of A3C/A3F.

IMPORTANCE

The APOBECS3 restriction factors can serve as potential barriers to lentiviral cross-species transmissions. Vif proteins from lenti-
viruses counteract APOBEC3 by proteasomal degradation. In this study, we found that monkey-derived A3C, rhA3C and
smmA3C, were resistant to HIV-1 Vif. This was determined by A3C residues N/H130 and Q133. However, HIV-2, SIVagm, and
SIVmac Vif proteins were found to be able to mediate the depletion of all tested primate A3C proteins. In addition, we identified
anatural HIV-1 Vif (F-1 Vif) that was inactive in the degradation of hA3C/hA3F. Here, we provide for the first time a model that
explains how an internal salt bridge of E171-K167-D101 influences Vif-mediated degradation of hA3C/hA3F. This finding pro-
vides a novel way to develop HIV-1 inhibitors by targeting the internal interactions of the Vif protein.

imian immunodeficiency virus (SIV) naturally infects many

Old World primate species in Africa. The pandemic of human
immunodeficiency virus (HIV) originated from cross-species
transmission events of SIVs to humans. HIV-1 was introduced
into the human population by multiple transmissions of a chim-
panzee (cpz) virus, which is known as SIVcpz. The less virulent
human lentivirus, HIV-2, was derived from SIVsmm, which was
obtained from sooty mangabey monkeys (smm) (1).

The cellular restriction factors of the APOBEC3 (A3) family
of DNA cytidine deaminases are an important arm of the innate
immune defense system which can potentially serve as a barrier
to lentiviral cross-species transmissions (recently reviewed in
references 2 and 3). Human A3s include seven genes that con-
tain either one (A3A, A3C, and A3H) or two (A3B, A3D, A3F,
and A3G) zinc (Z)-binding domains with the conserved motifs
of HXE(X),5 ,sCXXC (X can be any residue) (4, 5). Among these
seven genes, A3D, A3F, A3G, and A3H inhibit HIV-1AVif repli-
cation by deamination of cytidines in the viral single-strand DNA
that is formed during reverse transcription, thereby introducing
G-to-A hypermutations in the coding strand (6-12). Addition-
ally, some A3s inhibit virus replication by deaminase-indepen-

November 2016 Volume 90 Number 22

Journal of Virology

dent mechanisms affecting reverse transcription and integra-
tion steps (13—18). Human A3A and A3C are not antiviral against
HIV-1, but human A3C could effectively restrict SIVmacAVif and
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SIVagmAVif (11, 19-23), and both A3A and A3C could decrease
human papillomavirus infectivity (24, 25). However, some studies
found that A3C inhibited HIV-1AVif by around 50% (26-28).
Human A3B is a potent inhibitor against HIV-1, SIV, and human
T cell leukemia virus (HTLV) (19, 29-32). In addition, human
A3B was reported to be upregulated in several cancer cells and
found to be degraded by virion infectivity factor (Vif) from several
SIV lineages (33-39).

To counteract the antiviral functions of A3, all lentiviruses ex-
cept the equine infectious anemia virus encode the Vif that inter-
acts with A3 proteins and then recruit them to an E3 ubiquitin
ligase complex containing Cullin5 (CUL5), Elongin B/C (ELOB/
C), RING-box protein RBX2, and CBFp to induce degradation of
the bound A3s by the proteasome (40—42). The Bet of foamy vi-
ruses, the nucleocapsid of HTLV-1, and the glycosylated Gag
(glyco-Gag) of murine leukemia virus (MLV) are also shown to
have the ability to counteract A3s (21, 43—47). In many cases, this
counteraction is species specific and depends on several specific
A3/Vif interfaces. For example, HIV-1 Vif efficiently neutralizes
human A3G, but it does not inactivate African green monkey A3G
(agmA3G) and rhesus macaque A3G (rhA3G) despite a sequence
identity of almost 75% (10, 48-50). The amino acid 128 of A3G
determines this species-specific counteraction: human A3G with
D128 is sensitive to HIV-1 Vif, while A3G.K128 is susceptible to
SIVagm Vif (48-50). However, residue 129 in human A3G, but
not adjacent position 128, determines the sensitivity to degrada-
tion by SIVsmm and HIV-2 Vif proteins (51). Several other cross-
species counteractions were also observed: SIVmac Vif mediates
the degradation not only of human A3s and rhesus macaque A3s
but also of cat A37273 (52-57); maedi-visna virus (MVV) Vif can
induce the degradation of both sheep and human A3Z3s (58).

Although hA3G, hA3H hapll, and hA3F share a conserved zinc
coordination motif, HIV-1 Vif targets different sites in these A3
proteins for degradation. For example, the "**DPDY"*! motif in
hA3G is involved in direct interaction with the "*YRHHY'” do-
main of HIV-1 Vif (59, 60). The E121 residue in hA3H hapll
determines its sensitivity to HIV-1 Vif derived from the NL4-3
strain (61, 62). hA3C and the C-terminal domain (CTD) of hA3F
are conserved homologous Z2-typed A3s (4, 5), and 10 equivalent
residues in these Z2-typed A3s are identified as being involved in
HIV-1 Vif interaction (63). Additionally, A3F.E289 and HIV-1
Vif.R15 show a strong interaction by applying molecular docking
(64). The equivalent residue E106 in A3C also determines A3-Vif
binding (65). In contrast to this conserved A3-Vif interaction, it
was also demonstrated that E324 in A3F is essential for HIV-1 Vif
interaction but the equivalent residue E141 in A3C is not, which
suggests that the Vif interaction interface differs between A3C and
A3F (63, 66). In addition, previous studies have proved that these
two glutamic acids vary in primate A3Fs and therefore determined
the distinct sensitivities of primate A3F to HIV-1 Vif (67-69).
However, the interaction between primate A3Cs and lentiviral
Vifs is still less clear.

The N-terminal part of HIV-1 Vif is mainly involved in inter-
action with human A3s. For example, the **YRHHY** box is re-
ported to be essential for A3G degradation, while the "*DRMR"’
motif determines A3F degradation (70). Vif derived from HIV-1
clone LAI, but not that of NL4-3, could induce the degradation of
hA3H hapll, which is determined by residues F39 and H48 (71).
The C terminus of HIV-1 Vif consists of one zinc coordination
motif that interacts with CUL5, one SLQ BC box that binds to
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ELOB/C, and one Vif dimerization domain (reviewed in reference
72). Previously, it was also reported that the '”'EDRW'”> motif in
the C terminus of Vif determines the degradation of A3F (66, 73).
However, A3 interaction sites in SIV Vif have not yet been identi-
fied. Recently, it was reported that the "*PXXME. . .PHXXV*’ do-
main and G48 of HIV-2 Vif and SIVsmm Vif are involved in the
interaction with A3F and A3G, respectively (74).

In this study, we tested the sensitivities of primate A3Cs to
several primate lentiviral Vif proteins. HIV-1 Vif had a distinct
and restricted degradation profile for primate A3C proteins, while
HIV-2, SIVagm, and SIVmac Vif degraded all tested A3C proteins.
Additionally, three residues (106, 130, and 133) were identified in
rhA3C and smmA3C that determined their resistance to HIV-1
Vif. We demonstrated that the equivalent residues in A3F (313
and 316) were unimportant for HIV-1 Vif sensitivity. Further-
more, two additional residues in the C terminus of the HIV-1 F-1
subtype Vif were identified as being involved in the interaction
between HIV-1 Vif and hA3C/F. These observations suggest that
Vif proteins from diverse HIV/SIV lineages have distinct interac-
tion interfaces with A3C which mediate their degradation.

MATERIALS AND METHODS

Plasmids. HIV-1, HIV-2, STVagm, and SIVmac Vif genes were inserted
into pcWPRE containing a C-terminal V5 tag (75). SIVptsl (Tanl;
SIVCPZTAN1.910) and SIVpts2 (Tan2; SIVCPZTAN2.69) Vifs were am-
plified from a full-length molecular clone of SIVcpz (76). Amplicons were
digested by EcoRI and Notl and inserted into pcWPRE containing a C-
terminal V5 tag. The 21 different HIV-1 strain Vif expression plasmids
were kindly provided by Viviana Simon (71). Recently described A3 ex-
pression plasmids for hA3C, hA3G, and hA3F (77) as well as thA3C
agmA3C (21) were used. According to the cpzA3C sequence in NCBI
(NM_001251910.1),K85,D99, E103, and N115 in hA3C were replaced by
N85, E99, K103, and K155 using overlapping PCR, which produced the
cpzA3C expression plasmid. All A3s were inserted into pcDNA3.1(+)
(Life Technologies, Darmstadt, Germany) expressing a C-terminal hem-
agglutinin (HA) tag. All A3 chimeras and mutants and Vif mutants were
generated by overlapping PCR. PCR primers are shown in Table 1. A3
chimeras were inserted into pcDNA3.1(+), and Vif mutants were inserted
into pCRV1 as described previously (78). The expression plasmid of
smmA3C was generated by exon assembly from white-crowned mang-
abey (Cercocebus torquatus lunulatus) genomic DNA. Three fragments
were amplified separately using the primer pairs SmA3C-1.fw (5'-TAA
GCGGAATTCGAACATGAATCCACAGATCAGAAACCCG-3") and
SmA3C-2.rv (5'-GATCGACCTGGTTTCGGAAG-3"), SmA3C-3.ftw (5'-
CTTCCGAAACCAGGTCGATC-3') and SmA3C-4.rv (5'-CAATATTTA
AAATCTTCGTAGCCC-3"), and SmA3C-5.fw (5'-GGGCTACGAAGA
TTTTAAATATTG-3") and SmA3C-6HA.rv (5'-AGGATAT
CTCAAGCGTAATCTGGAACATCGTATGGATACTCGAGAATCT
CCTG-3"). The fragments were fused through overlapping extension
PCR, and the final fragment was amplified by using the forward SmA3C-
1.fw and reverse SmA3C-6HA.rv primers. The amplicon was cloned
into restriction sites EcoRI and EcoRV of the pcDNA3.1(+) plasmid
and the sequence was verified. SIVmac-Luc (R-E-) and SIVmac-Luc
(R-E-)AVifwere provided by N. R. Landau (10). The HIV-1-Luc reporter
system was described previously (79).

Cells, transfections, and infections. HEK293T (293T; ATCC CRL-
3216) cells were maintained in Dulbecco’s high-glucose modified Eagle’s
medium (DMEM; Biochrom, Berlin, Germany) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, penicillin (100 U/ml), and
streptomycin (100 pg/ml). A3 degradation experiments were performed
in 24-well plates, and 1 X 10 293T cells were transfected with 150 ng
hA3G, 150 ng hA3F, or 50 ng hA3C expression plasmids together with 350
ng HIV-1, SIVagm, or SIVmac Vif; pcDNA3.1(+) was used to increase the
total transfected plasmid DNA to 500 ng. To produce SIVmac-luciferase
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TABLE 1 Primers used in this study

HIV-1 Vif Interaction with A3C and A3F

Primer name

Product

Sequence (5'-3")

PrmrRhAPO3C
PrmrRhAPOend
CM28

PrmrRhehu 9.1
PrmrRhehu 9.2
PrmrRhehu 11.1
PrmrRhehu 11.2
PrmrRhehu 1.1
PrmrRhehu 1.2
PrmrRhehu 3.1
PrmrRhehu 3.2
PrmrRhehu 1.1
PrmrRhehu 1.2
PrmrRhehu 11.1
PrmrRhehu 11.2
PrmrRhehu 1.1
PrmrRhehu 1.2
PrmrRhehu 9.1
PrmrRhehu 9.2
PrmrRhehu 7.1
PrmrRhehu 7.2
PrmrRhehu 3.1
PrmrRhehu 3.2
HuA3C-EcoRI-F
HA-NotI-R
HuSmmC1 + 2-F
HuSmmC1 + 2-R
HuSmmC3 + 4-F
HuSmmC3 + 4-R
HuSmmC5 + 6-F
HuSmmC5 + 6-R
HuSmmC7 + 8-F
HuSmmC7 + 8-R
HuSmmC9 + 10-F
HuSmmC9 + 10-R
RhA3CCE+QE-F
RhA3CCE+QE-R
SmmA3CCE+QE-F
SmmA3CCE+QE-R
HuA3CE106K-F
HuA3CE106K-R
HuA3CQE-EK-F
HuA3CQE-EK-R
HuA3CNQ-+EK-F
HuA3CNQ+EK-R
HuA3FDE-HQ-F
HuA3FDE-HQ-R
HuA3FQE-EK-F
HuA3FQE-EK-R
HIV1Vif-EcorI-F
HIV1Vif-NotI-R
F1D-G-NotI-R
F1KD-RG-F
F1KD-RG-R
F1K-R-F

F1K-R-R
HIV1VIFRR-AA-F
HIV1VIFRR-AA-R
HIV1VIFED-AA-F
HIV1VIFED-AA-R
HIV1VIFD101G-F
HIV1VIFD101G-R

rh/hA3C9
rh/hA3C11

rh/hA3C13

rh/hA3C15

rh/hA3C17

rh/hA3C31

smm/hA3C1 + 2
smm/hA3C3 + 4
smm/hA3C5 + 6
smm/hA3C-7 + 8
smm/hA3C-9 + 10
rhA3C-CE+QE
smmA3C-CE+QE
hA3C E106K
hA3C QE-EK
hA3C NQ+EK
hA3F DE-HQ

hA3F QE-EK

F-1D-G
F-1K D-RG

F-1K-R
B-NL4-3 RR-AA
B-NL4-3 ED-AA

B-NL4-3 D-G

TATAAGCTTTGAAGAGGAATGAATCCACAGATCAGAAACC

AGCTCGAGTCAAGCGTAATCTGGAACATCGTATGGATACTGAAGAATCTCCCGTAGGCG
AGCTCGAGTCAAGCGTAATCTGGAACATCGTATGGATACTGGAGACTCTCCCGTAGCCTT

AAGGGCTCCAAGATGTGTAC

GTACACATCTTGGAGCCCTT

CCACCTCCCCTGCACA

TGTGCAGGGGAGGTGG

TCCACGGTGAAGCACAGC

GCTGTGCTTCACCGTGGA
GTGAGATTCACGTTGCTGTGCCTGGCCAGGAACTTGG
CCAAGTTCCTGGCCAGGCACAGCAACGTGAATCTCAC
TCCACGGTGAAGCACAGC

GCTGTGCTTCACCGTGGA

CCACCTCCCCTGCACA

TGTGCAGGGGAGGTGG

TCCACGGTGAAGCACAGC

GCTGTGCTTCACCGTGGA

AAGGGCTCCAAGATGTGTAC

GTACACATCTTGGAGCCCTT

AGGAAGCACCTTTCTGCATG

CATGCAGAAAGGTGCTTCCT
GTGAGATTCACGTTGCTGTGCCTGGCCAGGAACTTGG
CCAAGTTCCTGGCCAGGCACAGCAACGTGAATCTCAC
ATGAATTCGCCACCATGAATCCACAGATCAGAAAC
ATGCGGCCGCTCAAGCGTAATCTGGAACATC
TCGGAACGAAACTTGGCTGTGCTTC
GAAGCACAGCCAAGTTTCGTTCCGA
CCATTGTCATGCAGAAAGGTGCTTCCTCTC
GAGAGGAAGCACCTTTCTGCATGACAATGG
TGCAGGGGAGGTGGCCGAGTTCCTGGCCAGG
CCTGGCCAGGAACTCGGCCACCTCCCCTGCA
AGATTTTAAATATTGTTGGGAAAACTTTGTG
CACAAAGTTTTCCCAACAATATTTAAAATCT
ATGAGCCATTCAAGCCTTGGAAGGGA
TCCCTTCCAAGGCTTGAATGGCTCAT
CAGTATCCGTGTTACCAGGAGGGGCTCCGCAGCCTGAGTCAGGAAGGAGTC
GACTCCTTCCTGACTCAGGCTGCGGAGCCCCTCCTGGTAACACGGATACTG
GGGATACATGTTACCAGGAGGGGCTCCGCAGCCTGAGTCAGGAAGGG
CCCTTCCTGACTCAGGCTGCGGAGCCCCTCCTGGTAACATGTATCCC
GGAGGTGGCCAAGTTCCTGGC

GCCAGGAACTTGGCCACCTCC

AGCCTGAGTGAGAAAGGGGTCGCTG
CAGCGACCCCTTTCTCACTCAGGCT
CAGTATCCAAATTACCAGCAGGGGCTCCGCAGCCTGAGTGAGAAAGGG
CCCTTTCTCACTCAGGCTGCGGAGCCCCTGCTGGTAATTTGGATACTG
CTGGGATACACATTACCAGCAGGGGCTC
GAGCCCCTGCTGGTAATGTGTATCCCAG
GCAGCCTGAGTGAGAAAGGGGCCTCCG
CGGAGGCCCCTTTCTCACTCAGGCTGC
ATGAATTCGCCACCATGGAAAACAGATGGCAGG
ATGCGGCCGCCTAGTGTCCATTCATTGTATGG
ATGCGGCCGCCTAGTGTCCATTCATTGTATGGCTCCCTCTGTGGCCCTTGGTC
AAGCCACCTTTGCCCAGTGTTA

TAACACTGGGCAAAGGTGGCTT
GCCCAGTGTTAGGAAACTGACAGAG
CTCTGTCAGTTTCCTAACACTGGGC
GCAAGTAGACGCGATGGCGATTAACACATGG
CCATGTGTTAATCGCCATCGCGTCTACTTGC
GAAACTGACAGCGGCCAGATGGAAC
GTTCCATCTGGCCGCTGTCAGTTTC
CACAAGTAGACCCTGGCCTAGCAGACC
GGTCTGCTAGGCCAGGGTCTACTTGTG
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FIG 1 Sensitivity of primate A3C to lentiviral Vifs. (A) Sequence alignment of primate A3C proteins. Black stars represent important residues for HIV-1 Vif
interaction. Green stars indicate the dimerization of A3C protein and anti-SIV activity. The red star is the A3C RNA binding site and indicates its viral
incorporation. (B) 293T cells were cotransfected with A3C and HIV-1, HIV-2, STVagm, or SIVmac Vif expression plasmids. Expression of A3Cs, Vifs, and tubulin
was detected by immunoblotting using anti-HA, anti-V5, and anti-tubulin antibodies, respectively. h, cpz, gor, agm, smm, and rh represent human, chimpanzee,
gorilla, African green monkey, sooty mangabey monkey, and rhesus monkey, respectively.

viruses, 293T cells were cotransfected with 650 ng STVmac-Luc (R-E-) or
SIVmac-Luc (R-E-)AVif, 150 ng A3C expression plasmid, 25 ng vesicular
stomatitis virus glycoprotein (VSV-G) plasmid (pMD.G), or 200 ng
HIV-1 Vif expression plasmid; in some experiments pcDNA3.1(+) was
used instead of Vif or A3 expression plasmids. For HIV-1-luciferase vi-
ruses, transfection experiments in 6-well plates consisted of 300 ng of the
HIV-1 packaging construct pMDLg/RRE, 130 ng of HIV-1 Rev expression
plasmid pRSV-Rev, 300 ng of the HIV-1 reporter vector pSIN.PPT.CMV.
Luc.JRES.GFP, 100 ng of the VSV-G expression plasmid pMD.G, and 800
ng HIV-1 Vif together with 800 ng hA3F expression plasmids.
pcDNA3.1(+) was used instead of HIV-1 Vif or hA3F. At 48 h posttrans-
fection, cells and supernatants were collected. The reverse transcriptase
(RT) activity of SIVmac and HIV-1 was quantified by using the Cavidi HS
lenti RT kit (Cavidi Tech, Uppsala, Sweden). For reporter virus infection,
293T cells were seeded in 96-well plates 1 day before transduction. After
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normalizing for RT activity, the same amounts of viruses were used for
infection. Two days postransduction, firefly luciferase activity was mea-
sured with the Steadylite HTS reporter gene assay system (Perkin-Elmer,
Cologne, Germany) according to the manufacturer’s instructions on a
MicroLumat Plus luminometer (Berthold Detection Systems, Pforzheim,
Germany). Each sample was analyzed in triplicate; the error bars for each
triplicate are shown.

Immunoblot analysis. Transfected 293T cells were lysed in radioim-
munoprecipitation assay (RIPA) buffer (25 mM Tris-HCI [pH 8.0], 137
mM NaCl, 1% NP-40, 1% glycerol, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS], 2 mM EDTA, and protease inhibitor cock-
tail set III [Calbiochem, Darmstadt, Germany]). To pellet virions, culture
supernatants were centrifuged at 12,000 rpm for 10 min, subjected to
centrifugation through a 20% sucrose cushion at 35,000 rpm in an SW40
Ti rotor for 1.5 h, and resuspended in RIPA buffer. The solution was
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FIG 2 SIVmac Vif, but not HIV-1 Vif, counteracts primate A3Cs. (A and C) 293T cells were transfected with expression plasmids for SIVmacAVif-Luc or
SIVmac-Luc (A) or SIVmacAVif-Luc or STIVmacAVif-Luc plus HIV-1 Vif (C), together with expression plasmids for hA3G and primate A3Cs. pcDNA3.1(+) was
used as a control (vector). After normalizing for reverse transcriptase activity, viral infectivity was determined by quantification of luciferase activity in 293T cells.
(B and D) Lysates of SIVmac producer cells were used to detect the expression of A3s, SIVmac capsid (p27), or HIV-1 Vif by anti-HA, anti-p27, or anti-V5
antibody, respectively. Tubulin served as a loading control. Encapsidation of A3s into SIVmac was detected by anti-HA antibody. (E) Primate A3Cs and HIV-1
Vif (without tag) expression plasmids were cotransfected into 293T cells. The expression of A3C and HIV-1 Vif was detected by anti-HA and anti-Vif antibodies.
(F) Expression plasmids for hA3C and cpzA3C were cotransfected with HIV-1 Vif or SIVcpz Vif into 293T cells. The expression of A3C and Vif was detected by
anti-HA and anti-V5 antibodies. Pts, Pan troglodytes schweinfurthii. cps, counts per second. VLP, virus-like particle. Asterisks represent statistically significant

differences: ***, P < 0.001; ns, no significance (Dunnett’s ¢ test).

boiled at 95°C for 5 min with Roti load-reducing loading buffer (Carl
Roth, Karlsruhe, Germany) and resolved on an SDS-PAGE gel. The ex-
pression of A3s and lentivirus Vif was detected by mouse anti-HA anti-
body (1:7,500 dilution; MMS-101P; Covance, Miinster, Germany) and
mouse anti-V5 antibody (1:4,500 dilution; MCA1360; ABD Serotec, Diis-
seldorf, Germany) separately. HIV-1 Vifs from different subtype strains
were detected by rabbit anti-Vif polyclonal antibody (1:1,000 dilution;
catalog no. 2221; NIH AIDS Research and Reference Reagent Program)
(80). Tubulin, SIVmac, and HIV-1 capsid proteins were detected using
mouse anti-a-tubulin antibody (1:4,000 dilution; clone B5-1-2; Sigma-
Aldrich, Taufkirchen, Germany) and mouse anti-capsid p24/p27 mono-
clonal antibody AG3.0 (1:50 dilution) separately (81), followed by horse-
radish peroxidase-conjugated rabbit anti-mouse or donkey anti-rabbit
antibody (a-mouse or rabbit-IgG-horseradish peroxidase; GE Health-
care, Munich, Germany), and developed with ECL chemiluminescence
reagents (GE Healthcare).

IP. To determine Vif and A3 binding, 293T cells were cotransfected
with 1 pg HIV-1 Vif.SLQ-AAA and 1 pg wild-type or mutant A3 or with
PcDNA3.1(+). Forty-eight hours later, the cells were lysed in immuno-
precipitation (IP) lysis buffer (50 mM Tris-HCl pH 8, 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF], 10% glycerol, 0.8% NP-40, 150 mM NaCl,
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and complete protease inhibitor; Roche, Penzberg, Germany). The lysates
were cleared by centrifugation. The supernatant were incubated with 20
wl a-HA affinity matrix beads (Roche) at 4°C for 2 h. The samples were
washed 5 times with lysis buffer. Bound proteins were eluted by boiling
the beads for 5 min at 95°C in SDS loading buffer. Immunoblot analysis
and detection were done as described above.

Model structure. To analyze the interaction surface between HIV-1
Vif and hA3C/A3F, the hA3C (PDB entry 3VOW), hA3F C-terminal
(PDB entry 4J4]), and HIV-1 Vif (PDB entry 4N9F) structures were used.
The structural models of F-1 Vif and mutants were built by the SWISS-
MODEL online server (http://www.swissmodel.expasy.org/) (82) using
B-NL4-3 Vif (PDB entry 4N9F) as a template. The graphical visualizations
shown in Fig. 8 and 9 were constructed using PyMOL (PyMOL Molecular
Graphics System, version 1.5.0.4; Schrodinger, Portland, OR).

Statistical analysis. Data are represented as the means with standard
deviations (SD) in all bar diagrams. Statistically significant differences
between two groups were analyzed using the unpaired Student’s ¢ test with
GraphPad Prism, version 5 (GraphPad Software, San Diego, CA, USA). A
minimum P value of 0.05 was considered statistically significant. A Pvalue
of <0.001 was extremely significant (***), 0.001 to 0.01 very significant
(**), 0.01 to 0.05 significant (*), and >0.05 not significant (ns).
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FIG 3 Sensitivity of rh/hA3C and h/smmA3C chimeras to HIV-1 Vif-mediated depletion. (A and C) Schematic structure of rh/hA3C and h/smmA3C chimeras.
Amino acid positions 120, 150, and 190 in hA3C are indicated. (B and D) Immunoblots of protein lysates of cotransfected cells displaying the A3’s sensitivity to

HIV-1 Vif-triggered degradation. The expression of A3s and HIV-1 Vif were
control. +, with HIV-1 Vif; —, without HIV-1 Vif.

Accession number(s). Sequences for human A3C (NM_014508.2),
chimpanzee A3C (NM_001251910.1), gorilla A3C (AH013821.1), African
green monkey A3C (EU381232.1), sooty mangabey monkey A3C
(KX405162), rhesus monkey A3C (JF714486.1), SIVptsl (Tanl) (EF3943
56.1), and SIVpts2 (Tan2) (EF394357.1) were deposited in NCBI.

RESULTS

The sensitivity of primate A3C to lentiviral Vif. A previous study
has identified several residues in the hydrophobic V-shaped
groove formed by the a2 and a3 helices of A3C involved in HIV-1
Vifinteraction (63). This interaction interface is conserved in pri-
mate A3C proteins, although rhA3C has one substitution (E to K)
at position 106 (Fig. 1A). To test the sensitivities of these A3C
proteins to HIV-1 Vif, cotransfections of expression plasmids for
A3Csand HIV-1 Vif were performed. A3C steady-state levels were
assessed by immunoblotting protein lysates of coexpressing cells.
Previous studies demonstrated that both SIVagm and HIV-1 Vif
were able to induce the degradation of human A3C by the protea-
some (83). Based on this finding, we assume that the dominant
mechanism of Vif against A3C in our study is Vif-triggered deg-
radation of A3 as well. Results show that HIV-1 Vif reduced the
stability of hA3C and cpzA3C, while smmA3C, agmA3C, and
rhA3C were resistant (Fig. 1B). smmA3C was cloned from a
white-crowned mangabey (Cercocebus torquatus lunulatus),
which is one of the three subspecies of sooty mangabey monkeys.
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analyzed by using anti-HA and anti-V5 antibodies. Tubulin served as a loading

The resistance of smmA3C to HIV-1 Vif was unexpected, because
the previously identified HIV-1 Vifinteraction sites were identical
between smmA3C and hA3C (Fig. 1A). HIV-1 Vif’s block to de-
plete thA3C may be caused by an E-to-K substitution at position
106. To prove this, we made a K106-to-E mutation in rhA3C and
tested its sensitivity to HIV-1 Vif. However, the results showed
that rhA3C.K106E still could not be degraded by HIV-1 Vif (Fig.
1B). These observations indicate that sites in addition to the al-
ready characterized residues in A3C are involved in the HIV-1 Vif
interaction. We also observed that HIV-2, SIVmac, and SIVagm
Vif depleted all A3C proteins, including thA3C.K106E (Fig. 1B).
These data suggest that Vif proteins from diverse HIV/SIV lin-
eages have distinct binding sites in A3C which mediate its degra-
dation.

We next tested the anti-SIVmac activities of these primate A3C
proteins in the presence of SIVmac or HIV-1 Vif proteins. Lucif-
erase reporter viruses of SIVmac, SIVmacAVif, and SIVmacAVif
plus Vif of HIV-1 were produced with hA3G, hA3C, cpzA3C,
rhA3C, agmA3C, or smmA3C. The Vif-proficient virus SIVmac-
Luc expresses Vif in its natural expression context; however, Vif
lacks an epitope tag for detection. Viral particles were normalized
by RT activity, and the luciferase activity of infected cells was
quantified 2 days postinfection. All A3C proteins strongly inhib-
ited the infectivity of Vif-deficient SIVmac, which was fully coun-
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teracted by SIVmac Vif, as was hA3G (Fig. 2A). The immunoblots
of virus-producing cells indicated that SIVmac Vif reduced the
stability of hA3G and all primate A3C proteins, which resulted in
viral particles with much reduced A3 content (Fig. 2B). However,
HIV-1 Vif counteracted the anti-SIVmac activity of hA3G, hA3C,
and cpzA3C, and rhA3C, agmA3C, and smmA3C displayed resis-
tance to HIV-1 Vif (Fig. 2C). The immunoblots showed that
HIV-1 Vif decreased the protein level of hA3G, hA3C, and cpzA3C
in cell lysates and viral particles but not that of rhA3C, agmA3C,
and smmA3C (Fig. 2D). Since the HIV-1 Vif we used here con-
tained a C-terminal V5 tag, we wondered whether the V5 tagin Vif
would contribute to the Vif resistance of rhA3C, agmA3C, and
smmA3C. We then tested the sensitivity of A3Cs to untagged
HIV-1 Vif. We found that hA3C and cpzA3C were sensitive to
antagonization by untagged HIV-1 Vif, whereas rhA3C, agmA3C,
and smmA3C still were not degraded (Fig. 2E). Thus, the V5 tag in
Vif did not contribute to the HIV-1 Vif resistance of rhA3C,
agmA3C, and smmA3C. It is important to point out that cpzA3C
was less efficiently depleted from cells by HIV-1 Vif (untagged and
V5 tagged) than hA3C (Fig. 2D and E). The immunoblotting results
showed that SIVcpz (SIVptsl and SIVpts2) Vifs displayed stronger
activity against hA3C and cpzA3C than HIV-1 Vif (Fig. 2F).

Identification of specific rh/smmA3C residues involved in
resistance to HIV-1 Vif. The results from Fig. 1B suggest that
additional sites in hA3C are involved in the interaction with
HIV-1 Vif. To identify the additional determinants, several rh/
hA3C chimeras were constructed. Structures of A3 chimeras are
shown in Fig. 3A, and their sensitivities to HIV-1 Vif were deter-
mined by immunoblotting of cell lysates expressing Vif and indi-
vidual A3 constructs. The results showed thathA3C chimera 9 and
chimera 11 were sensitive to HIV-1 Vif-mediated depletion, while
rhA3C chimeras 13, 15, 17, and 31 were resistant and not degraded
(Fig. 3B). The composition of the chimeras indicated that the C
terminus (from amino acids 120 to 190) of rhA3C determined the
resistance to HIV-1 Vif. smmA3C was also resistant to HIV-1
Vif-induced degradation (Fig. 1A). To narrow the scope of resi-
dues in A3C that are involved in the HIV-1 Vif interaction, 10
chimeras of human A3C and smmA3C were produced. The struc-
tures of smm/hA3C chimeras are displayed in Fig. 3C. We found
that hA3C chimeras 2, 4, 6, 7, and 9 could be depleted by HIV-1
Vif, while smmA3C and other chimeras evidently were not de-
graded (Fig. 3D). Based on these results, amino acids 120 to 150 of
smmA3C were identified as an essential domain that confers re-
sistance to HIV-1 Vif.

To identify the residues in rhA3C and smmA3C that are im-
portant for resistance to HIV-1 Vif-mediated counteraction, we
compared the amino acids from 120 to 150 in primate A3C pro-
teins, and four residues (130, 133, 140, and 141) were selected for
further characterization. In hA3C and cpzA3C these residues are
C130, E133, and 140QE141, while in agmA3C, rhA3C, and
smmA3C these four positions are N/H130, Q133, and 140EK141,
respectively (Fig. 1A). Thus, we mutated N130, Q133, and
140EK141 in rhA3C to the residues found in hA3C, termed
rhA3C.CE+QE. Based on this construct, we performed the single-
amino-acid substitution K106E, named rhA3C.K106E-CE+QE
(Fig. 4A), because E106 in hA3C indicates it is binding to HIV-1
Vif (65). For smmA3C, four amino acid substitutions were pro-
duced, and the construct was termed smmA3C.CE+QE (Fig.
4A). The sensitivities of these constructs together with wild-
type hA3C, rhA3C, and smmA3C to HIV-1 Vif-triggered de-
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FIG 4 Identification of determinants in rhA3C and smmA3C that confer
resistance to HIV-1 Vif. (A) The schematic structure of rhA3C and smmA3C
mutants. The numbers represent amino acid positions in A3C. +, sensitive to
HIV-1 Vif-induced degradation; —, resistant to HIV-1 Vif-induced degrada-
tion. (B and D) hA3C, rhA3C, smmA3C, or A3C mutants were cotransfected
with HIV-1 Vif into 293T cells. A3, HIV-1 Vif, and tubulin were detected by
using anti-HA, anti-V5, and anti-tubulin antibodies, respectively. (C) Sche-
matic structure of hA3C mutants.

pletion were tested by immunoblotting. The results showed
that thA3C.CE+QE was still resistant to HIV-1 Vif, but
rhA3C.K106E-CE+QE was sensitive to hA3C (Fig. 4B). This
result confirmed the importance of E106 in hA3C involvement
in the HIV-1 Vif interaction. The smmA3C.CE+QE protein
was depleted by HIV-1 Vif, which suggests that C130, E133,
and 140QE141 are also important for HIV-1 Vif-mediated deg-
radation. In addition, the equivalent residues (C130, E133, and
140QE141) in hA3C were replaced by N130, Q133, and
140EK141, respectively, producing hA3C.CE-NQ, hA3C.QE-
EK, and hA3C.NQ+QE (Fig. 4C). hA3C.E106K, which could not
be antagonized by HIV-1 Vif, was used as a control. The results
showed that hA3C.E106K was partially resistant to HIV-1 Vif
but that hA3C.QE-EK was depleted (Fig. 4D), showing consis-
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tency with previous studies (63). Moreover, we found that
hA3C.CE-NQ and hA3C.NQ+EK were resistant to HIV-1 Vif-
mediated degradation (Fig. 4D). Taken together, these results
demonstrate that residues 106, 130, and 133 of primate A3C pro-
teins determine their sensitivities to HIV-1 Vif, but residues
140QE141 were unimportant for HIV-1 Vif interaction.

A3F and A3C have distinct Vif interaction interfaces. After
identification of the residues C130 and E133 in hA3C as being
important for interaction with HIV-1 Vif, we expanded our ex-
periments to hA3F. The equivalent residues (D313 and E316)
in hA3F were replaced by H313 and Q316, which were present in
rhA3F. In addition, we altered amino acids Q323E and E324K in
hA3F (Fig. 5A). We analyzed the anti-HIV-1 activity of these hA3F

10200 jvi.asm.org

Journal of Virology

mutants in the presence of HIV-1 Vif. HIV-1 Vif restored the
infectivity in the presence of hA3F and hA3F.DE-HQ, while
hA3F.QE-EK displayed antiviral activity in the presence and ab-
sence of HIV-1 Vif (Fig. 5B). The corresponding immunoblots of
virus-producing cells showed that HIV-1 Vif reduced the steady-
state level of hA3F and hA3F.DE-HQ but not of hA3F.QE-EK (Fig.
5C). Q323E and E324K alterations in hA3F impaired HIV-1 Vif-
mediated depletion, consistent with previous studies (63, 67).
However, we and other groups also observed that the equivalent
residues (Q140 and E141) in hA3C were unimportant for HIV-1
Vifinteraction (63) (Fig. 4D). We then compared the structures of
hA3C and the C-terminal domain of hA3F and highlighted the
HIV-1 Vifinteraction surface investigated in our study. As shown
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in Fig. 5D, residue E106 in hA3C and the corresponding residue
E289 in hA3F, which are located in the a3 helices, were involved in
HIV-1 Vifinteraction. In the a4 helices, the HIV-1 Vif interaction
surface differs in hA3C and hA3F, shifting from the top to the
bottom of a4 helices (Fig. 5D). Taken together, these results indi-
cate that the Vif-A3 interaction interfaces in hA3C and hA3F are
different.

To clarify whether the identified residues of A3C and A3F were
directly involved in Vif binding, coimmunoprecipitation (co-IP)
assays of Vif.SLQ/AAA, which binds A3s without inducing their
degradation, were performed with HA-tagged A3C and A3F. Be-
cause the expression levels of primate A3C and several mutants
were distinct, ImageJ software was used to evaluate the band den-
sity of A3C and Vif from immunoprecipitation. The ratio of Vif to
A3 was calculated as A3-Vif binding activity in which we set wild-
type A3C-Vif or wild-type A3F-Vif binding activity as 100%. As
shown in Fig. 6, thA3C and its mutant, rhA3C-K106E-CE+QE,
which was sensitive to HIV-1 Vif, immunoprecipitated with HIV-1
Vif (Fig. 6A); however, binding was much reduced compared to
Vif binding to hA3C. The smmA3C and smmA3C.CE+QE pro-
tein levels were much lower in the cell lysates, so they precipitated
less than hA3C in co-IP complexes, whereas the amount of de-
tected HIV-1 Vif was similar to that of the hA3C-Vif complex (Fig.
6A), indicating that smmA3C has high binding activity to HIV-1
Vif (Fig. 6B). The hA3C.E106K and hA3C.QE-EK mutants
showed very low HIV-1 Vif binding, which was consistent with a
previous study (63). However, hA3C.CE-NQ, which was not de-
graded by HIV-1 Vif, pulled down similar amounts of Vif com-
pared to the wild-type hA3C-Vif complex (Fig. 6A). The HIV-1
Vif binding capacities of hA3F and hA3F.DE-HQ were similar,
corresponding to similar sensitivities to HIV-1 Vif (Fig. 5B and
6B). Significantly reduced amounts of Vif were pulled down by
hA3F.QE-EK, suggesting hA3F residues 323QE324 were involved
in Vif binding. RhA3C and smmA3C were totally resistant to
HIV-1 Vif-induced degradation (Fig. 4B and D); however, both of
these proteins showed robust binding to HIV-1 Vif, suggesting
that the Vif binding detected by co-IPs is unrelated to Vif-medi-
ated degradation.

Internal salt bridge of Vif protein influences degradation of
hA3C/F. Previous studies have identified three motifs of HIV-1
Vif specifically involved in the interaction with hA3F: the
F1 box (14DRMR17), F2 box (74TGEDW?79), and F3 box
(171IEDRW174) (66, 84). To identify additional determinants in
HIV-1 Vif relevant for interaction with hA3C/F, 21 HIV-1 Vif
alleles (71) were used for detecting their hA3C counteractivity,
including five Vifs isolated from HIV-1 N and O subtypes. All Vif
alleles were detectable by anti-Vif polyclonal antibody (Fig. 7A).
The Vif variants (C1, C2, and C3) displayed lower-level signals in
the immunoblots than the other Vifs, which might be caused by
weaker antibody recognition (Fig. 7A). The 21 Vif alleles depleted
hA3C to various degrees. To evaluate the degree of this counter-
action, Image] was used to calculate the density of hA3C bands in
which hA3C cotransfected with empty vector plasmid was set as
the control (100% expression). The results showed that 10 Vif
variants (A2, B-NL4-3, B-LAI, C3, D2, F-3, F-4, O-119, O-127,
and N-116) strongly depleted hA3C (Fig. 7A and B). All other Vif
variants, except Vif from F-1, moderately reduced the protein
level of hA3C. The F-1 Vif had an expression level similar to those
of B-NL4-3 and B-LAI Vif, but almost 80% of hA3C could be
detected in the presence of F-1 Vif (Fig. 7A and B). A previous
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FIG 6 HIV-1 Vif binding to A3C and A3F mutants. (A) Coimmunoprecipi-
tation of HIV-1 Vif SLQ/AAA with A3C and A3F mutants. Protein cell lysates
(Input) and immunoprecipitated complexes (IP) were analyzed by immuno-
blotting with anti-Vif for HIV-1 Vif or anti-HA for A3. (B) Image] was used to
evaluate the band density of A3C and Vif from immunoprecipitation. The
ratio of Vif to A3 was calculated as A3-Vif binding activity. WT A3C-Vif and
WT A3F-Vif binding activity was set as 100%.

study demonstrated that F-1 Vif, but not Vif from F-2 and
B-NL4-3, could mediate the degradation of hA3H haplI (71). To
understand whether the resistance of hA3C to F-1 Vif is specific,
three Vif variants (B-NL4-3, F-1, and F-2) were tested for coun-
teraction of hA3H hapll, hA3G, hA3F, and hA3C. The results
showed that the protein levels of both hA3C and hA3F could be
reduced by B-NL4-3 and F-2 Vif but displayed resistance to F-1
Vif. hA3G was strongly depleted by these three Vif variants, while
hA3H hapll was resistant to B-NL4-3 and F-2 Vif but sensitive to
F-1 Vif (Fig. 7C), consistent with previous data (71). Taken to-
gether, these results indicated that the differences between F-1,
F-2, and B-NL4-3 Vifs determine specific degradation of hA3C/F.

After analyzing the sequences of B-NL4-3, F-1, and F-2 Vif, six
residues outside the CUL5 and BC boxes were identified (posi-
tions 39,48, 61,62, 167,and 182) where all three Vifs differed from
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FIG 7 hA3C depletion activities of HIV-1 Vif alleles. (A) The 21 HIV-1 Vif alleles induced depletion of hA3C to various degrees. hA3C and Vif alleles were
cotransfected into 293T cells. Protein extracts of transfected cells were used for detecting the expression of hA3C, Vif, and tubulin by anti-HA, anti-Vif, and
anti-tubulin antibodies, respectively. Vifs from N and O subtypes were detected by anti-myc antibody. This A3C experiment was repeated at least three times with
similar results. (B) ImageJ was used to evaluate the band density of A3C and tubulin. The ratio of A3C to tubulin was calculated as A3C expression efficiency. A3C
plasmid cotransfected with empty vector plasmid was set as 100% expression. (C) hA3C, hA3F, hA3G, and hA3H haplI expression plasmids were transfected
together with B-NL4-3 expression plasmids and F-1 and F-2 Vif variants. A3 and Vif were detected by using anti-HA and anti-Vif antibodies. Tubulin served as

a loading control.

each other. Residues F39 and H48 in Vif determine the interaction
with hA3H haplI (71). Based on the structure of Vif, residues 61
and 62 are on the other side of the F box that was identified for the
interaction with hA3F. Thus, we focused on residues 167 and 182
in F-1 Vif. K167 and D182 in F-1 Vif were mutated to R and G,
which are the corresponding residues in B-NL4-3 Vif both sepa-
rately and in combination (Fig. 8A). Wild-type Vif and Vif mu-
tants were tested in coexpression experiments for their effect on
the steady-state levels of hA3C and hA3F. The immunoblot
showed that replacing K167 with arginine recovered the F-1 Vif
depletion activity against hA3C, while the introduction of glycine
at position 182 did not help much to enhance A3C reduction (Fig.
8B). However, both K167R and D182G exchanges activated F-1
Vif counteraction of hA3F, which suggests that G182 is important
for degradation of hA3F but not hA3C (Fig. 8B). We next replaced
K167 in F-1 Vif by a negatively charged amino acid, D/E, as well as
anonpolar alanine, and analyzed their hA3C/hA3F inhibitory ac-
tivities. We found that mutants K167A, K167D, and K167E de-
pleted hA3C/hA3F as efficiently as B-NL4-3 Vif (Fig. 8C). The F3
box (171IEDRW174) that interacts with hA3C/F is conserved in
B-NL4-3 and F-1 Vif (Fig. 8A). Thus, we wondered whether the F3
box in F-1 Vif is still essential for inhibition of hA3C/hA3F. To
address this question, 171ED172 to 171AA172 mutations were
generated in both F-1 wild-type Vifand F-1 Vif. K167R constructs.
The immunoblot revealed that replacing K167 with R recovered
the F-1 Vif activity against hA3C/hA3F, but mutations in the F3
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box together with K167R impaired degradation, suggesting that
the F3 box in F-1 Vifis still key to the function of interaction with
hA3C/hA3F (Fig. 8D). The Vifs from B-NL4-3 and F-1 share
90.3% identical residues. Thus, we modeled the structures of F-1
Vifand its mutants using the structure of B-NL4-3 Vif (PDB entry
4NOF) as a template and analyzed the interactions of residues 171
and 167 within these model variants. We found that E171 and
K167 displayed a strong interaction in the F-1 Vif, while the mod-
els of K167A, K167D, and K167E displayed no interaction (Fig.
8E). Taken together, these results suggest that the side-chain in-
teraction of E171 and K167 affect hA3C/hA3EF-Vif interaction in-
duced by E171, resulting in an F-1 Vif being inactive in the induc-
tion of the degradation of hA3C/hA3F.

Additionally, we exchanged R167 and G182 in B-NL4-3 Vif for
K and D, which were found in F-1 Vif. As controls we included F2
and F3 box mutants (B-NL4-3.RR-AA and B-NL4-3.ED-AA).
Wild-type Vif and Vif mutants were tested for affecting the pro-
tein stability of hA3C, hA3F, and hA3G in Vif/A3 coexpression
experiments. The results showed that mutations in the F2 box and
the F3 box indeed impaired Vif activity against hA3C and hA3F
but not against hA3G (Fig. 9A). Surprisingly, substitution R167K
or G182D or the combination of both mutations did not impair
depletion of hA3C, hA3F, and hA3G by B-NL4-3 Vif (Fig. 9A). To
analyze the internal structural changes of the R167K Vif mutant,
we modeled the structures of B-NL4-3 Vif.R167K and analyzed
the E171-K167 interaction. We found that residue K167 in
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B-NL4-3 Vif.R167K preferred to interact with D101 but not
with E171 (Fig. 9B). In F-1 Vif, a glycine was present at position
101 which had no chance to form an internal interaction with
K167 (Fig. 9B). Thus, replacing D101 in B-NL4-3 Vif.R167K
with glycine could rebuild the connection of E171-K167 (Fig.
9B). To test this hypothesis, we analyzed the counteractivity of
B-NL4-3 Vif.D101G and B-NL4-3 Vif.D101G+R107K against
different amounts of hA3C- or hA3F-transfected (150 ng, 250
ng, or 350 ng) expression plasmid. We found that B-NL4-3
Vif.D101G+R107K reduced the capacity to induce depletion
of hA3F and hA3C compared with B-NL4-3 wild-type Vif (Fig.
9C). As shown in Fig. 9D, three discontinuous motifs (shown
in red) in Vif (B-NL4-3) formed the hA3F and hA3C interac-
tion surface, while the residues R167 and D101, which deter-
mined internal interaction with the F3 box, are shown in ma-
genta (Fig. 9D). Taken together, these results suggest that
internal interactions in the Vif protein can also influence the
Vif-A3 interaction.

DISCUSSION

The antiviral activity of A3C against HIV-1AVifis not as potent as
that of A3G and A3F. While several studies found no antiviral
activity of hA3C, others reported that the infectivity of HIV-1AVif
can be reduced by 50% by hA3C and restored by its Vif protein
(11, 19-23,26-28). We do not know whether AVif mutants of the
various HIV-1 subtypes differ in their sensitivity to hA3C. How-
ever, of the 21 Vifisolates we tested here from HIV-1 group M, N,
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and O subtypes, only four Vifs (A-1, B-1, D-1, and F-1) showed
reduced counteractivity to hA3C. Thus, the capacity of HIV-1 Vifs
to counteract hA3C is highly conserved. Our data indicate that
HIV-1 Vif uses a different binding surface to interact with A3C
and the related A3F and that impairing the anti-A3C/A3F activity
does not prevent the counteraction of A3G.

A previous study identified several hydrophobic or negatively
charged residues between the a2 and a3 helix of hA3C that bind to
HIV-1 Vif (63), and it was also reported that C130A, C130L, and
E133A substitutions in hA3C did not impair HIV-1 Vif-induced
degradation. However, in our study, replacement of C130 and
E133 in hA3C with residues N130 and Q133, which are found in
rhA3C (hA3C CE-NQ mutant in Fig. 4C), resulted in resistance to
HIV-1Vif (Fig. 4D). Both cysteine and asparagine residues belong
to polar amino acids, but the E133Q substitution alters the residue
from negatively polar acidic to uncharged (whereas alanine is
nonpolar). These observations suggest that the charge of resi-
due 133 in hA3C is important for the interaction with HIV-1
Vif. In addition, we demonstrated the E324 of hA3F is essential
for HIV-1 Vif interaction, while the equivalent residue E141 in
hA3C is not. These results are consistent with Kitamura et al.
(63). In the Vif protein, a recent study described that mutations
in a basic Vifinterface patch (R17,E171,and R173) had distinct
influence on degradation of hA3C and hA3F (66). In our ex-
periments, we found that the additional residue G182 of HIV-1
Vif had different effects on the counteraction of hA3C and
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B-NL4-3 Vif and its mutants. A3 and Vif were detected by using anti-HA and anti-Vif antibodies. Tubulin served as a loading control. (B) The structures of
B-NL4-3, F-1 Vif, and their variants were modeled by SWISS modeling. The internal interaction between residues 171, 167, and 101 were analyzed by PyMOL,
and the distances between interacting side chains are between 3.4 and 3.8 A. The internal interaction is shown as a red dashed line. (D) Structure analysis of HIV-1
Vif (PDB entry 4N9F) for hA3C/hA3F interaction sites. Three discontinuous HIV-1 Vif motifs (F1 box, F2 box, and F3 box) that interact with hA3C/F are shown

in red. 167R that contacted the F3 box is shown in magenta.

hA3F (Fig. 8B and 9C). These findings strongly support that
HIV-1 Vif interaction interfaces in hA3C and hA3F are not
identical.

A recent study reported that amino acids P16, M19, E20, P44,
H45, and V47 of HIV-2 Vif are important for interaction with
A3F, whereas the 140AGARV144 motif in the N-terminal half of
A3F is critical for interaction with HIV-2 Vif (74). Here, we found
that all tested A3C proteins were sensitive to HIV-2, SITVagm, and
SIVmac Vif. hA3C and the C terminus of hA3F are homologous
(5). A3C proteins are strong inhibitors of SIVAVif, while SIVagm
and SIVmac Vifs reduced the protein levels of hA3C, cpzA3C,
smmA3C, agmA3C, and rhA3C (Fig. 1B and 2). This counterac-
tion might promote SIV cross-species transmissions between pri-
mates. Compared to HIV-1 Vif, SIVcpz Vif is more active against
hA3C and cpzA3C (Fig. 2F). The role of the human A3C protein
during SIVcpz transmission to the human population is currently
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unclear. Letko et al. reported that gorilla A3G resists degrada-
tion of HIV-1 and most SIV Vifs, serving as a barrier to SIV
transmission (51). Compared to the sequence of cpzA3C or
hA3C, the region of amino acids 128 to 133 of gorA3C is quite
different (128YPCYQE133 presents in cpzA3C and hA3C,
128DTDYQE133 in gorA3C). Whether the replacement of
128YPC130 with 128DTD130 affects gorA3C degradation by
HIV-1 or SIV Vifs needs further investigation.

Here, we found that rhA3C and smmA3C were resistant to
HIV-1 Vif (Fig. 1B). However, coimmunoprecipitation assays
showed that rhA3C, smmA3C, and the hA3C.CE-NQ mutant,
which was insensitive to HIV-1 Vif, still bound to HIV-1 Vif.
These results indicate that binding detected by co-IPs is not a
proper reporter for Vif-mediated counteraction affecting the pro-
tein levels. Indeed, several previous studies reported that binding
of Vifand A3 is not the only determinant for complete Vif-medi-
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ated degradation (53, 57, 83-85). Kitamura et al. identified several
residues between a2 and a3 helices of A3C binding to HIV-1 Vif
(63). These residues are conserved in smmA3C (Fig. 1A), which
might be the reason that binding of smmA3C to HIV-1 Vif was
observed in our study. Recently a wobble model of the evolution
of the Vif-A3 interaction was presented (64), implicating that
among the Vif-A3 interactions, some binding sites are essential
while others provide additional stabilizing contacts. Based on this
idea, where only Vif forms a sufficient network of interactions
with A3s, a functional interaction is formed. Suboptimal, destabi-
lized interactions could be restored by the evolution of compen-
satory changes in the Vif-A3 interface. Thus, it is possible that the
Vif interaction sites in hA3C identified by Kitamura et al. are the
main interactions (63), while C130 and E133 in hA3C represent
one of the relevant additional interacting points for hA3C-Vif
complex formation.

Previous studies have identified three discontinuous motifs of
HIV-1 Vif specifically involved in interaction with hA3F: F1-
(14DRMR17), F2-(74TGEDW?79), and F3-(171EDRW174) (66,
84). In addition, conserved tryptophans in Vif outside the F1, F2,
and F3 box have been reported to be important for hA3F degra-
dation (86). Here, we identified HIV-1 Vif subtype F-1, which did
not degrade hA3C and hA3F, as was determined by residue K167.
Our experimental results suggest that the A3-Vif interaction sur-
face differs in Vif proteins of B-NL4-3 and F-1. Structure model-
ing suggested that E171, K167, and D101 in HIV-1 Vif can form
internal noncovalent interactions, while the mechanism of how
this internal interaction influences the Vif-A3 interaction needs
further investigation, especially due to its intrinsic disordered na-
ture (87). Vif proteins of different F-1 isolates show variability at
101 and 167 sites (G101D or K167Q/R), but E171 is conserved
(data not shown). The hA3F/hA3C degradation activities of these
F-1 Vif variants require further investigation. Interestingly, Vif
from the F-1 subtype did not degrade hA3C and hA3F, whereas it
counteracted hA3G and hA3H haplI (Fig. 7C) (71). It is unknown
how the F-1 subtype virus, an isolate from Brazil, escapes the re-
striction of hA3F. Recently, single-nucleotide polymorphism
(SNP) haplotypes of hA3F were reported, and an 1231V variant
with an allele (V) frequency of 48% in European Americans was
associated with significantly lower set-point viral load and lower
rate of progression to AIDS (88). Thus, it is possible that the hA3F
of the host of our F-1 subtype had a unique haplotype that can be
counteracted by F-1 Vif.

In summary, we found that rhA3C and smmA3C were re-
sistant, but hA3C was sensitive, to HIV-1 Vif-triggered deple-
tion, which was regulated by residues 130 and 133. Moreover,
we identified that the Vif of HIV-1 F-1 subtype could not de-
grade hA3C as well as hA3F but was counteractive against
hA3G and hA3H hapll. Residues 167 and 182 of F-1 Vif were
critical for its inactivity against hA3C and hA3F, which was due
to the intramolecular interaction with the F3 box. These find-
ings provide an important addition to the model of the HIV-1
Vif and hA3C/F interaction and also advance our understand-
ing of host-virus interactions during cross-species transmis-
sion and viral evolution.
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The human immunodeficiency virus type 1 accessory protein Vif is important for viral infectivity
because it counteracts the antiviral protein APOBEC3G (A3G). 32P metabolic labelling of
stimulated cells revealed in vivo phosphorylation of the control protein, whereas no serine/
threonine phosphorylation was detected for Vif or the A3G protein. These data were confirmed by
in vitro kinase assays using active recombinant kinase. Mitogen-activated protein kinase/
extracellular signal-regulated kinase 2 efficiently phosphorylated its target ELK, but failed to
phosphorylate Vif. Putative serine/threonine phosphorylation point mutations in Vif (T96, S144,
S$165, T188) using single-round infection assays demonstrated that these mutations did not alter
Vif activity, with the exception of Vif.TO6E. Interestingly, T96E and not T96A was functionally
impaired, indicating that this residue is critical for Vif~-A3G physical interaction and activity. Our

Received 27 March 2012
Accepted 9 August 2012

data suggest that Vif and A3G are not serine/threonine phosphorylated in human cells and
phosphorylation is not linked to their functional activities.

Vif is a protein of human immunodeficiency virus type 1
(HIV-1) that is required for replication in non-permissive
cells and primary peripheral mononuclear cells that express
antiviral APOBEC3G (A3G) (Courcoul et al., 1995; Fisher
et al., 1987; Gabuzda et al., 1992; Strebel et al., 1987; von
Schwedler et al., 1993). In addition to HIV-1, most other
lentiviruses also possess vif genes. HIV-1 Vif targets A3G
for polyubiquitination and subsequent degradation
through a proteasome-dependent pathway. Vif binds
A3G and acts as an A3G substrate receptor molecule by
mimicking the SOCS-box component of a cellular E3
ubiquitin ligase in the Vif~Cul5-EloB/C ubiquitin ligase
complex (Marin et al., 2003; Mehle et al., 2004; Sheehy
et al., 2003; Yu et al., 2003, 2004). The SOCS-box in Vif
(residues 144-173, Fig. 1), which consists of the BC-box
and the Cullin-box, is required for multimerization. The
BC-box recruits EloC and the Cullin-box interacts with
Cul5 (Donahue et al., 2008; Mehle et al., 2004; Stanley
et al., 2008; Wolfe et al., 2010; Yang et al., 2001; Yu et al.,
2004). The binding of Cul5 to Vif is also mediated by the
zinc-binding HCCH-box (residues 108—139) and the T(Q/
D/E)xsADx,(I/L) motif (residues 96-107) (Dang et al.,
2010b; Luo et al., 2005; Mehle et al., 2006; Wolfe et al.,
2010; Xiao et al, 2006, 2007; Yu et al, 2004). The
interaction of Vif with A3G is organized by the G-box
(residues 40-44), together with the WxSLVK motif

(residues 21-26), the FG-box (residues 55-72), the
LGxGxxIxW motif (residues 81-89) and the T(Q/D/
E)xsADx,(I/L) motif (Fig. 1) (Dang et al, 2009, 2010a, b;
He et al., 2008; Pery et al., 2009; Russell & Pathak, 2007).
Vif mutants that have a defect in binding to either A3G,
Cul5 or EloC are unable to counteract the antiviral activity
of A3G. However, other reports indicate that the physical
assembly of Vif to A3G without subsequent degradation is
sufficient to inhibit cytidine deamination, particle encap-
sidation or translation of A3G (Kao et al., 2003, 2004, 2007;
Opi et al, 2007; Santa-Marta et al., 2005; Stopak et al.,
2003).

Several putative phosphorylation sites in Vif have been
described (Yang et al, 1996; Yang & Gabuzda, 1998),
suggesting that serine/threonine phosphorylation of Vif at
Ser144, Thr155, Thr188, Thr96 and Ser165 may occur in
vivo in cultures of human cells (Fig. 1). In addition, two
studies suggested that A3G can be phosphorylated by
protein kinase A (PKA) at Thr32 (Shirakawa et al., 2008) or
at Thr218 by PKA and calcium calmodulin-dependent
kinase II (CaMKII) (Demorest et al., 2011).

To determine whether Vif is phosphorylated in vivo,
we radiolabelled Vif [derived from HIV-1 strain NL4-3,
not codon-optimized, containing a C-terminal V5 tag
(Zielonka et al, 2010)] via metabolic labelling with
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Fig. 1. Schematic representation of the functional domains in HIV-
1 Vif and amino acids mutated in this study. Various domains are
required for interaction with A3G [WxSLVK motif, G-box, FG-box,
LGxGixxIxW motif and T(Q/D/E)xsADxo(I/L) motif], as well as with
Cul5 [T(Q/D/E)xsADx5(I/L) motif, HCCH-box and SOCS-box] and
EloC (SOCS-box). N, N terminus; C, C terminus.

*?P_orthophosphate (**P;). Phosphorylation was investi-
gated in HEK-293T cells transfected with the Vif expression
plasmid, incubated with 3 2Pi—containing medium and
stimulated with  12-O-tetradecanoylphorbol-13-acetate
(TPA) to initiate the mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/ERK) cascade
or di-butyryl cAMP (dB-cAMP), which induces activation
of PKA. Ten hours post-transfection, the medium was
replaced with medium containing 2% FCS (Biochrome).
At 36 h post-transfection, cells were labelled with *P;
(Hartmann Analytik) at 0.4 mCi ml~' (14.8 MBqml™') in
phosphate-free medium containing 10% dialysed FCS
for 4 h. Cells were stimulated with TPA (100 ng ml™") for
10 min or with dB-cAMP (500 puM; Sigma-Aldrich) for
4 h, washed with ice-cold PBS and lysed with ice-cold
RIPA buffer [25 mM Tris (pH 8.0), 137 mM NaCl, 1 % (w/
v) glycerol, 0.1 % SDS, 0.5% sodium deoxycholate, 1%
Nonidet P-40, complete phosphatase inhibitor mixture
(PhosSTOP; Roche) and a protease inhibitor mixture
(Roche)]. To isolate Vif, the lysates were pre-adsorbed with
protein-A agarose beads (Roche) for 3 h to remove non-
specific binding proteins, followed by incubation of the
pre-cleared lysates with the anti-V5 antibody (1:300,
MCA1360; AbD Serotec) for 1 h. Afterwards, the lysates
were supplemented with protein-A agarose beads and
incubated at 4 “C overnight. The transcription factor PU.1
[C-terminally haemagglutinin (HA)-tagged] was used as the
control for in vivo phosphorylation and immunoprecipi-
tated with anti-HA affinity matrix beads (Roche). The
proteins were examined using SDS-PAGE and subjected to
autoradiography. The results show that in contrast with
PU.1, immunoprecipitated Vif protein was not radiolabel-
led (Fig. 2a). Immunoblot analysis performed as described
by Zielonka et al. (2010) confirmed the expression and
successful immunoprecipitation of Vif and PU.1 (Fig. 2a).
We thus conclude that Vif is not phosphorylated in vivo on
serine/threonine residues in HEK-293T cells.

Yang & Gabuzda (1998) previously showed that recom-
binant Vif expressed in Escherichia coli can be phosphory-
lated in vitro by ERK2. To investigate the role of ERK2 in

the phosphorylation of Vif, we performed in vitro kinase
assays using recombinant active ERK2. The Vif protein,
derived from transfected HEK-293T cells, was immuno-
precipitated and eluted [using V5-peptides (1 pg pl™') at
20 °C for 30 min], and was incubated with 2.5 ng active
ERK2 (p42 MAPK, Upstate) for 20 min at 30 °C in kinase
reaction mixture [10 pl Vif protein and 10 pCi [y-> PJATP
(370 kBq) in kinase buffer (10 mM Tris/HCI, pH 7.5,
150 mM NaCl, 10 mM MgCl,, 0.5 mM DTT), PhosSTOP
(Roche) and a protease inhibitor mixture (Roche)]. ELK1,
which is a standard phosphorylation substrate of ERK2,
served as a positive kinase reaction control. A signal
derived from protein phosphorylation was only detected
for ELK1 (Fig. 2b) and not for Vif, suggesting that Vif is
not a substrate for phosphorylation by ERK2.

We also analysed the phosphorylation status of A3G by
performing kinase assays in vivo. A3G [with a C-terminal
HA tag (Mariani et al., 2003)] was expressed by transfection
in HEK-293T cells and labelled with **P;. Cell lysis was
performed using RIPA. After immunoprecipitation of
A3G and separation by SDS-PAGE, phosphorylation was
examined by autoradiography. There was no detectable
phosphorylation of A3G upon stimulation by dB-cAMP or
by TPA (Fig. 2c¢). Identical results were obtained in
experiments without dB-cAMP or TPA stimulation (data
not shown).

Two studies suggest that Vif is phosphorylated at multiple
serine/threonine residues (Yang et al, 1996; Yang &
Gabuzda, 1998). These reports motivated us to investi-
gate the role of the putative phosphorylated amino acids
in a quantitative single-round infection assay using the
HIV-1 luciferase reporter virus HIVAvifluc [pNL4-3-luc
R™E™Avif (Mariani et al., 2003)]. Expression plasmids of
Vif containing mutations in single threonine or serine
residues (T96A, T96E, S144A, S144E, S165A, S165E, T188A
and TI188E) were generated by fusion PCR. Alanine
mutations in those sites prevent a potential phosphoryl-
ation and the negatively charged glutamate residues may
mimic a constitutive phosphorylation. To functionally test
the Vif serine/threonine point mutants, HEK-293T cells
were cotransfected with HIVAvifluc together with A3G
and Vif plasmids, along with a VSV-G expression plasmid
(pMD.G) as described by Zielonka et al. (2010). Two days
post-transfection, the virus-containing supernatants were
collected, human osteosarcoma (HOS) cells were trans-
duced with equal amounts of each virus [normalized for
reverse transcription activity (Zielonka et al, 2010)] and
3 days later the infectivity of these viruses was determined
by quantification of intracellular luciferase activity, as
described by Zielonka et al. (2010). Substitution of the
putative phosphorylated amino acids for alanine did not
modulate the ability of Vif to counteract A3G (Fig. 3a),
which is in agreement with data reported by Mehle et al.
(2004) for T96A, S144A and T188A. However, the ability of
Vif to counteract A3G was impaired by the glutamate
substitution of T96 (Vif.T96E), as was reported by Yang &
Gabuzda (1998), resulting in reporter virus transductions
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Fig. 2. Absence of in vivo and in vitro phosphorylation of HIV-1 Vif and A3G. (a) To investigate in vivo phosphorylation of Vif,
HEK-293T cells were transfected with a Vif (V5 tag) expression plasmid. Transcription factor PU.1 (HA tag) was used as a
control for the radiolabelling reaction. Cells were serum-starved, labelled with 32p. and stimulated with TPA or dB-cAMP.
Afterwards, cells were lysed and Vif and PU.1 were purified by immunoprecipitation and detected by autoradiography or
immunoblotting (IB) with anti-V5 or anti-HA antibody, respectively. (b) /n vitro kinase assays were performed using active
recombinant ERK2. ERK2 was incubated with immunoprecipitated Vif and recombinant ELK1 as the positive control in kinase
buffer with [,*P]ATP. Vif, ELK1 and ERK2 were analysed by autoradiography and detected by immunoblotting with anti-V5 (for
Vif) and anti-glutathione S-transferase (GST) (for ELK1 and ERK2) antibodies. (c) To investigate in vivo phosphorylation of
A3G, 293T cells were transfected with an A3G expression plasmid. Cells were serum-starved, then labelled with *2P; and
stimulated with TPA or dB-cAMP. Transcription factor PU.1 was used as a control for the radiolabelling reaction. A3G was
isolated by immunoprecipitation, analysed by autoradiography and detected by immunoblotting with the anti-HA antibody.

with significantly reduced infectivity. Supporting the
importance of this residue, Dang et al. (2010b) recently
reported that changing T96 to either D (negatively
charged) or R (positively charged) prevented the inter-
action of Vif with A3G. In contrast, glutamate exchanges at
S144, S165 and T188 did not alter the capacity of Vif to
inhibit A3G (Fig. 3a). Immunoblots of transfected cells and
viral particles demonstrated that Vif.T96E reduced the
amount of cellular A3G less efficiently than did wild type
(wt) Vif (see cell lysates in Fig. 3b, ¢). A3G was barely
detectable in virions produced in the presence of wt and
mutant Vifs (see virus lysates in Fig. 3b). HIV particles
made with Vif.T96E contained slightly more A3G than
particles derived from wt Vif transfections (Fig. 3b).

To determine whether residue T96 modulates the inter-
action of Vif with A3G, A3G was pulled down by HA beads
(Roche), and bead-associated proteins were identified by
immunoblotting (Fig. 3c). We found that wt, T96A and
T96E mutants interacted with A3G, but Vif. T96E bound
more weakly (~25% less) than wt Vif to A3G (data from
two independent experiments, shown in Fig. 3¢, d).
Vif.T96E itself, expressed without A3G, did not reduce
the infectivity of HIV-1 (Fig. 3e). The hampered neutral-
ization of A3G by Vif.T96E supports the theory that the
charge is very important in the T(Q/D/E)xsADx,(I/L)
motif (Fig. 1) and that the Vif interaction with A3G
depends on electrostatic interaction (Dang ef al, 2010b).
The T96E Vif mutant did not completely lose the ability to
bind and induced degradation of A3G. These observations
are similar to the unexplained activity of YFP-Vif (yellow
fluorescent protein fused to Vif) that effectively degraded
A3G but was severely impaired in its ability to direct the
production of infectious HIV-1 particles from A3G-
expressing cells (Kao et al., 2007).

In contrast with previous studies of Vif and A3G that
reported phosphorylation of both proteins on serine/
threonine residues (Demorest et al., 2011; Shirakawa et al.,
2008; Yang et al., 1996; Yang & Gabuzda, 1998), our results
do not support the theory that serine/threonine residues of
Vif or A3G undergo phosphorylation. It is unclear why our
results differ from those of previous studies. Possible
explanations include the use of different expression and
detection systems. Yang et al. (1996) and Yang & Gabuzda
(1998) analysed histidine-tagged Vif strongly overexpressed
from a vaccinia virus expression system and used E. coli
recombinant Vif for in vitro kinase assays. In contrast, our
in vivo phosphorylation assay was based on transient
expression of Vif by a plasmid carrying the cytomegalo-
virus promoter, which expresses amounts of Vif similar to
full-length HIV-1 (data not shown). To reduce the Rev-
dependency of the vif RNA, we included a post-tran-
scriptional regulatory element of the woodchuck hepatitis
virus (Donello ef al., 1996) in the 3" untranslated region of
the vif mRNA (Zielonka et al., 2010). In addition, our in
vitro kinase assays used Vif protein immunoprecipit-
ated from human cells and active recombinant ERK2. If
Vif is subject to phosphorylation by ERK2 as reported by
Yang & Gabuzda (1998), our in vitro kinase assay should
have detected it. Thus, based on results of in vivo pho-
sphorylation and single point mutations in the putative
phosphorylated serine/threonine residues in Vif, we con-
clude that Vif is probably not a phosphoprotein.

Shirakawa et al. (2008) detected putative A3G phosphor-
ylation with antibodies against phospho-PKA substrates,
but they did not perform mass spectrometry detection of
phosphorylation or metabolic labelling in cell culture.
Demorest et al. (2011) showed that an A3G-derived
peptide (12 aa) containing the predicted Thr218 can be
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Vif and APOBEC3G phosphorylation

Fig. 3. Expression and activity of putative phosphorylation mutants of Vif. (a) HIVAvif.luc reporter viruses were produced in the
presence or absence of A3G, wt Vif and Vif mutants or empty vector (pcDNA). Infectivity of normalized amounts of virus
particles was determined in transduced HOS cells by quantification of the intracellular luciferase activity 3 days post-
transduction. n.t., Not transduced. Asterisks represent statistically significant differences [**P<<0.01, Dunnett's t test as
described by Zielonka et al. (2010)] relative to wt Vif activity. Errors bars are sb. (b) Immunoblots of reporter virus producer cells
and viral particles. The anti-HA antibody was used for the detection of A3G and the anti-Vif antibody for the detection of Vif.
Equal loading of cell lysate samples and viral particles was confirmed using anti-tubulin and anti-p24 antibodies, respectively.
(c) Vif binding to A3G was determined by immunoprecipitation (IP). wt Vif or mutants T96A or T96E were co-expressed with
human A3G or A3G from African green monkey (agm A3G) in HEK-293T cells. Proteins were pulled down with anti-HA beads
and analysed by immunoblotting. Anti-HA antibodies were used for the detection of A3G and anti-Vif antibodies for the
detection of Vif. rdu, Relative density units (software CP Atlas 2.0). (d) An independent second immunoprecipitation (IP) of wt
Vif or mutant T96E with A3G. (e) HIVAvif.luc reporter viruses were produced in the absence of A3G, absence or presence of wt
Vif and Vif.T96E or empty vector (pcDNA). Infectivity of normalized amounts of virus particles was determined as stated in (a).

Errors bars are SD.

phosphorylated in vitro with recombinant PKA and
CaMKII. However, prior to our study, no one had tested
for the phosphorylation of A3G with radiolabelling. Our
approach to radiolabel A3G expressed in HEK-293T is in
principle a non-ambiguous and sensitive assay. We cannot
rule out that very small and undetectable subpopulations of
A3G or Vif proteins may be phosphorylated, even at
different residues than those studied herein. However,
based on our findings, the majority of Vif and A3G
proteins are not subject to serine/threonine phosphoryla-
tion in HEK-293T cells. Our results indicate that the
serine/threonine phosphorylation of Vif and A3G is not
required for the interaction of Vif with A3G for Vif-
dependent degradation of A3G and the antiviral activity of
A3G. The potential specific functional consequences of any
Vif or A3G phosphorylation are therefore unclear. Whether
phosphorylation of Vif or A3G in human cells occurs
under more physiological conditions (e.g. in primary cells)
remains an open question.
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ABSTRACT

LINE-1 (L1) retrotransposons are mobile genetic
elements whose extensive proliferation resulted in
the generation of ~34% of the human genome.
They have been shown to be a cause of single-
gene diseases. Moreover, L1-encoded endonuclease
can elicit double-strand breaks that may lead to
genomic instability. Mammalian cells adopted
strategies restricting mobility and deleterious
consequences of uncontrolled retrotransposition.
The human APOBEC3 protein family of polynucleo-
tide cytidine deaminases contributes to intracellular
defense against retroelements. APOBEC3 members
inhibit L1 retrotransposition by 35-99%. However,
genomic L1 retrotransposition events that occurred
in the presence of L1-restricting APOBECS3 proteins
are devoid of detectable G-to-A hypermutations,
suggesting one or multiple deaminase-independent
L1 restricting mechanisms. We set out to uncover
the mechanism of APOBEC3C (A3C)-mediated L1 in-
hibition and found that it is deaminase independent,
requires an intact dimerization site and the

RNA-binding pocket mutation R122A abolishes L1
restriction by A3C. Density gradient centrifugation
of L1 ribonucleoprotein particles, subcellular
co-localization of L1-ORFip and A3C and
co-immunoprecipitation experiments indicate that
an RNA-dependent physical interaction between L1
ORF1p and A3C dimers is essential for L1 restriction.
Furthermore, we demonstrate that the amount of L1
complementary DNA synthesized by L1 reverse tran-
scriptase is reduced by ~50% if overexpressed A3C
is present.

INTRODUCTION

LINE-1 (L1) retrotransposon activity can cause disease by
insertional mutagenesis, recombination, providing enzym-
atic activities for other non-long terminal repeat (non-
LTR) retrotransposons, and perhaps by transcriptional
over-activation and epigenetic effects [reviewed in (1,2)].
Since L1 elements were discovered as mutagenic insertions
in 1988 (3), 96 disease-causing mutations in humans have
been attributed to L1-mediated retrotransposition events
[reviewed in (4)]. Recent reports also suggest that L1
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endonuclease may have a general function in facilitating
chromosomal breaks and genome instability (5,6). To
limit such deleterious effects of retrotransposition, host
genomes have adopted several strategies to curb the pro-
liferation of transposable elements. Mechanistic strategies
used by the host to restrict the mobilization of transpos-
able clements include DNA methylation (7-9), small-
RNA-based mechanisms (10-12), DNA repair factors
(13,14) and L1 restriction by TREX1 DNA exonuclease
(15) and members of the human APOBEC3
(Apolipoprotein B mRNA Editing Enzyme Catalytic
Polypeptide 3, A3) protein family of cytidine deaminases
[reviewed in (16)].

The human A3 protein family comprises seven members
that include either one (APOBEC3A [A3A], APOBEC3C
[A3C], APOBEC3H [A3H]) or two (APOBEC3B [A3B],
APOBEC3D [A3D], APOBEC3F [A3F], APOBEC3G
[A3G]) cytidine deaminase (CDA) domains containing a
conserved zinc-binding motif (C/H)-X-E-X53.,3-P-C-
X5.4-C (17-20). Multiple A3 genes were reported to be
expressed constitutively in most types of cells and tissues
(21). A3 proteins can restrict the replication of various
retroviruses and LTR retrotransposons by deaminating
cytidines during the first-strand complementary DNA
(cDNA) synthesis, which leads to either cDNA degrad-
ation or the integration of a mutated provirus or LTR
retrotransposon, respectively (22,23). All A3 enzymes
exhibit specificity for single-stranded DNA. Since the
reaction product is deoxyuridine, A3 activity results in
DNA peppered with C—U substitutions, referred to as
hypermutants. The degree of editing can range from a
few cytidine targets per kilobase to ~90% of all cytidine
residues (24-31). All A3 enzymes preferentially edit single-
stranded DNA when the edited base is 5'-flanked by thy-
midine or cytidine, i.e. TpC and CpC [summarized in
(32)]. However, recent studies have provided evidence sug-
gesting that A3 proteins can inhibit retroviruses by
editing-independent processes (33). For instance, antiviral
activities of wild-type (WT) and catalytically inactive A3F
and A3G proteins were reported to correspond well with
reductions in the accumulation of viral reverse transcript-
ase (RT) products (34).

The different A3 family members were reported to
inhibit the human non-LTR retrotransposons L1 and
Alu with varying degrees of efficiency [reviewed in (23)].
The relatively high expression level of A3 proteins in
human testis, ovary (A3G, A3F and A3C) and embryonic
stem cells (A3B, A3C, A3D, A3F and A3G) points to a
physiologically relevant role for these DNA deaminases in
these cells in the protection from potentially deleterious
effects caused by endogenous retroclement mobilization
[reviewed in (23)]. Although both A3A and A3C include
only one single CDA domain, A3A was demonstrated to
be the most potent inhibitor of non-LTR retrotransposon
mobilization. A3A restricted L1 and Alu retrotran-
sposition frequencies by 85-99% and 75-98% (35),
respectively, while A3C inhibited L1 and A/u by only
40-75% and 50-70%, respectively. There is no evidence
for A3-mediated editing of members of the currently
mobilized human-specific L1 subfamily L1Hs (36-38),
and the mechanisms through which A3 proteins inhibit
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L1Hs retrotransposition are unclear to date. The CDA
activity of many A3 proteins does not appear to be
required since CDA mutants continue to inhibit L1
retrotransposition (36,39,40). Localization of the A3
proteins also does not appear to play a key role since
both cytosolic and nuclear-localized A3 proteins effect-
ively inhibit L1 retrotransposition (36,37,41).

Although there was no enhanced rate of G-to-A hyper-
mutations detectable in L1 de novo insertions that
occurred in the presence of A3A, mutating the catalytic-
ally active residues E72, C101 and C106 not only abol-
ished the L1-inhibiting activity of A3A but even increased
the L1 retrotransposition frequencies by 40 (E72A) to
70% (C101A/C106A) (37,42). It was hypothesized that
the inactive A3A mutants relieve part of the L1 repression
by blocking the binding of endogenous A3C and/or A3B
proteins to L1 compounds (37). A3A can also restrict mo-
bilization of the LTR-retrotransposon intracisternal A
particle (IAP) (35) in cell culture assays, and it is active
against the parvoviruses Adeno-associated virus type 2 and
Minute virus of mouse (43-45). Although A3A exerts its
restricting effects on viral and retroviral targets primarily
by mutating their genomes, and editing seems to be at the
heart of many of these effects, A3A mutants devoid of
detectable in vitro deaminase activity have been identified
that can still restrict parvovirus (44). Also, in the presence
of A3A, replicating viral genomes are decreased in Adeno-
associated virus type 2 producer cells (43), which mirrors
the reduced levels of L1 reverse transcripts observed in
A3A-expressing cells (406).

A3C is the most abundantly expressed of all the A3
genes across a wide range of tissues (17). All previously
described A3C-mediated inhibitory effects such as the re-
striction of SIV,emAvif (47), HTLV-1 (48) and HIVAvif
and HBV (49) are a consequence of cytidine deamination.
The presence of G-to-A hypermutations in these viral
genomes indicates that cytidine deamination plays a
major role in the inhibition of these viruses. Whereas
A3C is packaged into Avif HIV with a weak antiviral
effect (50), A3C is a strong inhibitor of SIVAvif (47).
A3C-encoded CDA activity can induce limited G-to-A
mutations in HIV-1 that do not block viral replication,
but rather contribute to viral diversity (51). Even though
A3C, as well as A3A, A3B, A3F and mouse (m)A3, can
inhibit mouse retroelements IAP and MusD, the involve-
ment of editing is ambiguous (33). While A3C, A3G and
A3F have been found to inhibit Tyl, concomitant G-to-A
mutations have been found only in the case of A3G and
A3F (52,53). A3C can cause extensive G-to-A mutations
in the majority of the newly synthesized HBV DNA
genomes but has little effect on HBV DNA synthesis
(54,55). A3C can edit transfected human papillomavirus
DNA and mitochondrial DNA (56,57). Herpes simplex
virus-1 is particularly vulnerable to the editing effects of
A3C both in tissue culture and in vivo because it can
impact both the titer and particle/PFU ratio (58).

We set out to elucidate the mechanism responsible
for A3C-mediated inhibition of L1 retrotransposition by
40-75% (37,46,59,60) because A3C is the most abun-
dantly expressed of all A3 genes across a wide range of
tissues and cell types. We demonstrate that A3C-mediated
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L1 restriction is CDA independent and requires A3C di-
merization. Two out of the three single mutations in the
RNA-binding pocket caused a significant loss of L1 inhib-
ition by A3C. A3C binds to L1 ORF1p in the presence of
RNA, suggesting an interaction between A3C and LI
ribonucleoprotein particles (L1 RNPs). Furthermore, the
amount of L1 ¢cDNA synthesized by L1 RT is reduced by
~50% 1if overexpressed A3C is present. Taken together,
our data suggest that A3C dimers restrict L1 by means of
a CDA-independent mechanism that is based on an RNA-
dependent A3C/ORFlp interaction that inhibits the
processivity of L1 RT.

MATERIALS AND METHODS
Plasmids

L1 retrotransposition reporter plasmids pJM101/L1gp
(61) and pDK101 (62) as well as the expression plasmids
encoding C-terminally hemagglutinin (HA)-tagged A3A
and A3C WT proteins and the A3A mutants E72A and
C101A/C106A (37) have been described recently. Plasmids
expressing HA-tagged A3C mutant proteins H66R, E68Q,
C100S, K22A, F55A, W74A, RI122A and NI177A were
generated by inserting the respective HindIII/Xhol frag-
ments of the recently described pcDNA3.1(+)-based ex-
pression plasmids (63) into the pcDNA3.1/Zeo(+)
multiple cloning site (Invitrogen) after HindIII/Xhol
restriction.

Cell culture, L1 retrotransposition reporter assays and
statistical analyses

HeLa-JVM cells (64) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) High Glucose (Biochrom AG)
supplemented with 5% FCS (Biowest), 2mM L-glutamine
and 20 U/ml penicillin/streptomycin  (Invitrogen).
Osteosarcoma 143Btk- cells were grown in DMEM high
glucose supplemented with 10% FCS, 2mM L-glutamine,
20 U/ml penicillin/streptomycin and 1 mM nonessential
amino acids. All cells were incubated in a humidified 5%
CO, incubator at 37°C and passaged using standard cell
culture techniques. L1 retrotransposition frequencies were
determined applying the rapid and quantitative transient
L1 retrotransposition reporter assay described previously
(37,65). Briefly, for each transfection, 2 x 10° HeLa cells/
well were seeded in six-well tissue culture dishes. The fol-
lowing day, each well was co-transfected with 0.5ug of
reporter plasmid pJM101/L1gp and 0.5 pg of the respect-
ive mutant or A3 WT expression plasmid using 3 pl of
FuGENE 6 transfection reagent (Roche Diagnostics) ac-
cording to manufacturer’s instructions. For the titration
experiment (Figure 4), 0.25-1.5pg of the plasmid DNA
encoding the RI22A mutant or A3C-WT were ecach
filled up to a total mass of 1.5ug plasmid DNA using
the empty vector pcDNA3.1/Zeo(+). Subsequently, each
of the 1.5pg-plasmid DNA samples was co-transfected
with 0.5ug of the pJMI101/Llgp reporter using 6 pul of
FuGENE HD transfection reagent (Promega). Seventy-
two hours after transfection, cells were selected for L1
retrotransposition events in 800 pg/ml G418 (Invitrogen)
for 10-12 days. G418® colonies were fixed and stained

with Giemsa (Merck, Darmstadt, Germany) as described
previously. Each co-transfection was performed once or
twice in quadruplicate: In each case, three co-transfection
experiments were used to quantify L1 retrotransposition
activities in presence or absence of the respective WT or
mutant A3 expression plasmid. The fourth co-transfection
was used to isolate cell lysates to analyze expression of
both L1 reporter element and WT or mutated A3 expres-
sion cassette. For each co-transfection that was performed
in quadruplicate, transfection efficiency was monitored by
co-transfecting 0.5ug of plasmid phMGFP (expressing
green fluorescent protein; Promega), 0.5pg of pJM101/
Llgp and 0.5pg of the respective mutant or WT A3
expression plasmid into 2 x 10° HeLa cells seeded in
parallel using FuGENE 6. EGFP-expressing cells were
counted 24 h after transfection by flow cytometry. The
percentage of green fluorescent cells was used to determine
the transfection efficiency of each sample (66,67), which
reproducibly ranged from 64 to 70%.

Comparisons of the effects of different WT and mutant
A3 proteins on L1 retrotransposition frequencies were
performed applying Student’s z-test with P-values
adjusted for multiple comparisons according to the
Bonferroni method. The statistical analysis was performed
with SAS®/STAT software, version 9.3 SAS System for
Windows. P-values, which were determined to measure
the significance of the L1 inhibiting effect of each A3C
mutant relative to the empty A3C expression plasmid
(mock) or the A3C-WT protein, respectively, are listed
in Supplementary Table S1.

Toxicity assay

Toxicity assays were performed as previously described
(35,37). Briefly, 2 x 10> JM-HeLa cells were seeded per
well of a six-well dish. The following day, cells were
co-transfected with 0.5 pg of pcDNA3.1(+) (Invitrogen)
expressing the neomycin resistance gene, and 0.5pg of
the A3C-WT or mutant expression plasmid or the empty
vector pcDNA3.1/Zeo(+), respectively, using FuGene-HD
transfection reagent (Promega) according to manufac-
turer’s instructions. Only in the case of the A3C mutant
R122A, 1.5 pg of plasmid DNA were co-transfected with
0.5ng of pcDNA3.1(+) to assure R122A protein levels
comparable with the remaining A3C mutant proteins.
Two days after transfection, G418 selection (800 pg/ml)
was initiated and continued for 10 days. G418" colonies
were stained with Giemsa and counted. Each co-transfec-
tion experiment was performed in quadruplicate: The
arithmetic mean of the number of G418" colonies of
three independent co-transfection experiments was
determined and error bars were calculated. To also
control for comparable expression levels of the different
A3C-WT and mutant proteins, the fourth co-transfection
was performed. Hence, one well of each co-transfection
was used to isolate cell lysate 3 days after transfection.

Immunoblot analysis

To analyze expression of WT and mutant A3 proteins,
and of the tagged L1 reporter element, co-transfected
HeLa cells were lysed 48 h after transfection using triple
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lysis buffer (20mM Tris/HCI, pH 7.5; 150mM NaCl;
10mM EDTA; 0.1% sodium dodecyl sulphate (SDS);
1% Triton X-100; 1% deoxycholate; 1x complete
protease inhibitor cocktail [Roche]), and lysates were
cleared by centrifugation. Twenty micrograms of each
protein lysate were boiled in Laemmli buffer, loaded on
12% polyacrylamide gels, subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) and -electroblotted
onto nitrocellulose membranes. After protein transfer,
membranes were blocked for 2h at room temperature in
a 10% solution of nonfat milk powder in 1x PBS-T [137
mM NaCl, 3mM KCIl, 16.5mM Na,HPO,, 1.5mM
KH,PO,4, 0.05% Tween 20 (Sigma-Aldrich Chemie
GmbH)], washed in 1x PBS-T and incubated overnight
with the respective primary antibody at 4°C. HA-tagged
A3 proteins and L1 ORF1p were detected using an anti-
HA antibody (Cat.# MMS-101P; Covance Inc.) in a
1:5000 dilution and the polyclonal rabbit-anti-L1
ORFl1p antibody #984 (68) in a 1:2000 dilution, respect-
ively, in 1x PBS-T containing 5% milk powder.
Subsequently, membranes were washed thrice in 1x
PBS-T. As secondary antibodies to detect HA-tagged A3
proteins and L1 ORF1p, we used horseradish peroxidase
(HRP)-conjugated anti-mouse IgG antibody at a dilution
of 1:7500, and HRP-conjugated anti-rabbit IgG antibody
(Amersham Biosciences Europe GmbH) at a dilution of
1:30 000, respectively, in 1x PBS-T/1.67% milk powder
and incubated the membrane for 2h. Subsequently, the
membrane was washed thrice for 10min in 1x PBS-T.
B-actin expression was detected using a monoclonal anti-
B-actin antibody (clone AC-74, Sigma-Aldrich Chemie
GmbH) at a dilution of 1:30000 as primary antibody,
and an anti-mouse HRP-linked species-specific antibody
(from sheep) at a dilution of 1:10000 as secondary
antibody. For the detection of endogenous S6 ribosomal
protein in sucrose gradient fractions, blots were probed
with anti S6 ribosomal protein rabbit mAb (5G10; 1:10°
dilution in 5% bovine serum albumin dissolved in TBST;
Cell Signaling Technolo;y), for 1h at room temperature.
Anti-rabbit HRP (1:10” dilution, GE Healthcare) was
used as secondary antibody. Immunocomplexes were
visualized using lumino-based ECL immunoblot reagent
(Amersham Biosciences Europe GmbH).

Immunofluorescence microscopy

For immunofluorescence studies in Hela cells and
143Btk- cells, 10° cells/well were seeded on coverslips in
12-well cell culture dishes. Next day, cells of each well
were transfected with 3.3 pg of plasmid DNA applying
FuGENE HD (Promega) according to manufacturer’s in-
structions. Three days after transfection, cells were washed
once with Dulbecco’s phosphate-buffered saline
(Biochrom AQG). Cells were fixed in 4% paraformaldehyde
in phosphate buffered saline (PBS) for 15min at room
temperature, washed in PBS and permeabilized in 1%
Triton-X-100/PBS for 10min. Subsequently, cells were
washed thrice for 2min in PBS, blocked in 0.1% PBS-
Triton X-100/5% Albumin Fraction V for 30min at
room temperature and finally incubated with primary

Nucleic Acids Research, 2014, Vol. 42, No. 1 399

antibodies in 5% Albumin Fraction V-PBS for 1h at
room temperature.

For the staining of L1 ORFIp-T7 expressed from
pDK101, cells were incubated with an anti-T7 antibody
(Abcam) at a dilution of 1:250. Subsequently, cells were
washed thrice for 5 min with PBS. To stain for the expres-
sion of HA-tagged A3C-WT and mutant proteins, cells
were incubated with an fluorescein isothiocyanate-
labeled anti-HA antibody (GenScript) in a 1:500 dilution
together with the secondary antibody for L1 ORFI1p-T7
detection in 5% Albumin Fraction V-PBS for 30 min and
washed thrice for S5min in PBS. The secondary antibody
used for the detection of L1 ORF1p-T7 was an anti-rabbit
Alexa647 antibody (Invitrogen/Life Technologies) at a
1:1000 dilution. Nuclei were stained with DAPI
(1 pg/ml) for 1min, followed by washing three times for
10 min in PBS. Coverslips were mounted in Fluoromount-
G (SouthernBiotech). Finally, cellular protein expression
was analyzed by confocal microscopy. Images were
acquired on a fully automated Axio-ObserverZ1 micro-
scope equipped with an ApoTome optical sectioning
unit (Carl Zeiss, Jena, Germany). From each culture
grown on n coverslips (n = 3 for each co-expressed A3C
mutant; n =35 for co-expressed A3C-WT), one high-
resolution image per coverslip culture was assembled by
acquisition of 25 adjacent fields of view per coverslip
culture wusing the MosaiX module (Carl Zeiss).
Morphometric analysis for A3C-WT (or mutant)/
ORFl1p-co-localization as well as nuclei quantification
was performed using the CellProfiler Cell Image
Analysis Software [www.cellprofiler.org; Broad Institute,
Cambridge, MA, USA; (69)] and post-processed with the
help of APOCELL (https://pypi.python.org/pypi/apocell).

To analyze for potential co-localization of L1 ORFIp-
T7 or A3C-HA fusion proteins with the stress granule
marker G3BP, the following primary and secondary
antibodies and dilutions were applied: anti-T7 antibody
(1:500 dilution; Novagen/Merck AG, Darmstadt,
Germany), anti-HA antibody (1:250 dilution; Novus
Biologicals). As secondary antibodies, anti-mouse
Alexa488 (1:500 dilution; Molecular Probes) or anti-
mouse Alexa594 (1:500 dilution; Invitrogen) and anti-
goat Alexa546 (1:500 dilution; Molecular Probes) were
used, respectively. To detect the stress granule marker
G3BP, anti-G3BP antibody (1:250 dilution; Sigma-
Aldrich) and secondary antibody anti-rabbit Alexa488
(1:500 dilution; Molecular Probes) were used.

To evaluate whether the P-body-specific marker rck/
p54 co-localizes with L1 ORF1p-T7 or A3C-HA fusion
proteins, the following antibodies and dilutions were
used: anti-T7 antibody (1:500; Novagen; anti-mouse
Alexa488/1:500; Molecular Probes), anti-HA (1:250;
Novus Biologicals; anti-goat Alexa546/1:500; Molecular
Probes) and anti-rck/p54 (1:100; MBL International;
anti-rabbit Alexa647/1:500; Molecular Probes).

Velocity sucrose gradient fractionation

To generate cell lysates to be fractionated by velocity
sucrose gradient centrifugation, 2 x 10° HeLa cells per
co-transfection were seeded in a T-75 cell culture flask.
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Twenty-four hours later, cells were co-transfected with
10pug of the L1 reporter plasmid pJMI101/Llgp and
10 pg of the A3C-WT or mutant expression plasmid or
the empty expression vector pcDNA 3.1/Zeo(+), respect-
ively, using FUGENE HD. Three days later, cells were
washed twice with cold PBS, detached with Trypsin
EDTA pelleted for 5min at 3000g and 4°C and incubated
on ice for Smin in lysis buffer [I.5mM KCI, 2.5mM
MgCl,, 20mM Tris-HCI, pH 7.4, 1% deoxycholate, 1%
Triton X-100 and 1x complete EDTA-free protease in-
hibitor cocktail (Roche) (62)]. The lysates were cleared
by centrifugation in a benchtop centrifuge at 162g for
10 min followed by 18000g for 30s. Subsequent sucrose
gradient centrifugation was performed as described by
Huthoff er al. (70). Briefly, cell lysates (110 pl each) were
loaded on top of a 10-15-20-30-50% sucrose step
gradient in a buffer [80 mM NaCl, 5mM MgCl,, 20 mM
Tris-HCI, pH 7.4, 1mM DTT, 1x complete EDTA-free
Protease Inhibitor Cocktail (Roche) (62)] in ultra-clear
centrifuge tubes (13 x SI mm, Beckman Coulter) and
centrifuged for 2h at 39000g at 4°C in an MLS-50 rotor
(Beckman Coulter). After centrifugation, the samples were
sequentially removed from the top of the gradient as 12
different fractions (84 ul per fraction). Sucrose concentra-
tions of the different fractions were measured using a re-
fractometer (AFAB Enterprises). Thirty microliters of
each fraction were loaded per lane on a protein gel,
separated by SDS-PAGE and subjected to immunoblot
analysis.

Isolation of L1 RNPs

To isolate L1 RNPs, HeLa cells were plated at 6 x 10°
cells per T-175 cell culture flask. Cells were transfected
24 h later with 20ug L1 reporter plasmid pDKI101 (71)
per flask using FuGENE 6 or FuGENE HD transfection
reagent. Three days after transfection, medium was
replaced by DMEM-complete supplemented with 200 pg/
ml hygromycin B and exchanged daily until day 7 after
transfection. When hygromycin selection was complete,
selection medium was replaced by DMEM-complete,
and each T-175 culture was transfected with 20 pg of A3
expression plasmid using FuGENE 6. On the same day,
one T-175 flask was seeded with 6 x 10° untransfected
HeLa cells to be used as negative control. Three days
later, transfected and untransfected cells were harvested
and whole-cell lysates were prepared as described
recently (71). Preparation of the sucrose cushion and
ultracentrifugation were performed as reported previously
(71). As additional negative controls, one sucrose cushion
was layered only with lysis buffer or with H,O, respect-
ively, and subjected to the same procedures.

Co-immunoprecipitation

For co-immunoprecipitation, 1.6 x 10° HeLa cells were
seeded in T-75 cell culture flasks 1 day before transfection
using 8 ng of L1 reporter plasmid and FuGENE 6 accord-
ing to the manufacturer’s protocol. Three days later, cells
were subjected to hygromycin B selection (0.2 mg/ml).
After 4 days of selection, cells were transfected with 8 pg
of the A3 expression plasmid using FuGENE 6 or

FuGENE HD transfection reagent. Three days later, cells
were washed twice with cold phosphate-buffered saline/5%
PMSF (PBSP), detached with a cell scraper in 10 ml PBSP
and pelleted for 5min at 3000g and 4°C. Cells were
incubated on ice for 5min in lysis buffer [25 mM Tris—
HCI, pH 7.5, 150 mM NaCl, 5mM MgCl,, 5% Glycerol,
1% IGEPAL CA-630, 1 mM DTT, 1x complete protease
inhibitor cocktail (Roche)]. To precipitate HA-tagged A3
proteins, the cleared lysates were incubated with 50 pl of
anti-HA Affinity Matrix Beads (Roche) overnight or 1 h at
4°C under gentle agitation. For RNase treatment, the
cleared lysate was incubated with 50pul of anti-HA
Affinity Matrix Beads and RNase A (Qiagen) at a final
concentration of 50 pg/ml. The beads were washed five
times with ice-cold lysis buffer. Subsequently, the pelleted
beads were boiled in SDS loading buffer for 8 min at 95°C
before separation by SDS-PAGE.

RNA isolation, reverse transcriptase-polymerase chain
reaction and L1 element amplification protocol reaction

RNA isolation, reverse transcriptase-polymerase chain
reaction (RT-PCR) and L1 eclement amplification
protocol (LEAP) reaction procedures were adopted from
(71) with the following modifications: A 50 pl of aliquot of
each pelleted sample was used to isolate RNA using
TRIzol reagent (Invitrogen) according to the manufac-
turer’s protocol. The RNA was resuspended in 20 pl of
DEPC-treated water and quantified applying standard
spectrophotometric methods. RNA (0.25pug) in DEPC-
treated water (8 pl) was treated with DNase I (Promega),
incubated at 65°C for 10min and chilled on ice. Next,
RNA was reverse transcribed using SuperScript III RT
(Invitrogen) and 0.8 mM LEAP primer (5-GAGCACA
GAATTAATACGACTCACTATAGGTTTTTTTTTTT
TVN-3') according to the manufacturer’s instructions in a
final volume of 20 pul. As a negative control for the RT
reaction, RNA was omitted from one RT reaction
(Figure 8C, no RNP/RNA). Subsequently, 0.5 pl of each
RT reaction were used in PCR reactions applying primers
LINKER (5-GCGAGCACAGAATTAATACGACT-3)
and ‘L1 3’ end’ [5-GGGTTCGAAATCGATAAGCTTG
GATCCAGAC-3 (71)]. Thirty microliters of PCR
products were run per lane on a 2% agarose gel.

The LEAP reaction was performed as described previ-
ously (71) with the following modifications: a 1-ul aliquot
of each pelleted sample was incubated with 50 mM Tris—
HCI (pH 7.5), 50mM KCI, SmM MgCl,, 10mM DTT,
0.4mM LEAP primer, 20U RNaseOut (Invitrogen),
0.2mM dNTPs and 0.05% Tween 20 in a final volume
of 50ul for 1h at 37°C. Reactions with RNPs from
untransfected HeLa cells (HeLa) or in the absence of
RNPs (No RNP/RNA) were used as negative controls.
After incubation, 1pl of each LEAP reaction was used
in a standard 30 ul of PCR using AmpliTaq DNA poly-
merase (Applied Biosystems) and 0.4 mM of each linker
PCR primer and L1.3 end primer (71) according to the
manufacturer’s protocol. As ‘No template’ control, LEAP
cDNA was omitted from one reaction (No template).
PCR conditions were the following: one cycle 94°C for
3min, 35 cycles 94°C for 30s at 56°C, one cycle 10 min
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at 72°C. The complete reaction was visualized on a 2%
agarose gel. Quantification of the LEAP products was
performed by applying the program Bio-1D Version
12.11 (Vilber Lourmat, Marne-la-Vallée, France).

RESULTS
Deaminase-deficient A3C retains its L1-restricting effect

To clucidate the mechanism that is responsible for the
restriction of L1 retrotransposition by A3C [reviewed in
(23)], we first investigated whether an intact CDA domain
was required for A3C-mediated L1 inhibition. To answer
the question of whether the presumed catalytic active site
of A3C (H-X-E-X,7.P-C-X,.C) is involved in the inhib-
ition of L1 retrotransposition, we introduced mutations
that were reported to abolish the editing activity in the
context of A3G (72) and the Ll1-inhibiting effect of A3A
(37) (Figure 1A).

A3G active-site mutants H257R, E259Q, C288S
and C291S exhibit CDA activities that are decreased by
90-95% relative to A3G-WT (73). Mutating the corres-
ponding A3A active-site residues H70, E72 and C106 to
E72Q, H70R and C106S abolishes deaminase activity and
the L1-restricting effect of A3A (43,44). Thus, we mutated
the corresponding residues H66, E68 and C100 in A3C
(Figure 1A) to H66R, E68Q and C100S, respectively, ex-
pecting elimination of A3C CDA activity. Simultaneously
mutating the Zn>"-coordinating Cys residues at position
97 and 100 to Ser (C97S/C100S) did not affect
A3C-mediated L1 restriction significantly (P = 0.328,
Figure 2A and Supplementary Table S1), and mutating
both Cys residues separately even slightly increased the
L1 inhibition from 54 to 87% (P = 0.0023) or 71%
(P = 0.0349), respectively (Figure 2C and Supplementary
Table S1). These findings clearly provide evidence that
deaminase activity is not required for A3C-mediated LI
restriction. Replacing Glu68 by Gln (E68Q) still resulted
in a significant inhibition of L1 by ~40% (P = 0.0044,
Figure 2A). In contrast, mutating the same Cys and Glu
residues in the CDA domain of A3A (CI101A/CI106A,
E72A) not only abrogated A3A-mediated L1 restriction
but even increased the number of detectable retrotran-
sposition events by 60-70% (C101A/C106A; Figure 2A),
as reported previously (37). Replacing His66 by Arg led to
the A3C CDA mutant H66R, and made no significant
difference (Figure 2C) to the L1-inhibiting properties of
A3C (P = 1.0). Since our Escherichia coli mutation assays
demonstrate that the A3C CDA mutants H66R, E68Q,
C97S, C100S and C97S/C100S are devoid of any mean-
ingful DNA-editing activity relative to A3C-WT
(Supplementary Figure S2), the retrotransposition
reporter assays (Figure 2) show that, in contrast to
A3A, A3C does not require an enzymatically active
CDA domain to restrict L1 retrotransposition.

To exclude the possibility that the observed differences
in retrotransposition frequencies can be attributed to
varying L1 and/or A3 protein levels, we assessed L1
ORFl1p and A3 expression in a parallel set of co-trans-
fected HeLa cell cultures (Figure 2B and D). Immunoblot
analysis of cell extracts isolated 48 h after transfection
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Figure 1. Schematic representation of A3A and A3C mutant constructs
used in this study. (A) CDA mutants. A3A and A3C include the CDA
motif HXEX,,PCX,C. Point mutations were introduced into the A3A-
and A3C-encoding DNAs resulting in mutations in the putative CDA
domains. (B) Dimerization domain and RNA-binding pocket mutants
of A3C. Blue font, mutations F55A and W74A that are located in the
dimerization domain; Red font, mutations K22A, R122A and N177A
that are located in the RNA-binding pocket domain. To evaluate
whether A3C-WT and/or the mutant derivatives used in this study
have any off target effects that might impact cell viability, and, as a
consequence, hamper the identification of potential direct effects of any
mutant proteins on L1 retrotransposition, we conducted toxicity assays
in HeLa cells (37) (Supplementary Figure S1). Results indicate that
none of the overexpressed WT or mutant A3C proteins has any con-
siderable effect on cell viability.

showed that comparable amounts of L1 ORFIp as well
as mutant and WT A3A and A3C proteins were expressed
in the experiments comparing the different effects of cor-
responding A3A and A3C CDA mutants with each other
(Figure 2B). Although the expression level of A3C-WT
exceeded those of the A3C mutants C100S, C97S and
H66R (Figure 2D), the mutants were still inhibiting L1
by 50-87% (Figure 2C), emphasizing that an intact
CDA domain is not required for A3C-mediated LI
restriction.

A3C dimerization is required for L1 restriction

Next, we wanted to investigate whether L1-restricting
A3C activity requires protein multimerization because
oligomerization is essential for the inhibition of SIVAvif
replication (63). For that purpose, we chose the dimeriza-
tion-deficient A3C mutants F55A and W74A (Figure 1B)
because it was demonstrated that amino acid residues F55
and W74 are essential for dimerization and/or oligomer-
ization of A3C, respectively (Supplementary Figure S3).
Mutating these residues was also reported to abolish the
capability of A3C to introduce G-to-A hypermutations in
an E. coli mutation assay (63). To determine whether L1
inhibition requires oligomerization of A3C, expression
plasmids encoding A3C-WT and mutant proteins F55A
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Figure 2. A3C does not require an intact CDA domain for L1 restriction (A) Relative L1 retrotransposition frequencies in the presence of A3A, A3C
and their corresponding CDA single and double mutants. HeLa cells were co-transfected with 0.5 ug of both L1 reporter plasmid pJM101/L1zp and
WT or mutant A3 expression plasmids. The number of retrotransposition events in the presence of the empty expression plasmid pcDNA3.1/Zeo+
(mock) was set as 100%. Each co-transfection experiment and subsequent retrotransposition reporter assay was carried out twice in triplicates. Each
bar depicts the arithmetic mean + SD of the relative retrotransposition frequencies obtained from six individual co-transfection experiments (n = 6).
Absolute retrotransposition frequencies and P-values (*P <0.05, **P <0.01, ***P <(0.001) are listed in Supplementary Table S1. (B) Immunoblot
analysis to control for comparable expression levels of WT and mutant A3A and A3C proteins. Each lane was loaded with 20 pg of cell lysate
isolated from HeLa cells 48h after co-transfection of A3 expression plasmid and pJM101/L1gp. Expression of HA-tagged A3 proteins and LI
ORFl1p was detected with anti-HA and anti-ORF1p antibodies, respectively. B-actin (~42kDa) expression served as loading control. (C) Effects of
A3C-CDA domain mutants C97S, C100S and H66R on L1 retrotransposition frequencies. HeLa cells were co-transfected with 0.5 pg of both L1
reporter plasmid pJM101/L1gp and WT or mutant A3C expression plasmids. The number of retrotransposition events in the presence of the empty
expression plasmid (mock) was set as 100%. Each co-transfection experiment, and subsequent retrotransposition reporter assay, was performed thrice
(no replicates). Each bar depicts the arithmetic mean + SD of the relative retrotransposition frequencies obtained from three individual co-trans-
fection experiments (n = 3). Absolute retrotransposition frequencies and P-values are listed in Supplementary Table S1. (D) Immunoblot analysis of
L1 ORFlp, A3C-WT, C97S, C100S and H66R mutant expression after co-transfection of the L1 retrotransposition reporter plasmid and WT or
mutant A3C expression plasmids. Twenty micrograms of whole-cell extract were loaded per lane. Expression of HA-tagged A3C proteins and L1
ORFl1p was detected with anti-HA and anti-ORF1p antibodies, respectively. B-actin expression served as loading control.

and W74A were separately co-transfected with the L1 assessed expression levels of WT and mutant A3C proteins
retrotransposition reporter plasmid pJM101/L1gp, and in a parallel set of co-transfected HeLa cells. Immunoblot
the effect of the mutant proteins on L1 retrotransposition analysis of cell extracts isolated 2 days after co-transfec-
was analyzed (Figure 3A). We found that in contrast to tion showed that comparable amounts of A3C proteins
the A3C-WT protein, dimerization-deficient mutants were expressed (Figure 3B).

F55A and W74A (63) were unable to restrict L1 retrotran-

sposition (Figure 3A and Supplementary Table S1; F55A .. . ..

versus Mock: P =0.1; W74A versus Mock: P =0.1), l:;éZAbmutattlorilln-tl;le.bl?:l.tatll\;e 121;1(1:& -binding pocket of
indicating that A3C oligomerization is required for abrogates L1 mibition by

A3C-mediated L1 restriction. To evaluate the possibility By using a structure-based algorithm for automated
that the numbers of L1 retrotransposition events in A3C- pocket extraction, a putative RNA-binding pocket was
WT and F55A or W74A-transfected cells is a consequence recently located distal from the Zn*'-coordinating
of discrepancies in WT and mutant A3C protein levels, we deaminase motif of A3C (63). Since evidence for binding
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Figure 3. A3C dimerization is required for L1 restriction by A3C. (A)
L1 retrotransposition reporter assays in the presence of A3C dimeriza-
tion mutant proteins F55A and W74A. The L1 reporter plasmid
pJM101/L1gp was co-transfected with expression plasmids coding for
A3C-WT or its mutants F55A and W74A. G418® selection for
retrotransposition events followed 1 day after transfection. LI
retrotransposition frequencies were determined by counting G418®
HeLa colonies. Each co-transfection experiment, and subsequent
retrotransposition reporter assay, was carried out twice in triplicates.
Relative retrotransposition frequencies are indicated as bar diagram.
The number of retrotransposition events obtained after co-transfection
of pJM101/L1gp with the empty expression plasmid (mock) was set as
100%. Each bar depicts the arithmetic mean + SD of the relative
retrotransposition frequencies obtained from six individual co-transfec-
tion experiments (7 = 6). Absolute retrotransposition frequencies and
P-values (¥*P<0.05, **P<0.0l, ***P<0.001) are listed in
Supplementary Table S1. (B) Immunoblot analysis of A3C and LI
ORFlp expression in HelLa cells after co-transfection of the LI
reporter plasmid with the respective A3C-WT and mutant A3C expres-
sion construct (F55A, W47A). Whole-cell lysates were prepared 2 days
after co-transfection and subjected to immunoblot analysis using
antibodies against L1 ORFlp (a¢-ORFlp) or HA-tag (¢-HA). An
amount of 20pg of whole-cell extract was loaded per lane. B-actin
protein levels were analyzed as loading controls.

of 5.8S ribosomal RNA (rRNA) and 7SL RNA to this
substrate-binding pocket has been provided (63), we
evaluated whether it plays a role in A3C-mediated L1 in-
hibition. We tested the same mutant A3C proteins—i.e.
K22A, R122A and N177A—that contain mutations near
the RNA-binding pocket (Figure 1B) and were analyzed
for their inhibitory effect on WT and SIV Avif replication
recently (63). We found that A3C-WT and its N177A
mutant inhibited L1 retrotransposition similarly by ~62
and 54%, respectively. The N177A mutation did not
affect A3C-mediated L1 restriction significantly
(P =0.1). However, the K22A mutation reduced the LI
restricting effect to only ~29% relative to mock-trans-
fected cells (P = 0.0015, Figure 4A and Supplementary
Table S1). Initial retrotransposition reporter assays also
suggested that the R122A mutation in A3C not only fully
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restored the retrotransposition activity of the L1 reporter
to 100% (defined as the number of L1 retrotransposition
events in the absence of overexpressed A3C in HeLa cells)
(Figure 4A), but actually significantly increased retrotran-
sposition frequency by ~65% relative to the empty expres-
sion vector (P = 0.0328, Figure 4A). These data suggest
that the RNA-binding pocket domain of A3C plays a role
in L1 inhibition. However, immunoblot analysis of cell
extracts isolated from HeLa cells that were co-transfected
with the L1 reporter plasmid pJM101/Llgp and WT or
mutant A3C expression constructs, revealed poor R122A
expression levels (Figure 4B), which may at least in part
account for the absence of any Ll-restricting effect of
RI22A.

To evaluate whether, with equal amounts of actual
protein expressed, L1 retrotransposition is restored in
the presence of the R122A mutant, we titrated A3C-WT
and R122A mutant protein levels against the resulting
L1 reporter retrotransposition activities in HeLa cells
(Figure 4C and Supplementary Table S1). Expression of
comparable amounts of R122A and A3C-WT protein
(0.75 ug of R122A plasmid DNA versus 0.25 pug of A3C-
WT plasmid DNA; Figure 4D) led to a significant ~1.8-
fold increase (P =0.0151) and an ~7-fold decrease
(P =10.0003) of L1 retrotransposition, respectively
(Figure 4C). Increasing the expression of comparable
amounts of both proteins by transfecting 1.5pg of
R122A plasmid DNA and 0.5ug of A3C-WT plasmid
DNA resulted in similar effects: R122A enhanced L1
retrotransposition by ~1.7-fold (P = 0.1022), whereas
A3C-WT inhibited L1 by ~4-fold (P = 0.0035). These
data confirmed that the restoration of the relative L1
retrotransposition frequency of 100%, observed after co-
expression of the R122A mutant (Figure 4A and C), is not
the consequence of minor RI22A expression levels
(Figure 4B and D), but is due to the R122A mutation
that affects the putative RNA-binding pocket. There
were no significant differences between LI-enhancing
effects resulting from the transfection of increasing
amounts (0.5, 0.75 and 1.5pg) of R122A plasmid DNA
(P =0.5866) nor between Ll-restricting effects of
increasing A3C-WT protein levels resulting from transfec-
tion of 0.25, 0.5, 1 or 1.5ug A3C-WT plasmid DNA
(P = 0.4190). The 1.7- to 2-fold increase of L1 retrotran-
sposition resulting from co-transfection of 0.5-1.5pug of
the R122A expression construct (Figure 4C and D)
suggests that R122A mutant proteins may relieve part of
the L1 repression caused by endogenously expressed A3C-
WT in HeLa cells by forming dimers with A3C-WT
(37,74) and thus blocking their Ll-inhibiting effects.
Interestingly, 0.25ug of the RI22A-expressing plasmid
only restored L1 retrotransposition frequency but did
not enhance L1 mobilization relative to mock-transfected
cells (P = 0.1, Figure 4C and D), suggesting that the
RI22A level in the co-transfected cells is too low to
affect the L1-inhibiting effect of endogenously expressed
A3C-WT.

Taken together, we could show that the L1 restricting
effect of the RNA-binding pocket mutant N177A is only
slightly attenuated relative to A3C-WT, while the K22A
mutant protein reduced L1 retrotransposition frequency
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Figure 4. Effects of mutations in the putative RNA-binding pocket of A3C on LI restriction. (A) Relative L1 retrotransposition frequencies in the
presence of ectopically expressed A3C-WT and the mutant proteins K22A, N177A and R122A. HeLa cells were co-transfected with 0.5 pug of both L1
reporter pJM101/L1gp and WT or mutant A3C expression plasmids. After 11 days of G418 selection, the number of G418® colonies was determined. The
number of retrotransposition events in the presence of the empty A3C expression plasmid (mock) was set as 100%. Each co-transfection experiment, and
subsequent retrotransposition reporter assay, was carried out twice in triplicates. Each bar depicts the arithmetic mean + SD of the relative retrotran-
sposition frequencies obtained from six individual co-transfection experiments (n = 6). Absolute retrotransposition frequencies and P-values (*P < 0.05,
**P <0.01, ***P <0.001) are listed in Supplementary Table SI. (B) Immunoblot analysis of the expression of A3C-WT and the mutants K22A, N177A

(continued)
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by only ~29%. The R122A mutation not only abolished
the L1-inhibiting effect of A3C-WT entirely, but also even
increased L1 retrotransposition frequencies by 62-96%
(Figure 4). These data suggest that the ability to bind
RNA is crucial for the L1-restricting activity of A3C.

Ectopic expression of A3C causes a shift of L1 ORF1p to
sucrose gradient fractions of lower molecular mass

To explore the hypothesis that human A3C proteins
exhibit their Ll-restricting effect after they associate
with components of the L1 RNP complex, HeLa cells
were co-transfected with L1 reporter plasmid pJM101/
Llgp and expression plasmids for A3C-WT or its
mutants W74A, RI22A or C97S/C100S. Whole-cell
lysates of the co-transfected HeLa cells were analyzed by
centrifugation in 10-50% continuous sucrose gradients in
the presence of Mg?". To identify fractions containing
ORFl1p and/or HA-tagged A3C-WT or mutant proteins,
the 12 fractions of each gradient were analyzed by im-
munoblotting with anti-L1-ORFlp and anti-HA
antibodies (Figure 5). Consistent with a previous report
(62), ORF1p was detected throughout the gradient in the
absence of ectopically expressed A3C, although the
majority of ORF1 proteins formed high-molecular-mass
(HMM) complexes, tracked with ribosomal S6 protein
(Figure 5). Ectopic co-expression of ORFlp and A3C-
WT resulted in a shift of ORF1p to fractions 5-7, which
cover the upper portion of the gradient (Figure 5). Co-
expression of ORF1p and the CDA double-mutant C97S/
C100S, which inhibits L1 transposition to the same degree
as A3C-WT, led to the same shift of ORFIlp in the
gradient. In contrast, in extracts of cells co-transfected
with the A3C mutants W74A or R122A, which do not
have any Ll-restricting effect, the majority of ORFl1p
signal accumulated in fraction 1 characterized by the
highest sucrose concentration of the gradient (Figure 5).
Overexpressed A3C-WT or its mutant proteins were
detected throughout the gradient, irrespective of whether
ectopically expressed ORFIp was present (Figure 5) or
not (data not shown). A shift in L1-ORFIp-containing
complexes to fractions of lower molecular mass only
when A3C-WT or mutant C97S/C100S is present, is con-
sistent with an interaction of A3C-WT or C97S/C100S
with either ORFl1p alone or the L1 RNP complex and
suggests that both proteins are part of complexes that
purify mostly in fractions 5-7. The shift could be
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Figure 5. Velocity sucrose gradient fractionation of A3C-WT or
mutant proteins and L1 ORFlp containing complexes. Whole-cell
lysates from HeLa cells co-transfected with plasmids expressing WT
or mutant A3C proteins and L1 reporter plasmid pJM101/L1gp were
layered over 10-50% sucrose containing Mg®". The lowest number
fraction corresponds to the bottom of the gradient. ORFIp (40kDa),
A3C WT or mutant (24kDa) and S6 ribosomal marker proteins
(32kDa) were detected by immunoblot analysis using anti-ORFlp,
anti-HA and anti-S6 antibodies, respectively. In the absence of
ectopically expressed A3C proteins (pcDNA 3.1) and in the presence
of overexpressed W74A or R122A mutant proteins, ORF1p co-localizes
predominantly with ribosomes and polyribosomes in the bottom
portion of the gradient. Co-expression of ORFlp and A3C-WT or
C97S/C100S mutant protein shifted ORFlp to fractions 5, 6 and 7
(13-19% sucrose) in which ORFIp and A3C-WT or C97S/C100S
mutant containing complexes were detectable. Cell lysates from
2102EP cells expressing endogenous LI ORFlp were loaded as
positive control for ORF1p expression.

Figure 4. Continued

and RI22A after co-transfection with the L1 reporter pJM101/L1gp. Expression of the L1 reporter and A3C proteins was detected using antibodies
against L1 ORFlp (2-ORF1p) or HA-tag (a-HA), respectively. An amount of 20 pg of whole-cell extracts was loaded per lane. B-actin protein levels
were analyzed as loading controls. (C) Titration of A3C-WT and A3C-mutant R122A protein levels against L1 retrotransposition. HeLa cells were
co-transfected with 0.5 pg of pJM101/L1gp and variable amounts of A3C-WT (0.25, 0.5, 1 or 1.5 ug) of A3C-R122A mutant-encoding plasmid DNA
(0.25, 0.5, 0.75 or 1.5 pg). The total amount of co-transfected plasmid DNA was maintained at 2 pug by adding empty parental A3C expression vector
pcDNA3.1/Zeo(+). Following 11 days of G418 selection, the number of G418® colonies was determined. The number of retrotransposition events in
the presence of the empty expression plasmid (mock) was set as 100%. Data represent arithmetic means £ SD of three independent experiments.
Absolute retrotransposition frequencies and P-values are listed in Supplementary Table S1. (D) Immunoblot analysis of A3C-WT and R122A protein
expression during titration. Cell lysates were isolated 3 days after co-transfection of pJM101/L1gp and 0.25-1.5pg of A3C-WT or the R122A mutant
expression plasmid. Expression of the L1 reporter and A3C proteins was detected using antibodies against L1 ORFIp (¢-ORFl1p) or HA-tag (a-HA),
respectively. An amount of 20 ug of whole-cell extracts was loaded per lane. B-actin protein levels were analyzed as loading controls. Comparable
amounts of A3C-WT and R122A mutant proteins were observed after transfection of 0.25 pg of A3C-WT and 0.75 pg of R122A expression construct
(numbers in red) or after transfection of 0.5pug of A3C-WT and 1.5pug of R122A expression construct (numbers in blue), respectively.
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explained by the interference of A3C proteins with ORF1p
multimer-based HMM complexes by an interaction
between A3C and ORFl1p.

A3C mutations interfere with the co-localization of
ORF1p and A3C-WT in cytoplasmic granules

If co-fractionation of ORF1p and A3C is based on an
interaction between both proteins, cellular co-localization
of both proteins at some stage during the L1 replication
cycle would be expected. To further investigate whether
ORFI1p and A3C-WT interact with each other, we next
tested for co-localization of both proteins in HelLa and
143Btk- cells, which are both known to support retrotran-
sposition of enginecered human L1 reporter constructs
(75,76). For that purpose, HeLLa and 143Btk- cells were
co-transfected with the A3C-WT expression plasmid and
the reporter construct pDK101, which carries an L1
retrotransposition reporter cassette coding for a T7-
tagged L1 ORFl1p (62).

By applying confocal immunofluorescence microscopy,
we demonstrate, in accordance with previous reports, that
ectopically expressed ORFlp localizes predominantly
to cytoplasmic granules in HelLa and 143Btk- cells
(Figure 6A and B), which were recently identified as
stress granules (77-79). Furthermore, we confirmed
nucleocytoplasmic distribution of ectopically expressed
A3C-HA proteins in HeLa and 143Btk- cells (37,46)
(Figure 6A and B). We found that by far the majority of
A3C-HA proteins accumulated in cytoplasmic foci, which
we identified in >90% of A3C-HA-expressing HeLa cells
and is consistent with a previous report (80). Only a much
smaller amount was located equally distributed in the
nucleus (Figure 6A and B). While it is well established
that endogenous as well as ectopically expressed ORF1p
nucleates the formation of cytoplasmic granules
(78,79,81), it is, to our knowledge, currently unknown
whether endogenous A3C accumulates in subcellular com-
partments. Therefore, we cannot exclude the possibility
that the observed formation of cytoplasmic A3C foci is
a consequence of A3C overexpression. We found that
co-expression of the tagged A3C and ORFI1 proteins
resulted in a predominant cytoplasmic localization of
both proteins in cytoplasmic granules (Figure 6A and B;
ORFI1p-T7/A3C-HA) in HelLa and 143Btk- cells.
Quantitative analyses showed that ~34% (~21%) of all
cytoplasmic ORFlp granules in those HeLa (143Btk-)
cells that co-express ORFIp and A3C-WT ectopically
co-localize with A3C-WT foci (Figure 6C and D).

To challenge the hypothesis that an interaction between
A3C and ORFIlp was responsible for the co-localization
of both proteins in the same cytoplasmic granules, we
evaluated whether critical mutations in the CDA, dimer-
ization and RNA-binding-pocket domains of A3C affect
A3C/ORFI1p co-localization. Quantification of the per-
centage of ORFIp foci co-localizing with A3C mutant
proteins (Figure 6C, Supplementary Table S2 and
Supplementary Figure S4) showed that the incidence of
co-localization drops significantly to ~5.6-15.9% for the
A3C mutant proteins tested. Interestingly, the most prom-
inent drop (by 83 and 78%) was observed for the R122A

and W74A mutations, respectively, which were both
shown earlier to abolish the L1-restricting effect of A3C
entirely (Figures 3 and 4).

Data are consistent with an interaction between A3C-
WT and ORF1p, which might direct both proteins to the
same cytoplasmic compartment. Results suggest that this
interaction may be disturbed by specific mutations
introduced into the A3C domains that significantly
reduce the incidence of co-localization of ORFIp and
A3C foci by variable degrees.

Both ORF1p and A3C cytoplasmic foci co-localize with
stress granule marker G3BP

Since we observed that A3C foci co-localize with ORF1p
granules in the cytoplasmic compartment (Figure 6A and
B), and endogenous as well as ectopically expressed ORF1p
was previously demonstrated to nucleate the formation of
stress granules (78,79), we hypothesized that both ORF1p
and A3C are directed to the same stress granules. To
confirm that the cytoplasmic foci in which ORF1p and
A3C co-localize (Figure 6A and B) represent stress
granules, we tested whether ORFIp and A3C separately
localize to stress granule marker G3BP. To this end,
143Btk- cells were co-transfected with L1 reporter
plasmid pDK101 and A3C expression plasmid. ORF1p,
A3C and the stress granule—specific marker G3BP were
visualized by immunofluorescence microscopy using an o-
T7 tag, o-HA tag and an o-G3BP antibody, respectively
(Figure 6E). We found that ~65% of HA-tagged A3C-ex-
pressing cells and >90% of ORF1p-expressing cells were
characterized by detectable cytoplasmic foci. In our
double-labeling experiments, 73% of the cytoplasmic
A3C foci, and 78% of the ORF1p foci, co-stain with the
stress granule marker. Co-localization of cytoplasmic
ORFlp foci with G3BP (Figure 6E) confirms the recent
finding that ORFI1p is found in stress granules (78). The
observation that the majority of stress granules in the cyto-
plasm of co-transfected 143Btk- cells also co-localize with
A3C foci (Figure 6E) would be consistent with the seques-
tration of potential ORFI1p/A3C complexes in stress
granules. However, not all visible ORFlp foci nor
all A3C foci were associated with stress granules
(Figure 6E). This could be explained by the dynamic
processes involved in building and maintaining RNA-con-
taining compartments like stress granules. Unfortunately,
co-staining of the same cell culture sample/foci for all three
proteins (ORF1p, A3C and G3BP) was not possible owing
to objective technical restrictions. Co-staining with the pro-
cessing (P) body marker RCK/p54 (82) did not uncover any
co-localization of A3C or L1 ORF1p with P-bodies in im-
munofluorescence experiments (data not shown).

L1 ORF1p interacts with A3A and A3C

The shift of ORF1p to sucrose gradient fractions of lower
molecular mass if A3C is present (Figure 5), and cytoplas-
mic co-localization of ORFIp and A3C in human cells
(Figure 6), suggests that A3C interacts with ORFlIp
alone or as part of the L1 RNP complex. To elucidate
whether A3C and ORFl1p physically interact with each
other, HeLa cells were transfected with the L1 reporter
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Figure 6. Ectopically co-expressed L1 ORF1p and A3C-WT co-localize in cytoplasmic granules of HeLa and 143Btk- cells. Subcellular localization
of T7-tagged L1 ORFl1p and HA-tagged A3C-WT proteins in HeLa (A) and 143Btk- (B) cells was determined by immunofluorescence analysis.
ORF1p-T7 and A3C-HA were either co-expressed (ORF1p-T7/A3C-HA) or separately expressed (ORF1p-T7 or A3C-HA). ORF1p-T7 and A3C-HA
were stained using o-T7- (red) and a-HA-tag (green) antibodies, respectively. White arrowheads indicate A3C-HA foci or ORF1p granules that do
not co-localize with ORF1p granules or A3C-HA foci. Nuclei were visualized with DAPI. Scale bar, 20 um. (C) Mutations in the CDA, dimerization
and RNA-binding pocket domains reduce the incidence of co-localization of L1 ORF1p and A3C foci in HeLa cells significantly by variable degrees.
Presented are Box-and-Whisker plots of the percentages of ORFIp foci in ORFlp and A3C WT or mutant proteins co-expressing cells that
co-localize with HA-tagged WT or mutant A3C foci. Percentages of ORFlp foci co-localizing with mutants of RNA-binding pocket (R122A,
N177A), dimerization domain (W74A) and CDA domain (C97S/C100S) are presented. Co-localization of both proteins is most prominent in the
case of A3C-WT and absent after transfection with the empty A3C expression vector pcDNA3.1/Zeo(+) (vector). Co-localization of each mutant
protein with ORF1p is significantly reduced relative to A3C-WT, but dropped most severely after co-expression with R122A and W74A. N, number
of analyzed images, each carrying 10-13 cells, which ectopically co-express ORF1p and A3C-WT or mutant proteins. (D) Box-and-Whisker plot of
the percentages of ORF1p foci that co-localize with HA-tagged A3C-WT foci in ORF1p and A3C-WT co-expressing 143Btk- cells. (E) ORF1p and
A3C co-localize with stress granule marker protein G3BP. T7-tagged ORFlp encoded by L1 reporter plasmid pDKI101 was co-expressed with
HA-tagged A3C in 143Btk- cells (A3C-HA/ORFI1p-T7). Co-localization of L1 ORFlp with stress granules was shown by immunofluorescence
staining using o-T7 (purple) and o-G3BP (yellow) antibodies, respectively (upper panel). Co-localization of A3C with stress granules was
demonstrated separately by confocal microscopy using o-HA (green) and o-G3BP (yellow) antibodies, respectively (lower panel). Nuclei were
counterstained using DAPI.

(continued)
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plasmid pDK101. After 11 days of hygromycin selection
for the presence of the L1 expression plasmid, cells were
separately transfected with expression plasmids encoding
A3C- and A3A-WT or A3C mutants RI122A, NI177A,
W74A or C97S/C100S. Three days later, cell lysates
were isolated and HA-tagged A3 expression as well as
L1 ORFlp expression was controlled for by immunoblot
analysis (Figure 7A, cell lysates). HA-tagged A3 proteins

were immunoprecipitated using anti-HA affinity matrix
beads. Efficient immunoprecipitation (IP) was controlled
for by immunoblot analysis of the precipitated proteins
with the a-HA antibody (Figure 7A, IP). ORFlp was
pulled down only if overexpressed A3A or A3C was pre-
sent, while ORF1p was not precipitated in the absence of
APOBEC3 proteins (Figure 7A). To test whether the
observed ORFIp-A3C interaction is RNA-bridged, we
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Figure 7. Complex formation between L1 ORF1p and A3C requires bridging RNA molecules. (A) ORF1p coprecipitates with ectopically expressed
A3A and A3C. Immunoblot analysis of cell lysates isolated from HeLa cells that were consecutively transfected with pDK101 and A3A-HA, A3C-
HA or the empty expression vector pcDNA3.1/Zeo(+) (vector), respectively, and their derived immunoprecipitates. The presence of HA-tagged A3A
and A3C or L1 ORFlp in cell lysates and immunoprecipitates (IP) was demonstrated using a-HA and o-ORF1p antibodies, respectively. B-actin
expression served as loading control. (B) RNase A treatment of the cell lysate abolishes the interaction between A3C and L1 ORFIp. Immunoblot
analysis of cell lysates isolated from HeLa cells that were co-transfected with pDK101 and A3C-HA or the empty expression vectors
(pcDNA3.1 + pCEP4), respectively (upper panel). The cleared cell lysate was split in half and RNase A was added to one half to a final concentration
of 50 ug/ml. After incubation of RNase-treated and untreated lysates with a-HA Affinity Matrix Beads, immunoprecipitates were submitted to
immunoblot analyses (lower panel). (C) RNA-binding pocket mutation R122A abolishes the A3C/L1 ORFlp interaction. Immunoblot analysis of
cell lysates isolated from HeLa cells that were co-transfected with pDK101 and expression plasmids encoding A3C-WT, R122A, N177A or C97S/
C100S mutant proteins, respectively (upper panel, cell types), and their derived immunoprecipitates (lower panel, IP). In contrast to R122A, RNA-
binding pocket mutation N177A does only moderately affect A3C/ORF1p complex formation. While mutating the A3C dimerization site (W74A)
abolishes A3C/ORF1p interaction almost entirely, the CDA double-mutant C97S/C100S still exhibits significant interaction with L1 ORF1p. Lysates
and immunoprecipitates obtained from W74A- and C97S/C100S-expressing HeLa cells were loaded on a different gel than the remaining lysates and
immunoprecipitates.

added RNase A to an aliquot of the cleared cell lysate Taken together, these data suggest an interaction

before IP was performed. RNaseA treatment clearly abol-
ished the interaction between A3C and ORFl1p (Figure
7B), suggesting that this interaction is RNA bridged.
The finding that the RNA-binding pocket mutation
RI122A abolishes the A3C-ORFlp interaction (Figure
7C) further supports the existence of an RNA-bridged
interaction between A3C-WT and ORFlp. Candidate
RNAs that might form an RNA bridge are 5S, 5.8S
and/or 7SL RNA, which were demonstrated to interact
with A3C-WT, while the R122A mutant was only able
to weakly interact with 7SL RNA [Supplementary
Figure S5; (63)]. In contrast, the RNA-binding pocket
mutation N177A has only a minor effect on A3C/
ORFlp interaction. While the CDA domain double-
mutation C97S/C100S does not affect the interaction
with ORFl1p, the W74A mutation in the dimerization
domain abolishes the A3C/ORF1p interaction, suggesting
that A3C dimerization is required (Figure 7C). Co-
immunoprecipitation data are consistent with the percent-
age of co-localization of WT and mutant A3C proteins
with L1 ORF1p (Figure 6).

between L1 ORFlp and A3C dimers, which requires
RNA binding to A3C. Since both A3C-WT and the
CDA domain double-mutant interact with ORF1p and
similarly restrict L1 retrotransposition, the interaction
with ORFlp seems to be crucial for L1 restriction by
A3C. Results also imply that A3A and A3C are
incorporated into L1 RNPs via ORF1p interaction.

The presence of A3C inhibits L1 RT activity

A3G has been reported to be incorporated into budding
HIV-1 particles and to inhibit HIV-1 replication by
blocking initiation of reverse transcription by the
tRNAYS3 primer, physically interacting with the RT,
and interacting with the HIV integrase, which was
shown to prevent the assembly of a functional pre-integra-
tion complex (83-86). Therefore, we next tested the hy-
pothesis that the interaction of A3C with ORF1p and/or
L1 RNPs inhibits L1 retrotransposition by interfering
with the target-primed reverse transcription of LI
mRNA. For that purpose, we applied the LEAP assay
that was established recently to mimic the initial stages
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of target-primed reverse transcription, where the L1 RT
acts to extend a 3’-hydroxyl that has been liberated by the
L1 endonuclease (71).

We set out to compare the L1 RT activity of L1 RNPs
that assembled in the presence and absence of
overexpressed A3C. For that purpose, HeLa cells were
transfected with the L1 reporter plasmid pDK101 or its
parental empty vector pCEP4 (Invitrogen), and were then
hygromycin selected for the presence of the respective
plasmid for 11 days (Figure 8A). Then, hyg®-selected
cells were transfected with the A3C-expressing plasmid
or its empty expression vector pcDNA3.1/Zeo(+). Three
days later, the cleared cell lysate was centrifuged through a
sucrose cushion and the resultant L1 RNP—containing
pellet was resuspended (71). Whole-cell lysates and resus-
pended L1 RNP-—containing pellets were assayed for the
presence of ectopically expressed ORFIp and A3C-HA
proteins (Figure 8B). Immunoblot analyses showed that
similar amounts of ORFl1p are both expressed in HelLa
cells that were co-transfected with pDK101 (Figure 8B,
upper panel) and present in associated RNP pellets
(Figure 8B, lower panel). Comparable amounts of
A3C-HA were detectable between cell lysates from
HeLa cells co-transfected with A3C-HA and pDKI101
expression plasmid or with the A3C-HA expression
plasmid and the empty pCEP4 expression vector
(Figure 8B, upper panel, a-HA). However, only those
RNP pellets contain significant amounts of A3C-HA
that were formed in the presence of ectopically expressed
L1 ORFlp encoded by the transfected pDK101 plasmid
(Figure 8B, lower panel, a-HA). In contrast, only negli-
gible amounts of A3C-HA were detectable in RNP pellets
from HeLa cells that were not co-transfected with
pDK101 and expressed exclusively minor amounts of en-
dogenous L1 ORFl1p. The detection of A3C in the RNP
pellet is consistent with the incorporation of A3C into L1
RNPs (Figure 8B).

Analysis of RNP pellets by qualitative RT-PCR using
SuperScript™ III RT (Figure 8C, upper gel, Superscript
IIT L1) and the same oligonucleotides as primers that
were used in the LEAP assay (Figure 8C, lower gel,
LEAP-LI1), demonstrates the presence of L1 mRNA,
which is indicative for the presence of functional L1
RNPs. The RT-PCR experiment indicated that LI
RNA was present at comparable levels in the RNP
fraction of HeLa cells that were co-transfected with the
empty expression vector and those co-transfected with
the A3C-HA expression plasmid. Sequence analysis of
the 207-bp SuperScript III RT-PCR product obtained
from cells transfected with pDK101 (Figure 8C, upper
gel) confirmed the presence of the 3 end of the
pDK101-encoded polyadenylated L1 message.
Sequencing of the minor amounts of an unexpectedly
observed ~200-bp RT-PCR product obtained from
HeLa cells that were consecutively transfected with the
empty expression vector pCEP4 and the A3C-HA expres-
sion plasmid (Figure 8C, upper gel, lane A3C-HA)
showed that this PCR product was a consequence of
unspecific annealing of the PCR primer LI 3’ end (62)
between positions 650 and 680 of the pCEP4 sequence,

which is part of the CMV-promoter—controlled
transcribed region (data not shown).

Next, we applied the LEAP assay to determine whether
those isolated RNPs contained L1-specific RT activity and
whether the associated A3C proteins interfere with L1 RT
activity. Consistent with previous studies (71,87), a diffuse
set of LEAP products that ranged in size from ~220 to
400 bp was detected in RNPs isolated from HeLa cells that
were co-transfected with pDK101 and A3C expression
plasmid or with the empty expression vector (Figure 8C,
lower gel). Quantification of the LEAP products obtained
from the two RNP samples showed that the presence
of A3C reduced the amount of L1 cDNA by ~50%
(Figure 8C, lower gel). To evaluate which A3C domains
are required for A3C-mediated inhibition of L1 RT, we
also performed LEAP assays with RNP fractions carrying
the A3C mutant proteins R122A, W74A or C97S/C100S
or A3C-WT in parallel. We were able to express reason-
able amounts of WT and mutant A3C proteins in HeLa
cells, and could demonstrate the presence of A3C-WT in
the L1 RNP fraction from HeLa cells co-expressing A3C-
WT and pDK101. However, we could not identify any of
the mutant A3C proteins R122A, W74A or C97S/C100S
in the respective L1 RNP fractions isolated from HeLa
cells expressing sufficient amounts of the different A3C
mutant proteins (Supplementary Figure S6) and were
therefore not able to evaluate any potential effect of the
A3C mutants on L1 RNP-associated L1 RT activity. The
absence of R122A and W74A from the RNP fractions is
consistent with their inability to interact with L1 ORFlp
(Figure 7C).

Taken together, our data suggest that A3C-mediated L1
restriction requires an RNA-bridged interaction between
A3C dimers and ORF1p of L1 RNP complexes that inter-
fere with the processivity of L1 RT.

DISCUSSION

Higher eukaryotes have evolved various defense mechanisms
to protect their genomes from potential mutagenic effects
caused by uncontrolled proliferation of transposable
elements. Members of the A3 protein family were reported
to inhibit L1 and/or Alu retrotransposition by 30-99%
[reviewed in (23,74)]. However, no direct evidence for the
inhibition of the currently mobilized L1Hs subfamily by
cytidine deamination of LI1Hs ¢cDNA or any kind of
editing of L1 nucleic acid sequences has yet been reported.
This strongly suggests that CDA-independent mechanisms
are involved in A3-mediated L1 restriction. Since A3C is the
most abundantly expressed A3 protein across a wide range
of human tissues and cells, we set out to elucidate the A3C-
mediated mechanism of L1 restriction.

A3C-mediated L1 restriction does not require a
catalytically functional CDA domain

Using a set of well-characterized A3C CDA mutants, we
showed that CDA-activity of A3C does not play any role in
A3C-mediated L1 restriction. This is the first example of an
A3C-mediated inhibitory effect that is clearly deaminase
independent. We also confirmed the previous finding that

€10C ‘6Z J9qUIdId(J UO JIOP[ISSANAYIOIqIGSIdRIISIOATIU T8 /3.10'8[1’.11.11‘10[p.lO}XO'.IP,U//IleL[ WIOIJ papeojumo(J



Nucleic Acids Research, 2014, Vol. 42, No. 1 411

pCEP4 + — — -

pDK101 — + + -
= =

kD 2 € @ T

n
()]
-—
4]
[
=
©
Harvest cotransfected cells o
—— — a-B-Actin
Sucrose cushion & ultracentrifugation 36—
55—
RNP sample
P % -Ssame  [o-ORF1p
| 36—
RNA isolation DC.L 28]
2 -
. o
Superscriptlll LEAP Western
RT-PCR blot 17—
C <
pDK101 z 32
o o
Zz £
xr 2
o o
Z Z

S
(2]
[
o
=3
(0]
Br
56
23
3
(]
S 9
pDK101 € ®
< < o <
I =« T Zz £ )
I3 .g I3 x 9 Size
(s2] [sp] o (o]
< $ < Z Z (bp)
=500

—=400
-300
—200

-100

Figure 8. L1 RNPs that assembled in the presence of overexpressed A3C exhibit reduced L1 RT activity. (A) Flow chart of the experimental setup.
HeLa cells were transfected with the L1 reporter plasmid pDK 101 or its empty vector pCEP4, hygR-selected for 11 days and subsequently transfected
with the A3C-HA expression plasmid or its empty vector plasmid pcDNA3.1/Zeo(+) (vector). Three days after the last transfection, RNPs were
isolated from the lysed cells. Total cell lysates and RNP pellets were obtained from cells consecutively transfected with pCEP4 and the A3C-HA
plasmid, pDK 101 and A3C-HA or pDK 101 and pcDNA3.1/Zeo(+) (vector), and from untransfected cells (HeLa). Subsequently cell lysates and RNP
pellets were submitted to immunoblot analysis with a-HA and o-ORF1p antibodies. (B) Immunoblot analysis of cell lysates and RNP pellets isolated
from HeLa cells overexpressing the L1 protein machinery and/or A3C-HA. B-actin expression served as loading control. Cell lysates and RNP pellets
isolated from untransfected HeLa cells and after co-transfection of pDK101 and the empty expression plasmid (vector) served as negative controls.
(C) LEAP assay to detect L1-specific RT activity. LEAP products are detectable using RNPs from cells, which were co-transfected with pDK 101 and
A3C-HA or the empty expression vector. Reactions with RNPs from untransfected HeLa cells (HeLa), without template (No template) or RNPs (No
RNP/RNA) were used as negative controls. Upper gel: The 207-bp L1-specific SuperScriptIII RT-PCR product is highly abundant in samples from
pDK101-transfected cells and absent from HeLa samples. Middle gel: the 198-bp GAPDH SuperScriptlII RT-PCR product is a cellular mRNA
marker for all RNP preparations and confirms comparable amounts of RNPs per sample. Lower gel: LEAP products (LEAP-L1).
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in contrast corresponding catalytically defective A3A
mutants are largely inactive against L1 (37,43). Similar to
enzymatically inactive A3C mutants, catalytically inactive
mutants of A3B, A3G and AID also maintain L1 inhibition
activity (36,42). It was suggested that A3B accomplishes
editing-independent inhibition of retroelement mobility by
direct interaction with L1 ORF2p through a common
domain that interferes with L1 cis- and Alu trans-mobiliza-
tion (36). A3C also modestly inhibits A/u trans-mobiliza-
tion with G-to-A mutations being absent from de novo Alu
insertions that occurred in the presence of overexpressed
A3C (39). This observation is consistent with our results
indicating that A3C interferes with L1 RT activity. Alu
retrotransposition can also be inhibited by A3G WT and
catalytically inactive mutants, which also suggests a CDA-
independent mechanism for A3G action (64,88). It was
shown that A3G sequesters A/u RNAs in cytoplasmic
HMM complexes, particularly Staufen-containing RNA
granules, denying these retroelements access to the
nuclear L1 protein machinery (88). This inhibitory mech-
anism differs from the A3A- and A3B-mediated inhibition
of Alu retrotransposition, where the A3 proteins alter the
activity of the L1 machinery in the nucleus (39).

A3C dimerization and an intact RNA-binding pocket are
required for L1 restriction by A3C

To answer the question of whether A3C needs to oligo-
merize to inhibit L1 mobilization, the effects of the
dimerization-deficient A3C mutants F55A and W74A on
A3C-mediated L1 inhibition were determined. As
observed for SIVAvif replication (63), we found that
A3C-oligomerization is required for the restriction of L1
replication. Similarly, dimerization-deficient A3G deletion
mutants cannot restrict HIVAvif replication (70,89,90).
Consistently, structure models of AID, A3C and A3G,
as well as the APOBEC2 crystal structure, suggest that
APOBEC proteins generally act as dimers or tetramers
(63,70,91,92).

While mutating the critical residues K22 or R122 of the
putative A3C RNA-binding pocket caused a significant
loss of L1 inhibition (pgaaa = 0.0015; prizza = 0.0001)
to only ~29% or even restored and enhanced LI
retrotransposition activity, respectively, the NI177A
mutation did not affect L1 inhibition by A3C significantly
(pn177a = 1). The Ll-restricting effect of A3C-WT and its
mutant proteins K22A and N177A, as well as the absence
of any L1-inhibiting effect of R122A, correlates well with
the antiretroviral effects of K22A and N177A and the loss
of any inhibitory effect of RI122A against SIVAvif
reported previously (63). In contrast to the remaining
RNA-binding pocket mutants, R122A abolished the L1-
inhibiting effect entirely. It was reported recently that
RI122A is critically relevant for SIV particle packaging
but not for the antiviral activity of A3C, and that the
R122A mutation has only a minor inhibiting effect on
A3C deaminase activity (63). Furthermore, A3C-WT
was shown to interact with 7SL, 5.8S and 5S rRNA,
while the R122A mutant maintained only the capability
to bind 7SL rRNA [Supplementary Figure S5; (63)]. A
strong RNA-bridge candidate is 7S RNA because it

was demonstrated to interact with A3C-WT
[Supplementary Figure S5; (63)] and was recently
detected in L1 RNP immunoprecipitates (93). Since
SRP14, which together with SRP9, forms a complex
with 7SL RNA (94), was also reported to be associated
with L1 RNPs (93), 7SL RNA could well be an RNA that
the ORF1p/A3C interaction depends on.

Our observation that the expression of 0.5-1.5 ng of the
mutant R122A expression construct increased the number
of L1 retrotransposition events by ~60-100% can be ex-
plained by a potential dominant-negative effect of R122A.
Since A3C is endogenously expressed in HeLa cells (37),
we hypothesize that R122A mutant proteins oligomerize
with intact A3C proteins forming nonfunctional A3C
dimers or tetramers, thereby abolishing the L1-inhibiting
effect of endogenous A3C-WT. In contrast, expression of
the mutant proteins K22A and N177A still restricts L1
activity. We hypothesize that L1 restriction by A3C oligo-
mers requires efficient RNA binding to all involved A3C
monomers. This could have the consequence that
overexpressed K22A and/or N177A proteins, which were
not demonstrated to have any RNA-binding deficiencies,
oligomerize with endogenous A3C proteins forming func-
tional RNA-binding oligomers that are still able to restrict
L1. This hypothesis is supported by the finding that, in
contrast to R122A, the N177A mutant is still able to form
complexes with L1 ORFl1p (Figure 7C), which requires
RNA binding (Figure 7B). Taken together, we conclude
that RNA binding to A3C is required for the L1-inhibiting
effect of A3C, and that RNA binding to ORF1p is also
essential for the observed interaction of A3C with L1
ORFlp. To date, it is unclear which RNA A3C needs to
interact with to inhibit L1. Candidate RNAs for A3C
interaction are 7SL RNA and 5.8S rRNA, L1 RNA or
any host-encoded RNA. Recently it was demonstrated
that A3A recognizes and interacts with L1 RNA and is
associated with L1 RNA in HMM complexes (46).
Interestingly, the ability of A3A to recognize L1 RNA
required its catalytic domain. It could well be that the
A3C oligomerization that is required for L1 inhibition is
RNA dependent. This would be reminiscent of A3G oligo-
merization that was recently shown to be RNA dependent
and required for restriction of HIV-1 (70). It was also
reported that, specifically through its RNA-binding
properties (17,73,95), A3G sequesters A/u and Y RNAs
in cytoplasmic HMM complexes away from the nuclear
L1 machinery, thereby interdicting the retrotransposition
cycle (88).

A3C interacts with L1 ORF1p and co-localizes with
L1 RNPs

Our finding that ORF1p shifts to sucrose gradient frac-
tions of lower molecular mass in the presence of
ectopically expressed A3C and the observation that L1
ORFl1p and A3C co-localize in HeLa and 143Btk- cells
is consistent with an interaction between A3C and ORF1p
or L1 RNPs. These data further suggest that A3C and
ORFlp are part of HMM complexes (88) and are consist-
ent with the recently reported presence of A3C in HMM
complexes of 293T cells (46,96). The physical interaction
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between ORF1p and A3C or A3A was additionally con-
firmed by co-immunoprecipitation experiments that
strongly imply that both A3 proteins are incorporated
into L1 RNPs and exert their inhibiting effects on L1 by
interacting with L1 ORFlp or L1 RNPs. Our data
strongly suggest that the observed A3C/L1 ORFlIp
complex results from an RNA-bridged interaction,
which means A3C and ORFIp are connected by binding
the same RNA molecule (e.g. 7SL RNA). This is further
supported by the following facts: (i) both A3C and
ORFl1p are RNA-binding proteins (63,97,98), and (ii) an
intact RNA-binding pocket is required for A3C-mediated
restriction of both SIVAvif and L1 replication.
Furthermore, RNA binding was shown to be crucial for
the interaction between A3C and SIV-NC (63), and A3B
and mA3 were reported to bind to L1 ORF1p via an RNA
bridge (99). It is conceivable that A3C binds L1 RNA that
is interacting with ORF1p, thereby preventing the nuclear
import of L1 RNPs. Taken together, we provide direct
evidence for an RNA-bridged association of A3C
proteins with L1 ORF1p or L1 RNPs.

Association of A3C with stress granules

In accordance with previous reports, we demonstrate that
overexpressed ORFI1p localizes predominantly to cyto-
plasmic granules in HelLa and 143Btk- cells (Figure 6A
and B), which were recently identified as stress granules
(77-79). Ectopic co-expression of A3C-HA led to
nucleocytoplasmic distribution of A3C-HA proteins and
their accumulation in cytoplasmic foci, which is consistent
with the A3C distribution observed when A3C is ex-
pressed alone (37,46,80). We found that in HelLa cells
co-expressing both proteins, 34% of all cytoplasmic
ORFl1p granules co-localize with A3C-HA foci, suggest-
ing that A3C may block the entry of a subset of L1 RNPs
into the nucleus by A3C-mediated sequestration of L1
RNPs. Since our data show that both A3C and LI
ORFl1p localize with stress granules, it is most likely
that A3C and L1 ORFlp also co-localize at least in a
subset of stress granules. Our findings are consistent
with the recent identification of L1 ORF1p together with
polyadenylated RNA in stress granules (78,87). Co-
localization of A3C and L1 ORFlp in stress granules
would support the hypothesis that A3C mediates the
transport of functional L1 RNPs into stress granules. It
is also consistent with a recently proposed mechanism
whereby the cell may mitigate the potential mutagenic
effects of retrotransposition by sequestering L1 RNPs
and possibly targeting them for degradation (78). While
we could not find any evidence for A3C localization to
P-bodies, A3G, A3B and A3F were reported to be
located to P-bodies (88,100-102).

A3C interferes with L1 RT activity

Since our data suggest the incorporation of A3C into L1
RNPs, we tested whether the L1 RT activity of L1 RNPs
that are associated with A3C is impaired. We found that
the presence of A3C led to a decrease of L1 ¢cDNAs by
~50%, which roughly corresponds to the reduction of the
number of detectable L1 retrotransposition events in
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HelLa cells by ~50-75% when overexpressed A3C is
present. This is reminiscent of the nonenzymatic form of
inhibition of HIV-1Avif infectivity by A3G, which likely
involves physical impairment of RT activity (73,86,103).
Taken together, we uncovered a novel deaminase-inde-
pendent mechanism of L1 inhibition by A3C that is
mediated by the interaction of A3C with L1 ORFlp,
requires the binding of RNA, and interferes with L1 RT
activity. Impairment of L1 RT activity not only inhibits
cis-mobilization of L1 elements but also rrans-mobiliza-
tion of 4/u and SVA elements as well as processed pseudo-
gene formation. Our data also provide some evidence for
an additional mechanism of L1 restriction based on A3C-
mediated transport of functional L1 RNPs into stress
granules where they might be targeted for degradation.
The near-ubiquitous expression of A3C may underline
its significant biological role in the repression of poten-
tially deleterious L1-mediated retrotransposition events.
While there is no evidence for A3-mediated editing of
members of the currently mobilized L1Hs subfamily,
~1300 edited members of the L1 subfamilies L1PA2,
LI1PA3, LIPAS and L1PAG6 were recently identified,
covering only ~0.1% of L1 elements (104). This suggests
that A3-mediated editing of L1 elements occurred between
5.6 and 34 Myrs ago (105). Surprisingly, it was also
reported that 20.1% of all SVA elements including 238
human-specific elements and 16 polymorphic elements
carry G-to-A hypermutations, indicating that, in spite of
everything, A3-mediated DNA editing of non-LTR retro-
transposons is a still ongoing process in humans (104).
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Human LINE-1 restriction by APOBEC3C is deaminase independent and mediated
by an ORF1p interaction that affects LINE reverse transcriptase activity
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Supplementary Methods

Coimmunoprecipitation and Immunoblot analysis to characterize A3C dimerization
2x10° 293T cells were cotransfected with 1pg of a plasmid expressing V5-tagged A3C-
WT and lpg expression construct encoding HA-tagged A3C-WT, F55A or W74A,
respectively, using Lipofectamine LTX (Invitrogen). Two days after cotransfection, cells
were harvested and lysed in ice-cold lysis buffer [25mM Tris (pH 8.0), 137 mM NacCl, 1
% glycerol, 0.1 % SDS, 0.5 % Na-deoxycholate, 1 % Nonidet P-40, 2 mM EDTA, and
complete protease inhibitor mixture (Roche)]. Small aliquots of the cleared lysates were
subjected to SDS-PAGE followed by transfer to a PVDF membrane. The remaining
cleared lysates were incubated with 30 ul a-HA Affinity Matrix Beads (Roche) for 60
min at 4°C. The samples were washed 5 times with ice-cold lysis buffer. Bound proteins
were eluted by boiling the beads for 5 min at 95°C in SDS loading buffer.

A3C-HA proteins were detected using an o-HA antibody (1:10* dilution; Covance) and
a-mouse horseradish peroxidase (1:7500 dilution; Amersham Biosciences). For detection
of A3C-V5, an a-V5 antibody (1: 4000 dilution; Serotec) was applied. Alpha-tubulin was
detected using an a-tubulin antibody (1:10* dilution; Sigma). Signals were visualized by

ECL plus (Amersham Biosciences).

Analysis of A3C—RNA interaction
To demonstrate protein—-RNA interaction, plasmids expressing A3C-WT or R122A were

transfected to 293T cells as described above. Cells were lysed in ice-cold lysis buffer



[PBS with 1% Triton X-100, 16 U/mL RiboLock RNase Inhibitor (Fermentas), and
complete protease inhibitor mixture (Roche)]. The cleared lysates were incubated with
50ul-HA Affinity Matrix Beads (Roche) for 60 min at 4°C. The samples were washed 5
times with ice-cold lysis buffer. RNA bound to immobilized proteins was extracted from
HA beads wusing TRIzol reagent (Invitrogen), according to the manufacturer’s
instructions. RNAs coprecipitated with A3C proteins were dissolved in diethyl
pyrocarbonate—treated H,O. Specific RT-PCR on A3C-bound RNAs was performed
using Revert Aid First Strand cDNA synthesis kit (Fermentas) and random hexamer

primers.



Supplementary Tables

Supplementary Table S1: L1 retrotransposition rates in the presence of overexpressed WT and mutant A3A and A3C proteins. WT,
pJM101/L1gp; RT-, negative control construct pJM105/L1gp; N, number of individual cotransfection experiments;

Retrotransposition Wild-type p-value (1) p-value (2)
APOBEC LINE-1 frequency (2x10° Experimental range activity (%) + (relative to (relative to
Construct Status N transfected) (2x10° transfected) s.e.m. mock) A3C-WT)
Comparison of
A3A/A3C CDA mock WT 6 136.8 121-158 100.0+7.7 / / / /
Mutants A3A-WT WT 6 8.7 6-14 6.3+ 1.6 <0.0001  *** / /
A3A-E72A WT 6 136.5 116-156 99.8+84 1.0000 <0.0001 rEx
A3A-C101A/C106A WT 6 217.7 161-245 159.1+ 154 0.0014  ** <0.0001 ok
A3C-WT WT 6 40.2 32-44 29.4+3.3 <0.0001  ***
A3C-E68Q WT 6 85.8 54-119 62.7 £ 11.1 0.0063  ** 0.0054 ok
A3C-C97S/C100S WT 6 46.8 40-54 342+26 <0.0001  *** 0.3282
A3C-WT RT- 6 1.2 0-4 0.9+0.9 / / / /
A3C CDAMutants ook wT 3 202 177-218 100.0 + 8.3 / / / /
A3C-WT WT 3 91.7 87-100 454+28 0.0093  ** / /
A3C-C97S WT 3 25.3 18-30 125124 0.0014  ** 0.0023 ok
A3C-C100S WT 3 58.7 51-63 29.0+25 0.0033  ** 0.0349 *
A3C-H66R WT 3 102 93-114 50.5+4.0 0.0168 * 1.0
A3C-WT RT- 3 0 0-0 0+0



A3C Dimerization
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(1) p-values resulting from comparison with retrotransposition rates in mock-transfected cells
(2) p-values resulting from comparison with retrotransposition rates in A3C-WT-transfected cells

(3) p-value resulting from comparison of retrotransposition rates: 0.75 pug A3C-R122A vs. 0.25 pug A3C-WT
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Supplementary Table S2: Percentage of L1 ORF1p foci in HA-Hela and 143 BTK- cells colocalizing
with A3C-WT or mutant protein.

Cell type Mutan N? Median [%] |Min [%] |LQ[%])® |UQ[%])* |Max [%]
A3C wildtype 125 33.8 3.8 26.8 42.1 68.2
R122A 75 5.6 0.4 4.0 7.5 16.1

HA Hela N177A 75 15.9 7.9 12.5 21.4 32.2
W74A 75 7.4 0.4 4.7 10.8 23.3
C975/C100S 50 11.5 4.1 9.3 14.6 22.8
pcDNA 75 0.3 0.0 0.0 0.8 17.4

143 BTK- A3C wildtype | 125 20.5 6.5 15.2 28.1 67.3

1 — Number of percentages (25 images per plate evaluated); 2 — Lower and Upper Quartile
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Supplementary Figure S1: Evaluation of potential cytotoxic effects of APOBEC3C and its mutant
proteins.

A) Overexpression of WT or mutant A3C proteins has no considerable effect on cell viability. HeL.a
cells were cotransfected with 0.5 pg of pcDNA3.1(+) and 0.5 pg of each A3C-WT or mutant expression
plasmid or parental plasmid pcDNA3.1/Zeo(+) (vector). In the case of the A3C mutant R122A, it was
necessary to cotransfect 1.5 ug expression plasmid with 0.5 pg of pcDNA3.1(+) to ensure that the cellular
R122A expression level was comparable to the remaining A3C mutant and WT proteins (see B). The
number of G418R cell colonies in the absence of any overexpressed A3C-WT or mutant protein was set as
100% (vector). Bars represent arithmetic means SD of three independent cotransfection experiments.

B) Immunoblot analysis of the expression levels of HA-tagged WT and mutant A3C proteins that
were existent during the toxicity assay using an anti-HA antibody. (-actin expression served as
loading control.
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Supplementary Figure S2:

A) Editing activity of A3C-WT and A3C CDA mutant proteins measured as Rif-resistant (Rif®)
colonies. B) Immunoblot analysis to demonstrate expression levels of A3C-WT and mutant
proteins in E. coli. Cell extract of C97S/C100S double mutant expressing cells was blotted on the
same membrane as the remaining samples, but was originally separated from the samples by several
lanes.
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Supplementary Figure S3: Immunoblot analysis of A3C dimerization: FS5 and W74 residues
participate in the dimerization of A3C. 293T cells were cotransfected with the respective HA-tagged
A3C-WT or mutant (F55A and W74A) expression construct and the V5-tagged A3C-WT expression
plasmid. Cell lysates and immune precipitates (IP) were subjected to immunoblot analysis using anti-
HA- and anti-V5-antibodies, respectively. W74A-HA coprecipitated only negligible amounts of V5-
tagged A3C-WT, while F55A-HA was not able to bind any detectable V5-tagged A3C-WT. Tubulin
expression served as loading control.
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Supplementary Figure S4: Subcellular localization of coexpressed T7-tagged L1 ORF1p and HA-
tagged A3C mutant proteins W74A (A), C97S/C100S (B), R122A (C), and N177A (D) in HeLa
cells. Immunofluorescence staining was performed using a-T7 (red) and a-HA-tag (green) antibodies.
Two (W47A, R122A, N177A) or three (C97S/C100S) representative images of stained, cotransfected
cells are presented. A3C mutations negatively affect the formation of A3C foci and their frequency of
colocalization with ORFlp granules by varying degrees. The quantification of colocalization
frequencies is illustrated in Figure 6C.
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Supplementary Figure S5: RT-PCR on RNA interacting with A3C proteins. Isolated and A3C-
bound RNA (IP) was reverse-transcribed and amplified using specific primers for 5S, 5.8S and 7 SL
RNA. Background signal was determined with RNA from untransfected cells (mock). Availability of
the tested RNAs in the cells was confirmed for each sample through RT-PCR on RNA isolated from
cells before immunoprecipitation (IP) was performed (cells). DNA size standard, GeneRuler™ 100-bp

Plus DNA Ladder (Fermentas).
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Supplementary Figure S6: Mutant A3C proteins are not associated with L1 RNP fractions.
Immunoblot analysis of cell lysates and RNP pellets isolated from HelLa cells overexpressing the L1
protein machinery and HA-tagged A3C-mutants R122A, W74A or C97S/C100S or A3C-WT. B-actin
expression served as loading control. Cell lysates and RNP pellets isolated from HeLa cells that were
cotransfected with pCEP4 and the C97S/ C100S expression construct, served as negative control for
RNP formation. a-HA antibody was used to detect expression of HA-tagged wildtype and mutant A3C
proteins.

Data show the expression of large amounts of the L1 protein machinery and A3C-WT and mutant A3C
proteins in cotransfected HeLa cells. RNPs isolated from these cells did not include any A3C mutant
proteins, although A3C-WT was efficiently incorporated in the RNP fraction (RNP pellets).

While the absence of mutants R122A and W74A from the RNPs is consistent with their inability to
interact with L1 ORFIp (Figure 7C), the C97S/C100S double mutant was expected to be part of the
RNPs because it was shown to interact with ORFlp (Figure 7C). However, the absence of the
C97S/C100S mutant protein from L1 RNPs could be explained by the fact that salt/buffer conditions L1
RNPs are exposed to during the RNP isolation procedure, are not concordant with conditions used for
immunoprecipitation experiments presented in Figure 7.
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Own contribution to this work:
e Cloned mutant Vif expression plasmids, assessed Vif
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Abstract

Background: The HIV-1 accessory proteins, Viral Infectivity Factor (Vif) and the pleiotropic Viral Protein R (Vpr) are
important for efficient virus replication. While in non-permissive cells an appropriate amount of Vif is critical to
counteract APOBEC3G-mediated host restriction, the Vpr-induced G2 arrest sets the stage for highest transcriptional
activity of the HIV-1 long terminal repeat.

Both vif and vpr mRNAs harbor their translational start codons within the intron bordering the non-coding leader
exons 2 and 3, respectively. Intron retention relies on functional cross-exon interactions between splice sites A1 and
D2 (for vif mRNA) and A2 and D3 (for vpor mRNA). More precisely, prior to the catalytic step of splicing, which would
lead to inclusion of the non-coding leader exons, binding of U1 snRNP to the 5" splice site (5'ss) facilitates recognition
of the 3'ss by U2 snRNP and also supports formation of vif and vpr mRNA.

Results: We identified a G run localized deep in the vpr AUG containing intron 3 (Gp3-2), which was critical for balanced
splicing of both vif and vpr non-coding leader exons. Inactivation of Gjs-2 resulted in excessive exon 3 splicing as
well as exon-definition mediated vpr mRNA formation. However, in an apparently mutually exclusive manner this
was incompatible with recognition of upstream exon 2 and vif mMRNA processing. As a consequence, inactivation
of G;3-2 led to accumulation of Vpr protein with a concomitant reduction in Vif protein. We further demonstrate that
preventing hnRNP binding to intron 3 by G;3-2 mutation diminished levels of vif mMRNA. In APOBEC3G-expressing but
not in APOBEC3G-deficient T cell lines, mutation of Gj3-2 led to a considerable replication defect. Moreover, in HIV-1
isolates carrying an inactivating mutation in Gj3-2, we identified an adjacent G-rich sequence (G;s-1), which was able to
substitute for the inactivated Gy-2.

Conclusions: The functionally conserved intronic G run in HIV-1 intron 3 plays a major role in the apparently mutually
exclusive exon selection of vif and vpr leader exons and hence in vif and vpr mRNA formation. The competition between
these exons determines the ability to evade APOBEC3G-mediated antiviral effects due to optimal vif expression.

Keywords: HIV-1 infection, Host restriction, Cytidine deaminase, APOBEC3G, Viral infectivity factor (Vif), Viral protein R (Vpr),
Alternative pre-mRNA splicing, G run, hnRNP F/H, Locked nucleic acids (LNAS)
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Background

The Human immunodeficiency virus type 1 (HIV-1)
exploits cellular components of the host cell for efficient
replication, while being counteracted by so called host
restriction factors, which have antiviral properties and
negatively affect viral replication.

Currently known host restriction factors consist of five
major classes that are the DNA deaminase subfamily
APOBEC3 (apolipoprotein B mRNA-editing enzyme,
catalytic polypeptide-like) [1-3], the Ubl conjugation
ligase TRIM5a (Tripartite motif-containing protein 5
alpha) [4-6], the integral membrane protein BST-2
(bone stromal tumor protein 2)/tetherin [7,8], the ANTP
hydrolase and RNase SAMHDI1 (SAM domain and HD
domain-containing protein 1) [9-13], and the tRNA
binding protein SLEN11 (Schlafen 11) [14-16]. The
APOBECS3 (A3) family includes seven members (A3A to
A3D and A3F to A3H) that are located in a gene cluster
on chromosome 22 [17-19], from which A3D, A3F, A3G
and A3H have HIV-1 restrictive capacities [20-22]. They
are encapsidated in newly assembled virions, and fol-
lowing the subsequent infection of a host cell, introduce
C-to-U substitutions during minus-strand synthesis.
This results in G-to-A hypermutations in the HIV-1
genome, which negatively impact viral replication.
Hereby, A3G causes GG to AG transitions, whereas
A3D, A3F, and A3H lead to an overrepresentation of
GA to AA hypermutations [20,21,23-26]. However, the
HIV-1 encoded accessory protein Vif counteracts the
four A3 proteins by binding CBFP and recruiting an E3
ubiquitin ligase complex, thus inducing their polyubi-
quitination and proteasomal degradation [20,27].

Since all early HIV-1 proteins are expressed from
spliced intronless viral mRNAs, splicing factors and spli-
cing regulatory proteins are particularly involved in viral
infection. Moreover, CAP-dependent translation is initi-
ated by binding of the 40S ribosomal subunit at the
mRNAs’ 5’end and by ribosomal scanning for an efficient
AUG. By using at least four 5 splice sites (5'ss) and
eight 3" splice sites (3°ss), the HIV-1 9 kb pre-mRNA is
processed into more than 40 alternatively spliced mRNA
isoforms [28] encoding at least 18 HIV-1 proteins, most
of them interacting with a wide variety of host cell com-
ponents [29]. Thus, HIV-1 relies on massive alternative
splicing to bring each of its eight translational start
codons (gag-pol, vif, vpr, tat, rev, nef, vpu, and env) into
close proximity of the 5'cap of the respective alternatively
spliced mRNA. The only exception to this rule is the env
ORE, which is translated from the bicistronic vpu/env
mRNA. Here, a minimal upstream ORF upstream of the
vpu ORF allows efficient translation initiation at the
downstream env AUG [30,31].

Within the 4 kb class of mRNAs (Figure 1A-B), down-
stream of 5'ss D2-D4 translational start codons are
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localized, which can only be recognized by the 40S ribo-
somal subunit if the respective introns are retained. In
particular, vif mRNA is formed when the intron upstream
of exon 2 is spliced out, while its downstream intron is
retained. In a similar way, vpr mRNA is formed by remov-
ing upstream introns carrying translational inhibitory
AUGs but repressing D3 and thus retaining intron 3.
Both mRNAs rely on functional cross-exon interactions
between the 5'ss and the corresponding upstream 3'ss
[32-34]. Thus, formation of unproductive spliceosomal
complexes at the 5'ss is essential for 3'ss activation and
exon definition as well as for splicing-repression at the
5'ss [35]. Hence, the expression levels of vif and vpr
mRNAs are dependent on Ul bound, but splicing repressed
5'ss [32,33].

Notably, excessive splicing at A2 was shown to result
in detrimental impairment of the balanced ratio of
spliced to unspliced viral mRNAs and loss of the viral
unspliced genomic 9 kb mRNA, a phenotype referred to
as oversplicing [36,37]. Since Gag and Pol are encoded
by the unspliced 9 kb mRNA, oversplicing decreases the
amounts of all Gag and Pol proteins including p55Gag
and p24-CA resulting in massive inhibition of viral particle
production and replication [36-39].

Moreover, transcripts containing either non-coding
leader exon 2 or 3 as required for vif and vpr mRNAs,
respectively, appear to be regulated in a similar way as
3’ss Al and A2 recognition, which appears to underlie a
mutually exclusive selection [33]. However, the molecular
mechanism is still poorly understood.

Since 3'ss A2 was shown to be an intrinsically strong
3'ss [40], trans-acting elements are necessary to repress
its usage. Indeed, the ESSV within the non-coding leader
exon 3, which consists of three UAG motifs, has been
reported to inhibit splicing at 3'ss A2 [41-43]. In addition,
the Tra2-alpha and Tra2-beta-dependent splicing regula-
tory element ESE,,, positively regulates balanced amounts
of exon 3 recognition by acting positively on Ul snRNP
recruitment to 5'ss D3, which in turn promotes recognition
of the upstream 3’ss A2 via cross exon interaction [33].
Vpr formation was further proposed to be regulated by
high-mobility group A protein la (HMGA1a), which binds
immediately upstream of 5'ss D3 and acts to repress spli-
cing at this position. Here, trapping of Ul snRNP might
activate 3'ss A2 and repress splicing at 5'ss D3 [44].

Recently, we identified a G run with high affinity for
hnRNP F/H and A2/B1 proteins localized within intron
2 (Gpp-1), but upstream of the vif AUG, which represses
usage of the alternative 5'ss D2b [34]. Mutations of Gj,-1
led to considerable upregulation of vif mRNA expres-
sion [34]. Here, we analyzed whether regulation of exon
3 inclusion and processing of vpr mRNAs is regulated
in an analogous manner by intronic G runs located in
HIV-1 intron 3.
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Figure 1 Schematic drawing of the HIV-1 NL4-3 genome. (A) The diagram illustrates the HIV-1 provirus genome including locations of open
reading frames (ORFs), long terminal repeats (LTRs), 5" and 3' splice sites (ss), exons, introns, and the Rev response element (RRE). Vif and vpr exons
and ORFs are highlighted in red and blue, respectively. The RRE is indicated by an open box. (B) Vif and vpr mRNA are formed primarily by splicing of
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MAXENT). (D) Sequence logos generated from a sequence alignment of the HXB2 regions from nt 5581 - nt 5597 and nt 5708 - nt 5723, respectively,
flanking the four G runs Gz-1 to Gi3-4. Sequences were obtained from the Los Alamos HIV Sequence Database (http://www.hivlanl.gov). The relative size
of the letters reflects the relative frequency of the nucleotides at the position in the alignment.




Widera et al. Retrovirology 2014, 11:72
http://www.retrovirology.com/content/11/1/72

Results

The guanosine run element (G;3-2) localized deeply within
HIV-1 intron 3 is critical for efficient replication in PBMCs
Previously we have shown that an intronic G run within
HIV-1 intron 2 is critical for splicing regulation of vif
mRNA [34]. To examine whether an intronic G run is
likewise critical for regulation of vpr mRNA, whose
processing similarly depends on intron retention, we
inspected HIV-1 intron 3 for the occurrence of G runs.
Since they are highly abundant in mammalian introns
[45-47], it was not surprising that we found four G runs,
which we termed Gy3-1 to Gy3-4 according to their 5’ to
3" localization (Figure 1). However, only two of these,
G3-2 and Gi3-3, were found to match the consensus
motif DGGGD (where D is G, A, or T) of the high affinity
binding site for members of the hnRNP F/H family [48].
Moreover, since G3-2 and Gy3-3 were highly conserved
in HIV-1 strains (Figure 1D), we analyzed whether one
or even both had an impact on viral replication. To this
end, we disrupted each of them in the molecular clone
pNL4-3 by introducing single nucleotide substitutions
(pNL4-3 Gy3-2 mut: AGGGA > AGAGA, pNL4-3 Gj3-3
mut: GGGGA > GGCGA). Since for Gi3-2 it was not
possible to introduce a mutation without changing the
coding sequence of the overlapping vif and vpr open
reading frames (ORFs), we chose a nucleotide substitu-
tion, which was present in HIV-1 subtypes J, G, and AE
(Figure 2A, C). This exchange, however, resulted in a
single amino acid substitution within the C terminus of
Vif (AGGGA > AGAGA, GI185E). To be able to infect
PBMCs with equal amounts of viral particles, we first
transfected HEK 293 T cells with the proviral plasmid
pNL4-3 or its mutant derivates, pNL4-3 G3-2 mut or
pNL4-3 Gj3-3 mut, and then harvested virus-containing
supernatants 48 h post transfection. The TCID5, were
calculated by X-Gal staining of infected TZM-bl reporter
cells. These cells carry a luciferase and [-galactosidase
expression cassette under the control of the HIV-1 LTR
and thus express both reporter genes in the presence of
HIV-1 Tat [49]. With a multiplicity of infection (MOI) of
each of 0.05 and 0.5, PBMCs from two healthy donors
were then infected and p24-CA protein levels were deter-
mined at various time points. As shown in Figure 3, Gy3-3,
but not G3-2 mutated virus, was able to replicate in
PBMCs indicating that specifically Gi3-2 was critical for
efficient virus replication in primary T cells.

Mutating G;3-2 results in an impaired ratio of spliced to
unspliced mRNAs

In order to investigate the molecular cause for the replica-
tion defect of Gy3-2 mutant virus, we analyzed the splicing
patterns of proviral DNA from pNL4-3 and G run mutant.
To this end, total RNA of HEK 293 T cells transfected
with each of the proviral DNAs was subjected to Northern
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blot analysis and probed with a DIG-labeled HIV-1 exon 7
amplicon detecting all viral mRNA classes. While the
overall splicing pattern was not changed for the Gy3-3 pro-
virus (data not shown), inactivation of Gpz-2 caused
massive disturbance of the balanced ratio of the three
viral mRNA classes with the most obvious decrease in
the amount of unspliced 9 kb mRNA (Figure 4A-B).
Concomitantly, the ratio of 2 and 4 kb mRNA classes was
increased indicating massive splicing defects (Figure 4B).

In order to quantify the amounts of the viral RNA
classes, we performed quantitative RT-PCR analysis using
primers (Additional file 1: Figure S1) binding in intron 1
(gag-pol) to detect unspliced 9 kb mRNA, as well as
primers to quantify the relative amount of multiply spliced
mRNAs (exon junction D4/A7). As shown in Figure 4C,
the relative amount of unspliced, ie. intron 1 containing
mRNAs, was three-fold decreased compared to the amount
from non-mutated virus. In parallel, the relative amount
of multiply spliced mRNAs was three-fold increased.
Thus, inactivation of Gys-2 shifted the balance towards
intronless viral mRNAs.

Since p24-CA protein is encoded by the unspliced 9 kb
mRNA, the widening gap between unspliced and multiply
spliced mRNAs that has been previously described and
referred to as oversplicing or excessive splicing [36-39]
might result in diminished viral p24-CA production. How-
ever, since unspliced 9 kb mRNA was still detectable in
the Northern blot analysis of Gi3-2 mutant virus, a lower
level of viral particle production was probably not the only
cause of the totally abolished replication of Gy3-2 mutant
virus in PBMCs.

G;3-2 plays a major role in exon 2 vs. exon 3 selection

and vif vs. vor mRNA expression

Since activated PBMCs exhibit high expression of the
host restriction factor A3G [34,50], we were interested
in whether the replication defect of Gi3-2 mutant virus
might have originated from disturbed expression of the
viral antagonist of A3G, which is the accessory protein
Vif. For this purpose, we analyzed the impact of the Gi3-
2 inactivating mutation on vif gene expression. HEK
293 T cells were transiently transfected with pNL4-3 or
the G3-2 mutant proviral plasmid pNL4-3 Gi3-2 mut,
and total RNA and proteins were harvested 48 h post
transfection. As determined by semi-quantitative RT-PCR
using primer pairs to specifically amplify intron-containing
(4 kb) or intronless (2 kb) HIV-1 mRNAs (Additional file 1:
Figure S1), inactivation of Gy3-2 resulted in excessive
exon 3 splicing in the tat, nef, and env mRNAs (Tat3,
Nef4, Env8), and concomitantly led to accumulation of
vpr mRNA indicating that Gy3-2 represses exon 3 and 3'ss
A2 recognition (Figure 5A). However, enhanced splicing
of A2 was obviously incompatible with the recognition of
the upstream exon 2 as observed by means of multiply
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were analyzed with the RIP 3.0 software (http//www.hiv.lanl.gov/content/sequence/RIP/RIP.html). (C) Molecular clones of pNL4-3 used in this studly.
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spliced mRNAs (Tat2, Nef3) and consequently vif mRNA
processing (Figure 5A). Mutating Gy3-2 considerably
shifted from exon 2 to exon 3 containing transcripts indi-
cating that Gi3-2 balances selection of exon 2 and exon 3.
To quantify the impact of inactivated Gy3-2 on balanced
regulation of exon 2 and 3 splicing, we performed quanti-
tative real time RT-PCR using primer pairs (c.f. Additional
file 1: Figure S1 for primer binding sites) detecting the
relative splicing efficiencies of mRNAs containing either
exon 2 or 3 as well as the relative splicing efficiencies of
vpr and vif mRNAs (Figure 5B and C). We quantified a
44-fold increase in exon 3 and concomitant three-fold
decrease in exon 2 containing transcripts (Figure 5B).
Furthermore, we quantified a 30-fold increase of vpr
mRNA, when Gy3-2 was mutated confirming that Gi3-2 is
also required for the repression of 3'ss A2 (Figure 5C).
On the other hand, vif mRNA was observed to decrease
2.5-fold compared to the non-mutated virus, verifying
the aforementioned observation that 3'ss Al and A2 are

spliced in an apparently mutually exclusive manner
(Figure 5C). This was furthermore confirmed by the
quantitation of the relative splicing efficiency of tat
mRNAs of G3-2 mutant virus, which resulted in consider-
able increase in tat3 (18-fold) and concomitant decrease
of tat2 (four-fold) mRNA splicing (Figure 5D).

Next, we performed Western blot analyses to evaluate
excessive exon 3 splicing and opposite effects on vpr and
vif mRNA splicing also on protein levels (Figure 5E and F).
In accordance with decreased amounts of unspliced
mRNAs, we observed a remarkable decrease in Gag
expression, which was mainly reflected by the reduced
amounts of its cleavage products. Similarly, virus particles
in the supernatant were decreased (Figure 5E, p24-CA
(sn)). As expected from the RT-PCR results described
above, the expression of Vpr protein was considerably
increased when Gys-2 was mutated. In parallel, Vif protein
amounts were significantly decreased to 65% when
compared to non-mutated virus (Figure 5E and F). In
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conclusion, the intronic G run G3-2 acts to repress the ac-
tivation of 3'ss A2 and plays a major role in the apparently
mutually exclusive selection of exon 2 and exon 3, which in
turn regulates the expression of Vpr and Vif protein.

G3-2 is critical for viral replication in APOBEC3G-
expressing but not -deficient cells

Since physiological levels of Vif are necessary to counteract
A3G-mediated host restriction, we were interested in
whether the diminished Vif protein levels of Gy3-2 mutated
virus were the underlying cause of the replication in-
competence in PBMCs. In order to prove this hypoth-
esis, we aimed to analyze the replication kinetics of
mutant and non-mutant virus in A3G low expressing
CEM-SS [2,51-53] and high expressing CEM-A [54] cell
lines, whose expression we previously confirmed by A3G
immunoblot analysis [34]. As a control, the vif deficient
NL4-3 Avif virus was included in this analysis [55]. CEM
cells were infected with an MOI of 0.01, cell free superna-
tants were harvested at frequent intervals, and p24 capsid
protein production (CA) was monitored by capture
ELISA to quantify viral replication (Figure 6A). As an-
ticipated, in A3G low expressing CEM-SS cells, vif defi-
cient virus was able to produce viral particles with
comparable efficiency as non-mutant NL4-3 virus. How-
ever, the replication curve of Gi3-2 mutant virus flattened
out at a tenfold lower p24-CA amount compared to non-
mutant and vif deficient virus, confirming that inactivating
Gi3-2 not exclusively alters vif mRNA processing but
generally disturbs the balanced ratio of all classes of RNA
impairing viral replication. On the contrary, vif deficient
as well as Gp3-2 inactivated viruses were replication
incompetent in A3G high expressing CEM-A cells and
thus ended up in an abortive infection. These results
indicate that the replication incompetence was the net
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(F) Quantification of Vif protein amounts from (E).

result of diminished Vif protein levels as well as reduced  the threshold of Vif required for optimal viral replication
virus production caused by the G run mutation. These  was in a narrow range.

results also demonstrate that Gy3-2 was critical for effi- To determine the viral rescuing activity of Vif and Vif
cient virus replication in A3G expressing cells and that  point mutant G185E we used two different constructs
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Figure 6 G3-2 is critical for efficient virus replication in A3G expressing cells. (A) CEM-SS and CEM-A cells were infected with wild type or
Gp-2 mutant NL4-3 virus and virus production was determined by p24 CA capture ELISA of cell-free supernatant collected at the indicated time points.

(B) Vif G185E mutant counteracts A3G with comparable efficiency as wild type Vif. Viral rescuing activity of Vif and Vif G185E mutant against A3G compared
to vector only control (no A3G). HIV-1 Avifluc reporter viruses were generated in the presence of A3G and absence of A3G (vector control), and A3G in
combination with Vif, Vif G185E, Vif-V5, and Vif-V5 G185E plasmids. Virions were normalized by RT activity. Luciferase activity was measured 48 hours post
infection. Unpaired t tests were computed to determine the differences between the group of samples reached the level of statistical significance (ns, not
significant; *, P 0.05 and ***, P 0.0001). (C) Viral supernatants were concentrated through a 20% sucrose cushion by ultracentrifugation. Immunoblot analysis
of the expression and encapsidation of A3G in the presence and absence of Vif, Vif G185E, Vif-V5, and Vif-V5 G185E: A3G was detected by an anti (a)-HA
antibody. Vif, VSV-G, and p24-CA were detected by their respective monoclonal antibodies. Tubulin served as loading control for cell lysates and p24-CA

and VSV-G for viral lysates. Asterisk in the Vif blot indicates the shift in the molecular weight of V5-tagged Vif.




Widera et al. Retrovirology 2014, 11:72
http://www.retrovirology.com/content/11/1/72

that have Vif without a tag and Vif with a C-terminal V5
tag. The point mutation yielding to the amino acid sub-
stitution G185E was introduced in both plasmids by site
directed mutagenesis and used to produce viral particles
by transfection of HEK 293 T cells. Normalized amounts
of particles were used to transduce HEK 293 T cells and
the intracellular luciferase activity was quantified two
days post transduction. A3G reduced the infectivity of
HIV-1 luc reporter vectors about 10-fold, and the pres-
ence of Vif and Vif G185E (both versions) rescued the
reporter virus infectivity to above 70% attained by HIV-1
vectors generated without A3G (Figure 6B). Immunoblot
analysis of cellular and viral lysates confirmed wild type
Vif- and G185E mutant Vif-triggered proteosomal deg-
radation of A3G in the viral producer cells (Figure 6C).
In the absence of Vif or Vif G185E, A3G was efficiently
incorporated in the viral particles. However, in the presence
of Vif or Vif G185E only traces of A3G were detectable in
encapsidated viruses. The amount of Vif and Vif G185E
within the viral particles was under the detection limit.

In conclusion, Gy3-2 is critical for efficient virus repli-
cation in A3G expressing cells while G185E mutation
does not alter the Vif protein’s counteracting function.

Inhibition of hnRNP protein binding to the intronic G run
Gj3-2 restricts viral particle production
Since G runs were demonstrated to act as high affinity
binding sites for members of the hnRNP F/H and A2/B1
protein families [34,48], RNA affinity precipitation assays
were performed to screen for potential interaction also
with the viral G run Gi3-2. Therefore, short RNA oligo-
nucleotides containing an MS2 coat protein RNA stem
loop (Figure 7A), and either the wild type or mutant
Gp3-2 sequence, were transcribed in vitro. The RNAs
were then covalently immobilized on agarose beads and
incubated in HeLa cell nuclear extract supplemented with
recombinant MS2 coat protein to allow monitoring RNA
pull-down efficiency. Subsequently, the associated pro-
teins were eluted and separated on SDS-PAGE and sub-
jected to immunoblot analysis (Figure 7B). As expected,
we could detect high levels of hnRNP F/H and A2/B1
proteins on RNAs containing the wild type Gi3-2
sequence, while these were markedly reduced for the
mutated RNA substrate (Figure 7B, upper and middle
panel, lanes 3 and 4). Noticeably, equal levels of MS2 pro-
tein detected on wild type and mutated RNAs indicated
comparable precipitation efficiencies for both RNAs
(Figure 7B, lower panel, lanes 3 and 4) and therefore sug-
gested that hnRNP F/H and/or A2/B1 may act through the
Gy3-2 sequence to contribute to splicing regulation of vif
and vpr mRNAs.

To test whether hnRNP binding can be prevented by
masking G3-2 sequence using an RNA-based antisense
approach, we also determined the precipitated levels of
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hnRNP F/H and A2/B1 proteins together with wild type
RNAs in presence of a locked nucleic acid (LNA) specif-
ically targeting the G3-2 sequence (G3-2 LNA). Herein,
decreased levels of hnRNP F/H and A2/B1 proteins were
detected on wild type RNA to which the Gy3-2 LNA had
been added (Figure 7B, cf. lanes 3 and 5). Moreover, upon
increasing the concentration of the Gyj3-2 LNA, hnRNP F/
H and A2/B1 precipitation efficiency could be further
slightly reduced (Figure 7B, cf. lanes 3, 5 and 6). Altogether,
these results demonstrate that this LNA rendered Giz-2
inaccessible for hnRNP F/H and A2/B1 binding.

Next, we were interested in whether the Gi3-2 LNA
might be suitable to impair viral particle production.
Following co-transfection of HeLa cells with pNL4-3 and
either the G3-2 LNA or a control LNA (G3-2 MM LNA)
that contained three mismatches, total RNA was harvested
and analyzed by Northern blotting using a HIV-1 exon 7
specific probe. Co-transfection of the Gi3-2 LNA resulted
in a considerable reduction in viral RNAs compared to
pNL4-3 alone or pNL4-3 co-transfected with the mismatch
control LNA, Gi3-2 MM (Figure 7C). To further determine
whether viral particle production and Gag protein expres-
sion were also affected, total proteins of the transfected cells
and the virus containing supernatant were subjected to
immunoblot analysis and detected with a p24-CA specific
antibody. In line with the above findings, Gag precursor
(Pr55gag) as well as Gag processing intermediate (Pr41)
and product (p24-CA) were significantly reduced in the
presence of the Gi3-2 LNA (Figure 7D). There was little
effect on the Gag protein expression and virus production
when co-transfecting the Gi3-2 MM LNA emphasizing
the specificity of the Gi3-2 LNA and the impact of Gi3-2
on viral particle production.

The G;3-2 binding site is functionally conserved in HIV-1

To assess whether Gi3-2 might be a valuable target for
LNA-mediated antiviral therapy, we were interested in
whether Gy3-2 is conserved in all HIV-1 subtypes. Indeed,
an alignment of all HIV-1 consensus sequences showed
that 9 out of 12 consensus sequences encode a conserved
G run at the designated position (Figure 2A). The re-
maining three subtypes lacking a G run at this particular
position contain a G run only 6 nucleotides upstream due
to a compensatory nucleotide substitution in position 2 of
Gis-1 restoring the protein binding consensus sequence
DGGGD. The A > G substitution in Gys-1 likely converts a
low affinity (AAGGGC) into a high affinity binding site
(AGGGGC). To demonstrate that the compensatory Gys-
1 mutation could functionally substitute for an inactivated
downstream Gy3-2 binding site we inserted the corre-
sponding mutations into pNL4-3 and pNL4-3 Gi3-2 mut
(Figure 2C) and determined their splicing outcomes. Total
RNA was isolated 24 h following transient transfection
of HEK 293 T cells, and splicing patterns were analyzed
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Figure 7 G;3-2 is specifically bound by hnRNP F/H and A2/B1. (A) Schematic illustration of the RNA pull-down experiment and binding site
of locked nucleic acids directed against Gj3-2 within HIV-1 intron 3. (B) RNA pull-down assay using Hela nuclear extract. Substrate RNAs containing a
MS2 sequence and the wild type or mutant G runs sequence were covalently linked to adipic acid dihydrazide-agarose beads and incubated with
Hela cell nuclear protein extract. MS2-proteins were added to monitor the RNA input. For interference with protein:RNA interaction, wt RNA was
pre-incubated with the G;3-2 LNA in a ratio of either 1:5 or 1:1 relative to the amount of RNA substrate. The precipitated proteins were resolved by
SDS-PAGE (16%) and detected by immunoblot analysis using anti hnRNP F/H and A2/B1 antibodies. MS2 specific antibodies were used as a loading
control. (C) Hela cells were co-transfected with pNL4-3 and locked nucleic acids (LNAs) masking Gjs-2 or the respective mismatch control. Total RNA
was isolated 24 h post transfection and subjected to Northern blotting using a HIV-1 specific probe. (D) Immunoblot analysis of p24-CA using cellular
lysates (cell) and pelleted virions from the supernatant (sn) of co-transfected cells from (Q).
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by qualitative (Figure 8A) and quantitative RT-PCR
(Figure 8B). Introducing an A > G mutation in position 2
of G3-1 while Gi3-2 was inactivated by the G > A muta-
tion, we could compensate the excessive exon 3 and vpr
mRNA splicing phenotype described above and restored
the amounts of exon 2 containing transcripts (Figure 8A,
lane 3) as well as vif mRNA (Figure 8B). These results

demonstrate that the A > G nucleotide change in position
2 of Gyz-1 (cf. Figure 2C; J, G, AE) is a compensatory
mutation. The introduction of this substitution without
inactivating downstream Gy3-2 had no effect on vif and
vpr mRNA amounts (Figure 8A-B, cf. lanes 1 and 5)
suggesting that there is no evolutionary pressure on two
functional binding sites. To determine whether the



Widera et al. Retrovirology 2014, 11:72 Page 11 of 19
http://www.retrovirology.com/content/11/1/72

(A) Se (B)
O \OF
SR 10 g
& M, o - 2
YN o B exon3 | 90
& of o° o° 5 I exon 2 E ©
] ] - 4 — 3 »—
500 —=—i ) b [— VpI3[1.3E] e 10 3
400 — £%
= 22 4 g
b bd |- Tat3[1.3.4] =5 10 s
200 (el et b [ T2 [1.2.4] 2 =3
Ml o/ bl bnd | Tat1 [1.4] @ g
H*
1 00 #1544/#3632 1 01 \ « \
399 — Tat1 [1.4.7] & && O@Q > &Qq}i"
300 L Nef4 [1.3.5.7] S N PN s
Nef3 [1.2.5.7] 0f @b O° o
200 Nef2 [1.5.7] (C)
#1544/#3392
1500 10 ©
L Vif2 [1.2E] 8
1%88 — Vpr3 [1.3E] ‘>,- = V.pfrmRRNNAA %uc:
vifm ~
ggg Enva [1.3.5E] & 10°) B
500 Env1 [1.5E] S g 2
#1544/#640 ® ©
300 —== |- vif2[1.2€] e 2 107 3
A bl s W [— V/r3 [1.3E] S 40
#1544/#3396+#3398 % % hah
10" 3
#3387/#3388
1 2 3 4

(D)

sn

cellular

1 2 3 4 5

Figure 8 A single G run is sufficient to maintain the HIV-1 splicing pattern. (A) RT-PCR analysis of RNA isolated from HEK 293 T cells transiently
transfected with pNL4-3 or its mutant derivates 48 h post transfection. The used primer pairs are illustrated in Additional file 1: Figure S1. Transcript
isoforms are indicated on the right. Separate RT-PCRs were performed by using primer pairs amplifying HIV-1 exon 7 to compare total RNA amounts.
PCR amplicons were separated on a non-denaturing polyacrylamide gel (10%) and stained with ethidium bromide. (B-C) Quantitative RT-PCR of total
RNA obtained from panel (A). The NL4-3 splicing pattern (wt) was set to 100% and the relative splice site usage was normalized to exon 7 containing
HIV-1 transcripts. Compare with Additional file 1: Figure S1 for specific primer binding sites. (D) Immunoblot analysis of the indicated proteins employing
lysates from HEK 293 T cells (cellular) and their supernatants (sn) transiently transfected with the indicated proviral DNAs. Transfected cells were lysed in
RIPA buffer and lysates were collected 48 h post transfection. Virions were pelleted by sucrose centrifugation.
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compensatory mutant was also capable of restoring and
rescuing Vif and Vpr protein levels, we isolated total
cellular proteins and subjected them to immunoblot
analysis. Consistent with the findings above, the com-
pensatory A >G mutation reduced Vpr amounts and
restored Vif protein levels to those levels obtained with
wild type pNL4-3 (Figure 8D, Vpr, Vif). In addition, the
reduced amount in Gag precursor as well as viral particle
production could be rescued (Figure 8D, p24-CA). The
data obtained in these experiments highlights a functional
conservation of the G run in all HIV-1 subtypes support-
ing an indispensable role for Gi3-2 in HIV-1 replication.

Discussion

Within HIV-1 NL4-3 intron 3 we identified a high affin-
ity binding site for members of the hnRNP F/H family,
termed Gy3-2. Binding of hnRNP F/H and A2/B1 proteins
to Gi3-2 was confirmed by RNA pull-down experiments
and could be efficiently prevented either by point muta-
tion or upon co-transfection with an LNA specifically
targeting Gyz-2. Inactivation of Gy3-2 led to aberrant alter-
native splicing and to a replication defective phenotype in
PBMCs and A3G expressing CEM-A cells.

The Gp3-2 inactivating mutation resulted at the same
time in an amino acid (aa) substitution at position 185
(G185E) in the Vif protein, which is localized in the Gag,
p7-NC, and membrane binding domain [27]. Residues
172 to 192 were shown to be involved in membrane
association [56], and mutating aa positions 179 to 184
(KTKGHR > ATAGHA) resulted in 25% loss of membrane
binding and decreased Pr55Gag binding [57]. However, a
T > A substitution at aa position 188 of Vif had no effect
on the ability to decrease A3G levels [58]. Moreover, since
the G185E substitution in Vif is also present in three
(G, ] and AE) of twelve HIV-1 consensus sequences, we
assumed that it is highly unlikely that it affects Vif’s
A3G counteracting activity. However, to experimentally
rule out that the Vif G185E substitution indeed did not
impact Vif’s functionality we confirmed it by using an
HIV-1 Vif deficient luciferase reporter, which was
supplemented with expression vectors coding for either
wild type or G185E Vif protein.

At the RNA level, in parallel to an increase in exon 3
recognition, mutating Gi3-2 also decreased levels of exon
2 containing transcripts as well as vif mRNA, demonstrat-
ing that recognition of either exon strongly influences
the other. Indeed, we have shown recently that excessive
splicing of exon 3 and vpr mRNA processing concomi-
tantly resulted in considerable decrease of exon 2 and
vif mRNA splicing, indicating an apparently mutually
exclusive exon selection of exon 2 and exon 3 [33]. In
this work we demonstrated that this competition, which
is regulated by Gi3-2, determines the ability to evade
A3G-mediated antiviral effects due to vif expression.
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Hence, an insufficient level of Vif is unable to maintain
viral replication due to insufficient A3G-counteraction.

All HIV-1 intron-containing mRNAs that harbor
translational start codons in their introns immediately
downstream of their leader exon (avoiding translational
inhibitory AUGs) depend on the recognition of the leader
exons’ 3'ss. However, their corresponding 5'ss must be
rendered splicing incompetent in order to include the
start codons into the nascent transcript. For instance, the
intron-containing env mRNAs, which belong to the class
of HIV-1 4 kb mRNAs, are formed by using a splice
acceptor that is derived from either one of the 3'ss central
cluster (A4c, a, b and A5), and splicing repression at D4.
Hereby, Ul bound to D4 and U2 snRNPs bound to 3'ss
Adcab or A5 pair with each other via cross-exon inter-
actions [35] and facilitate exon definition [59,60]. In
addition, these interactions are supported by the strong
guanosine-adenosine-rich enhancer GAR ESE, which is
localized immediately downstream of 3'ss A5 [35,61].
Importantly, the binding of a splicing incompetent Ul
snRNA was sufficient to promote exon definition and 3’
ss activation indicating that exon definition but not spli-
cing at D4 is crucial to activate upstream splice acceptor
usage in order to gain env/vpu mRNAs [35]. In a similar
way, vif and vpr mRNAs seem to rely on comparable
functional cross-exon interactions, in these cases between
splice sites A1 and D2 (exon 2) as well as A2 and D3
(exon 3), respectively, which determined the splicing
efficiency of vif and vpr mRNA. In agreement with the
formation of env/vpu mRNAs, exon 3 inclusion and vpr
mRNA expression can be modulated by up and down
mutations of 5'ss D3 as well as by co-transfection of
modified Ul snRNAs with perfect complementarity to
the 5'ss D3 [33,37]. Hereby, binding of Ul snRNP to a
non-functional 5’ss was shown to be already sufficient
to enhance splicing at the upstream 3'ss A2 indicating
that vpr encoding mRNAs are dependent on the relative
occurrence of Ul-bound, but splicing-repressed 5°ss [33].
Correspondingly, the co-expression of a Ul snRNA that
was fully complementary to a splicing deficient HIV-1 D2
mutant was sufficient to maintain vif mRNA formation
[32]. Since both D3 up [33] as well as Gi3-2 mutations
increased exon 3 inclusion as well as vpr formation, it
seems plausible that Gj3-2 might play a role in the inhib-
ition of Ul snRNP recruitment to D3.

So far vif mRNA formation has been known to be
maintained by the two SRSF1 dependent heptameric
exonic splicing enhancers ESEM1 and ESEM2 [40], the
SRSF4 dependent ESE Vif [32], as well by the intronic G
rich silencer elements G4 overlapping with the intronic
nucleotides of 5'ss D2 and thus likely competing with
U1l snRNP binding [32]. In addition, we recently identi-
fied the intronic G run Gy,-1, which impairs usage of the
HIV-1 alternative 5'ss D2b as well as exon definition of
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exon 2b, and thus inhibits splicing at 3'ss Al [34]. Here,
we show that vif mRNA is not only regulated by exon 2
and exon 2b associated SREs [32,34,40], but in addition
is also controlled by the balanced exon recognition and
splicing of exon 2 and exon 3. In contrast to Gp-1,
Gy3-2 is entitled as a “deep intronic” splicing regulatory
element. The mechanism, although not yet known,
seems likely to be different to that described for Gp,-1.
Whereas any splicing regulatory element immediately
upstream or downstream of a 5'ss exerts a clear pos-
itional splicing regulatory effect [62] this is unpredictable
for deeper intronic ones. Thus, the intronic G runs, Gy3-
1 and Gy3-2, extend the repertoire of SREs, acting on vif
and vpr mRNA splicing regulation.

Conserved non-coding sequences often harbor cis-
regulatory elements that can vary in their sequence.
However, since Gi3-1 and Gy3-2 are localized in both vif
and vpr ORFs, there is little room left to maintain
proper protein affinity forming a compromise between
splicing efficiency on the one hand and protein function on
the other hand. Comparing HIV-1 consensus sequences
(Los Alamos HIV database) it turned out that Giz-2
matches the consensus sequences of HIV-1 strains A2, B
and D. In addition, the three consensus sequences of
strains J, G and AE were equivalent to the inactivating
Gi3-2 mutation but contained a high affinity hnRNP F/H
binding site in position of Gy3-1 (comparable to Gi3-1 cmp/
Gp3-2 mut). However, most of the consensus sequences
contain both G runs, Gi3-1 and Gys-2, as high affinity bind-
ing sites. Thus, removal of only a single G run preserves
phenotypic functioning indicating that a single protein
binding site irrespective of the exact nucleotide sequence is
sufficient to maintain proper splicing. Since viral replication
of G3-2 mutant NL4-3 virus was considerably impaired in
A3G-expressing, but not in -deficient cells, we propose that
at least one functional high affinity binding site for hnRNP
F/H and A2/B1, either Gi3-1 or Gy3-2, is critical to maintain
an optimal Vif to A3G ratio. Further support for this model
comes from previous studies showing that siRNA-directed
down-regulation of hnRNP A2/B1 proteins within pNL4-3-
transfected HEK 293 T cells leads to a viral oversplicing
phenotype of exon 3 containing and vpr coding mRNAs
reminiscent to that seen for the Gy3-2 mutant [63,64]. In
addition, the redundancy of these G runs could represent
a viral backup mechanism to easily re-substitute defect
binding sites by an exchange of a single nucleotide.

Targeting Vif gene expression represents an attractive
therapeutic strategy as it supports infected cells to defend
themselves in an APOBEC3-dependent manner. Since
viral replication of Gj3-2 mutant NL4-3 virus was strongly
impaired in human primary T-lymphocytes, G runs Gj3-1
and Gj3-2 may represent suitable therapeutic targets.
Therefore we tested the effect of an LNA specifically
designed to target Gi3-2 on viral particle production.
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Surprisingly, we found that targeting Gj3-2 had an even
more dramatic effect on the viral particle production than
inactivating Gy3-2 upon mutation. This apparent stronger
effect might to some extend result from an yet unknown
degradation mechanism of the viral target RNAs. Since we
used mixmer LNAs (combination of LNA and DNA resi-
dues) it is highly unlikely that they recruit RNaseH, which
has been shown to need at least a gap of 6 neighbouring
deoxynucleotides for noteworthy RNase H activity [65,66].
Although the mechanism of action is not yet fully under-
stood, viral particle production seems to be specific as the
control mismatch LNA did not cause any harm.

Since sublethal levels are proposed to contribute to
viral genetic diversity, suboptimal Vif inactivation might
give rise to the emergence of viral quasi-species and
drug resistant HIV-1 strains [1,67,68]. Hence, there is a
need for multiple therapeutic approaches to inactivate
Vif in parallel. Potentially, this can be achieved by masking
numerous SREs that facilitate vif expression. Furthermore,
this strategy could minimize the risk of second site
mutations that may potentially substitute therapeutically
induced aberrant splicing. Moreover, it will be interesting
to analyze the effect of Gy3-2-mutation derived increase of
Vpr protein levels, which are important for HIV-1 replica-
tion in macrophages.

Conclusions

Our data suggest that the intronic G runs Gys-1 and Gy3-2,
which are functionally conserved in most HIV-1 strains,
are critical for efficient viral replication in A3G-expressing
but not in A3G-deficient T cell lines. Hereby, inactivation
of Gi3-2 results in increased levels of both mRNA and
protein levels of Vpr, but concomitantly in decreased
amounts of Vif mRNA and protein levels. Gy3-2, which is
bound by hnRNP F/H and A2/B1 proteins, plays a major
role in the apparent mutually exclusive exon selection of
vif and vpr leader exon selection. Furthermore, mutating
Gi3-2 decreased viral mRNA levels, altered the ratio of
unspliced 9 kb mRNA and thus reduced viral production.
Since competition between these exons determines the
ability to evade A3G-mediated antiviral effects due to
vif expression, we propose that Gi3-2 is critical for viral
replication in non-permissive cells due to an optimal
Vif-to-A3G ratio as well as for maintenance of efficient
virus production.

Methods

Plasmids

Proviral DNA pNL4-3 Gj3-2 mut was generated by
replacing the AflII/Narl fragment of pNL4-3 [GenBank:
M19921] [69] by the PCR-amplicon obtained by using
primer pair #2339/#3896 (for all sequences see Table 1).
Proviral plasmid pNL4-3 Gj3-3 mut was generated by
substitution of the EcoRI/Ndel fragment of pNL4-3 with
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Table 1 DNA oligonucleotides used in this work

Primer Primer sequence

#0640 5" CAATACTACT TCTTGTGGGT TGG

#1544 5'- CTTGAAAGCG AAAGTAAAGC

#2330 5"- TCTGGATCCA CCACCACCAC CGTAGAT

#2339 5" TGGGAGCTCT CTGGCTAACT AGG
GAACCCACTGCTTAAGC

#3153 5'- CCACTCCTCC ACCTTTGAC

#3154 5'- ACCCTGTTGC TGTAGCCA

#3387 5'- TTGCTCAATG CCACAGCCAT

#3388 5" TTTGACCACT TGCCACCCAT

#3389 5 TTCTTCAGAG CAGACCAGAG C

#3390 5'- GCTGCCAAAG AGTGATCTGA

#3391 5" TCTATCAAAG CAACCCACCTC

#3392 5'- CGTCCCAGAT AAGTGCTAAGG

#3395 5"- GGCGACTGGG ACAGCA

#3396 5" CCTGTCTACT TGCCACAC

#3397 5'- CGGCGACTGA ATCTGCTAT

#3398 5'- CCTAACACTA GGCAAAGGTG

#3631 5"- CGGCGACTGA ATTGGGTGT

#3632 5"- TGGATGCTTC CAGGGCTC

#3633 5'- CGACACCCAA TTCTTGTTAT GTC

#3636 5" CCGCTTCTTC CTTGTTATGT C

#3896 5= TTCACTCTTA AGTTCCTCTA AAAGCTCTAG
TGTCCATTCA TTGTATGGCT CTCTCTGTGG C
CCTTGGTCT TCTG

#3897 5'- GTTGCAGAAT TCTTATTATG GCTTCCACTC
CTGCCCAAGT ATCGCCGTAA GTTTCATAGA T
ATGTTGTCC TAAGTTATG

#4324 5" TAATACGACT CACTATAGG

#4355 5"- TTCATCGAAT TCAGTGCCAA GAAGAAAAGC
AAAGATCA

#4614 5 TTCATTGTAT GGCTCCCTCT GTGGCCCTTG ACAT
GGGTGA TCCTCATGTC CTATAGTGAG TCGTATTA

#4615 5 TTCATTGTAT GGCTCTCTCT GTGGCCCTTG ACA
TGGGTGA TCCTCATGTC CTATAGTGAG TCGTATTA

#4718 5" TAGTGTCCAT TCATTGTATG GCTCCCTCTG TGGCC
CCIGGT

#4720 5'- TAGTGTCCAT TCATTGTATG GCTCTCTCTG TGGCC
CCTGGT

#4843 5'- CCGCTTCTTC CTTTCCAGAG G

#4849 5'- CCTCTGGAAA GAATTGGGT

vifmut- 5= AGGGCCACAG AGAGAGCCAT ACAATG

forward

vifmut-reverse 5= CATTGTATGG CTCTCTCTGT GGCCCT

a PCR product containing equal restriction sites by using
primer pair #2330/#3897. The respective PCR products
for pNL4-3 Gy3-1 cmp (#4355/#4718) and pNL4-3 Gyz-1
cmp/Gpz-2 mut (#4355/#4720) containing PfIMI and
Xcml restriction sites were cloned into pNL4-3 by
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substitution of the PfIMI/Xcml fragment. Due to the
overlapping vif and vpr open reading frames (ORFs),
mutations resulted in single amino acid substitutions
(K181R Gy3-1 cmp; G185E Gi3-2 mut) within the Vif
protein (Figure 8D). pXGH5 [70] was co-transfected to
monitor transfection efficiency in quantitative and semi-
quantitative RT-PCR analyses. pcDNA3.1 Vif and pcDNA
Vif-V5 plasmids [71] were used to introduce point muta-
tion GI85E by site directed mutagenesis using PCR
primers (vifmut-forward/vifmut-reverse). PCR products
were treated for 1 h at 37°C with 10 units of Dpnl restric-
tion enzyme to digest the parental methylated plasmids
and transformed into E. coli. All PCR-amplified sequences
of the plasmids were validated by DNA-sequencing.

Oligonucleotides

All DNA oligonucleotides (Table 1) were obtained from
Metabion (Germany), those used for real time PCR ana-
lysis were HPLC purified. RNase-Free HPLC purified
LNAs (G3-2: TATGGCTCCCTCTGTG; Gi3-2 mismatch
control: TTTGGCTCACTCCGTG) were purchased from
Exiqon (Denmark).

Cell culture, transfection conditions and preparation of
virus stocks

HEK 293 T and HeLa cells were maintained in Dulbecco’s
high glucose modified Eagle’s medium (Invitrogen) sup-
plemented with 10% (v/v) heat-inactivated fetal calf serum
(FCS) and 50 pg/ml of penicillin and streptomycin (P/S)
each (Invitrogen). Transient transfection experiments
were performed in six-well plates (2.5 x 10° cells per well)
using TransIT°-LT1 transfection reagent (Mirus Bio LLC)
according to the manufacturer’s instructions. For LNA
co-transfection experiments, 2.5 x 10° HeLa cells per well
(six-well plate) were cultured in Opti-MEM reduced
serum medium (Invitrogen) with 5% FCS. The next day,
medium was replaced with Opti-MEM reduced serum
medium without FCS. For LNA transfection 4 pl of
Lipofectamine 2000 (Invitrogen) was added to 250 pl
Opti-MEM reduced serum medium. Separately, proviral
plasmid pNL4-3 (0.7 pg), plasmid pXGH5 (0.7 pg) and the
respective LNAs (80 nM) were added to 250 pl Opti-MEM
reduced serum medium. After 5 min the LNA/DNA mix-
tures were added to the Lipofectamine 2000 containing
medium, incubated for 20 min and subsequently added to
the cells. After 4 hours, medium was removed and cells
were washed twice with PBS and cultured with Opti-MEM
reduced serum medium with 5% FCS for 24 hours.

For preparation of virus stocks 6.5 x 10° HEK 293 T
cells were cultured in T175 flasks that were previously
coated with 0.1% gelatine solution. Cells were transiently
transfected with 9 pg of pNL4-3 or mutant proviral
DNA using polyethylenimine (Sigma-Aldrich). Following
overnight incubation, cells were supplemented with fresh
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IMDM cell culture medium containing 10% FCS and 1%
P/S. 48 hours post transfection, virus containing super-
natant was purified by centrifugation, aliquoted and
stored at —80°C. Transfection efficiency was monitored
by using pNL4-3 GFP [72].

CEM-A and CEM-SS cells were maintained in RPMI
1640 medium (Invitrogen) supplemented with 10% FCS
and P/S (50 pg/ml each, Invitrogen). Peripheral blood
mononuclear cells (PBMCs) were isolated from 15 ml
whole blood from two healthy donors by ficoll gradient
centrifugation. PBMCs were maintained in RPMI 1640
GlutaMax medium containing 10% FCS and 1% P/S and
activated with phytohemagglutinin PHA (5 pg/ml). 48 hours
post isolation cells were treated with IL-2 (30 mg/ml).

RNA-isolation, quantitative and semi-quantitative RT-PCR
Total RNA was isolated by using acid guanidinium
thiocyanate-phenol-chloroform as described previously
[73]. RNA concentration and quality was analyzed by
photometric measurement using Nano-Drop 1000 spectro-
photometer, ND-1000 version 3.7.0 (Thermo Scientific).
Reverse transcription of 5 ug of total RNA was performed
as described previously [34]. For quantitative and qualita-
tive analysis of HIV-1 mRNAs the indicated primers
(Table 1) were used to amplify the cDNA-template. As a
loading control, a separate PCR detecting GAPDH was
performed with primers #3153 and #3154. PCR products
were separated on non-denaturing polyacrylamide gels
(10%), stained with ethidium bromide and visualized with
the Intas Gel iX Darkbox II (Intas, Germany). Quantitative
RT-PCR analysis was performed by using Precision 2x
real-time PCR MasterMix with SYBR green (Primerdesign,
UK) using LightCycler 1.5 (Roche). Primers used for quali-
tative and quantitative RT-PCR are listed in Table 1.

Protein isolation and Western blotting

For protein isolation cells were lysed using RIPA lysis
buffer (25 mM Tris HCI [pH 7.6], 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS, protease
inhibitor cocktail [Roche]). Subsequently, the lysates were
subjected to SDS-PAGE under denaturating conditions
[74] in 8-12% polyacrylamide gels (Rotiphorese Gel 30,
Roth) as described before [34]. The following primary
antibodies were used for immunoblot analysis: Sheep anti-
body against HIV-1 p24 CA from Aalto (Ireland); mouse
monoclonal antibodies specific for HIV-1 Vif (ab66643)
and hnRNP F+H proteins (abl0689) from Abcam
(United Kingdom); hnRNPA2/B1 (DP3B3): sc-32316 from
Santa Cruz; rabbit anti-HIV-1-Vpr (51143-1-AP) polyclonal
antibody from Proteintech Group (United Kingdom); rabbit
polyclonal antibody against MS2 (TC-7004) from Tetracore
(Rockwill, USA); mouse anti -actin monoclonal antibody
(A5316) from Sigma-Aldrich. The following horseradish
peroxidase (HRP) conjugated secondary antibodies were
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used: anti-rabbit HRP conjugate (A6154) from Sigma-
Aldrich; anti-mouse antibody (NA931) from GE Healthcare
(Germany), and anti-sheep HRP from Jackson Immu-
noresearch Laboratories Inc. (West Grove, PA). Blots
were visualized by an ECL chemiluminescence detection
system (Amersham) and Intas ChemoCam imager (Intas,
Germany).

For analysis of expression of viral structural proteins,
Vif and A3G transfected cells were harvested, washed
with PBS and lysed using RIPA assay buffer for 20 min on
ice [25 mM Tris (pH 8.0), 137 mM NaCl, 1% glycerol,
0.1% SDS, 0.5% Na-deoxycholate, 1% Nonidet P-40, 2 mM
EDTA, and complete protease inhibitor mixture (Roche)].
Soluble lysates were clarified by centrifugation and sub-
jected to SDS-PAGE followed by transfer to a PVDF
membrane (Millipore). Viral particles were concentrated
by ultracentrifugation over 20% sucrose cushion (in PBS)
in ultra-clear centrifuge tubes (13 x 51 mm, Beckman
Coulter) and centrifuged at 37,000 rpm for 2 h at 4°C in
an MLS-50 rotor (Beckman Coulter). Pelleted particles
were lysed by RIPA assay buffer and directly subjected to
immunoblotting. Membranes were probed with mouse
anti-HA antibody to detect A3G (1:104 dilution; Covance,
Munich, Germany), mouse anti-Vif antibody (1:10%) [75]
p24 was detected using mouse p24/p27 monoclonal
antibody AG3.0 (1:250) [76]. Mouse anti-VSV-G (1:2x
10* dilutions; Sigma-Aldrich), anti-mouse horseradish per-
oxidase (1:104 dilution; GE Healthcare, Munich, Germany).
Alpha-tubulin was detected using an anti-tubulin antibody
(1:10* dilution; Sigma-Aldrich). Signals were visualized by
ECL prime reagent (GE Healthcare).

Northern blotting

For Northern blotting of HIV-1 mRNAs 3 pg of total
RNA were separated on denaturing 1% agarose gel and
capillary blotted onto positively charged nylon mem-
brane and hybridized with an digoxigenin (DIG)-labeled
HIV-1 exon 7 PCR-amplicon (#3387/#3388) as previously
described [34].

Measurement of HIV-1 replication kinetics

Virus containing supernatants, which were generated by
transient transfection of HEK 293 T cells (see above),
were assayed for p24-CA via p24-CA ELISA or alterna-
tively for TCIDs, as determined by calculation of X-Gal
stained TZM-bl cells. 4 x 10> CEM-SS or CEM-A cells
were infected with 1.6 ng of p24-CA of WT and mutant
viruses in serum-free RPMI medium at 37°C for 6 hrs.
Infected cells were washed in PBS (Invitrogen) and re-
suspended in RPMI media (Invitrogen) containing 10%
FCS and 1% P/S (Invitrogen). Aliquots of cell-free media
were harvested at intervals and subjected to p24-CA
ELISA (see below). 8 x 10° PBMCs were infected with
the indicated MOI as determined by TCIDs, calculation.
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p24-CA ELISA

For HIV-1 p24-CA quantification using twin-site sandwich
ELISA [77,78] Nunc-Immuno 96 MicroWell solid plates
(Nunc) were coated with anti p24 polyclonal antibody
(7.5 pg/ml of D7320, Aalto) in bicarbonate coating buffer
(100 mM NaHCOj; pH 8.5) and incubated overnight
at room temperature. Subsequently, the plates were
washed with TBS (144 mM NaCl, 25 mM Tris pH 7.5).
HIV in the cell culture supernatant was inactivated by
adding Empigen zwitterionic detergent (Sigma, 45165)
followed by incubation at 56°C for 30 min. After p24
capturing and subsequent TBS-washing, sample specific
p24 was quantified by using an alkaline phosphatase-
conjugated anti-p24 monoclonal antibody raised against
conserved regions of p24 (BC 1071 AP, Aalto) using the
AMPAK detection system, (K6200, Oxoid (Ely) Ltd). For a
p24 calibration curve, recombinant p24 was treated as
described above.

Infectivity assay

Transfections of HEK 293 T cells were performed using Li-
pofectamine LTX reagent (Invitrogen, Karlsruhe, Germany).
HIV-1 luc reporter vectors were produced in the presence
and absence of A3G, wild type (wt) Vif, wt Vif-V5, Vif
G185E and Vif-V5 G185E or empty vector (pcDNA3.1)
by transient transfection of 600 ng of pMDLg/pRRE,
250 ng of pRSV-Rev, 150 ng of pMD.G (VSV-G) and
600 ng of reporter vector pSIN.PPT.CMV.Luc.IRES-
GFP. The HIV-1 packaging plasmid pMDLg/pRRE
encodes gag-pol and the pRSV-Rev HIV-1 rev [79]. The
HIV-1 derived vector pSIN.PPT.CMV.Luc.IRES.GFP
expresses the firefly luciferase and GFP. The luciferase
c¢DNA (luc 3) was cloned into Nhel and BamHI restric-
tion sites of pSIN.PPT.CMVmcsIRES.GFP [80], a gift of
Neeltje Kootsta. A3G and Vif expression plasmids were
kept in a ratio of 1:1 (600 ng each). 48 h post transfection,
viral particles containing supernatants were collected and
stored at —80°C until they were used. RT activity was
quantified using the Lenti-RT Activity Assay (Cavidi Tech,
Uppsala, Sweden).

To determine virus rescuing activity of wt Vif and Vif
G185E (and the V5 tagged version) HEK 293 T cells
were transduced in the presence or absence of A3G with
normalized amounts of viral like particles (determined
by RT activity). Two days after transduction, intracellular
luciferase activity was quantified using Steady Lite HTS
(Perkin-Elmer). Data were presented as the average of
actual luciferase activity per ten seconds of the quadru-
plicate (with mean and standard deviations). Statistically
significant differences between two groups were analyzed
using unpaired Student’s ¢ test in GraphPad Prism, version
5 (GraphPad Software, San Diego, CA). A minimum P
value of 0.05 was considered statistically significant.
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HIV-sequence alignments and sequence logos

HIV-1 sequences were downloaded from the Los Alamos
HIV-1 Sequence Compendium 2012 (http://www.hiv.lanl.
gov/). The subtype sequences were analysed with the RIP
3.0 software (http://www.hiv.lanl.gov/content/sequence/
RIP/RIP.html). Sequence logos were generated by using
R Statistical Computing (http://www.r-project.org) and
R package seqLogo version 1.28.0 [81].

RNA pull-down

Pre-annealed DNA oligonucleotides containing Gj3-2 wt
and mutant sequences as well as a single copy of the MS2
binding site and T7 sequences (Table 1) were subjected to
in vitro transcription using RiboMAX™ Large Scale RNA
Production Systems (Promega) according to the manufac-
tures instructions (T7 Primer: #4324; Gs-2 wt: #4614;
Gi3-2 mut: #4615). Following a phenol-chloroform extrac-
tion, the RNAs were covalently immobilized on adipic
acid dihydrazide-agarose beads (Sigma) and incubated
in 60% HeLa cell nuclear extract (Cilbiotech) in buffer
D (20 mM HEPES-KOH [pH 7.9], 5% [vol/vol] glycerol,
0.1 M KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol). Recom-
binant MS2 protein (1 pg) was added to compare the input
of each sample. Unspecific bound proteins were removed
by repetitive washing with buffer D containing 4 mM mag-
nesium chloride. The associated proteins were eluted by
heating at 95°C for 10 min, separated via SDS-PAGE (16%)
and subjected to immunoblot analysis. For interference
with protein:RNA interaction, wt RNA substrate was pre-
incubated with the G3-2 LNA in a ratio of either 1:5 or 1:1
relative to the amount of RNA substrate (1000 pmol).

Additional file

Additional file 1: Figure S1. Binding sites of RT-PCR primers used in
this work. Schematic illustration of the positions of all NL4-3 related PCR
primers used in quantitative and qualitative RT-PCR assays. Locations of 5
and 3’ splice sites (ss), exons and introns are indicated. Vif and Vpr exons are
highlighted in red and blue. The positions of relevant PCR forward and
reverse primers are indicated by black triangles. Primer pairs were used as
follows: unspliced 9 kb mRNAs (#3389/#3390), intronless 2 kb mRNAs (#3391/
#3392), exon 2 containing viral mRNAs (#3395/#4843), exon 3 containing viral
MRNASs (#3397/#3636), vif MRNA (#3395/43396), vor mRNA (#3397/43398),
tat] mMRNA (#3631/#3632), tat2 mRNA (#3395/#4849), tat3 mRNA (#3397/
#3632), and all viral mRNAs containing exon 7 (#3387/43388).
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Summary

The APOBEC3 (A3) family of cytidine deaminases plays a vital role for innate defence against
retroviruses, retroelements and other viral pathogens. They act as restriction factors that
catalyze the hydrolytic deamination of deoxycytidine to deoxyuridine on single-stranded
viral DNA (ssDNA), leading to coding changes and premature stop codons that abrogate virus
replication. Viral infectivity factor (Vif) of Human immunodeficiency virus-1 (HIV-1) binds to
intracellular A3s and depletes them by inducing polyubiquitination and proteosomal
degradation. The key objective of this thesis is to characterize A3 enzyme family activity
against diverse retroviruses and retroelements, with a focus on molecular interaction
between certain A3s and their viral counterparts.

Among the seven human A3s, A3G and A3F are the best-studied. The work in this thesis
shows for the first time that a point mutant of A3C, A3C.S61P, enhances enzymatic activity
and efficiently inhibits retroviruses, likely by local structural changes induced by the serine-
to-proline substitution. A3C.S61P had markedly increased antiviral activity against simian
immunodeficiency virus lacking Vif (SIVAvif) and murine leukemia virus (MLV), but was only
marginally active against HIV-1Avif. A3C.S61P hypermutated the genomes of SIVAvif and
MLV, but not HIVAVIf, suggesting an unknown escape mechanism of HIV-1.

Moreover, the investigation of A3C orthologues from various primates revealed that A3C
from sooty mangabey (smmA3C) potently restricts HIV-1 in a deamination-dependent
manner and resists HIV-1 Vif-mediated degradation. Taken together, these results confirm
that the catalytic activity of A3C is important for antiviral function. It also highlights the
robust antiviral activity of smmA3C, which is an interesting candidate for structural
investigations.

Anti-MLV activity of A3A is another focus of this thesis, as findings on A3A-mediated MLV
inhibition described in the literature are contradictory. The effect of producer cell and target
cell A3A was tested against MLV. Producer cell A3A was encapsidated by MLV into the viral-
core, triggered hypermutations in MLV genome and inhibited the virus. However, strikingly
MLV-glycosylated Gag (glycogag) counteracted the encapsidation of producer cell A3A
whereas, target cell A3A was not affected by glycogag. Future research should elucidate the

mechanism of the anti-A3 activity of glycogag.
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Whereas HIV-1 Vif opposes A3G by triggering its degradation, this thesis demonstrates a
novel mechanism whereby prototype foamy virus Bet counteracts A3G by impairing its
cytosolic solubility and consequently prevents its virion packaging. Bet binds A3G
presumably through a direct interaction, but does not affect its catalytic activity. It would be
exciting to explore how Bet acts on other A3s, especially A3A and A3B, as these A3s likely
drive cancer mutations. In that respect, a method to detect and characterize the specific A3s
expressed in cancer cells is described in this thesis.

Finally, this thesis reports the possible function of APOBEC4 (A4), a very distant relative of
A3, on HIV-1 replication. A4 did not exhibit detectable cytidine deamination activity in vitro
and weakly interacted with single-stranded DNA. In contrast to A3, A4 enhanced the
production of HIV-1.

Taken together, these findings show that A3 interactions with different retroviruses are
complex and often virus-specific. Further studies may help to develop new antiretroviral

therapeutics that target viral interaction with cellular A3s.
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Summary in German (Zusammenfassung)

Die Cytidin-Desaminasen der APOBEC3 (A3) Familie haben eine wichtige Funktion in der
intrinsischen angeborenen Abwehr gegen Retroviren, Retroelemente und andere Viren.
Diese Enzyme wirken als Restriktionsfaktoren, die eine hydrolytische Deaminierung von
dCTP zu dUTP in Einzelstrang DNA (ssDNA) bewirken. Durch diese Deaminierungen
entstehen Veranderungen in der Aminosaurekodierung und Stoppcodons im viralen Genom.
Das humane Immundefizienzvirus 1 (HIV-1) exprimiert das Vif Protein (,viral infectivity
factor”). Vif bindet an die A3 Proteine und induziert deren Polyubiquitinierung und damit
ihren proteosomalen Abbau. Ziel dieser Arbeit war die Charakterisierung der Aktivitat von
verschiedenen A3s gegen diverse Retroviren und Retroelemente. Der Fokus lag dabei auf
der molekularen Interaktion zwischen bestimmten A3 Proteinen und den viralen
Gegenproteinen.

Von den sieben humanen A3 Proteinen sind A3F und A3G am besten untersucht. Diese
Arbeit beschreibt zum ersten Mal die Relevanz der Mutation S61P in A3C, die die antivirale
Aktivitat von A3C signifikant beeinflusst. Die Ergebnisse unterstiitzen ein Modell, wodurch
der Einbau von Prolin anstelle von Serin eine Strukturanderung verursacht, die die
enzymatische Aktivitat von A3C steigert. A3C.S61P zeigte deutlich hdhere antivirale Aktivitat
gegen simianes Immundefizienz Virus mit vif Deletion (SIVAvif) und murines Leukémievirus
(MLV). Im Gegensatz dazu war die Infektiositdt von HIV-1Avif weder durch A3C noch durch
A3C.S61P besonders stark reduziert. A3C.S61P war in der Lage die Genome von SIVAvif und
von MLV zu hypermutieren, zeigte aber keine Hypermutationsaktivitat gegen HIVAvif. Diese
Daten deuten auf einen noch unbekannten Resistenzmechanismus gegen A3C in HIV-1Avif.

In weiteren Untersuchungen von A3C Orthologen aus anderen Primaten konnte die
Cytidindeaminase A3C aus der RuBmangabe (smmA3C) als starker HIV-1 Inhibitor mit
Desaminaseaktivitat identifiziert werden. A3Csmm war im Gegensatz zu humanem A3C auch
resistent gegen das Vif Protein von HIV-1. Insgesamt zeigen die Daten, dass smmA3C nur
antiviral wirkt, wenn es katalytisch aktiv ist. Die mechanistischen Ursachen fiir die verstarkte
anti-HIV Aktivitat von smmA3C sind noch unklar; Strukturvergleiche mit humanem A3C
bieten einen Ansatz den Mechanismus besser zu verstehen.

Diese Arbeit hatte auch das Ziel, wegen vieler kontroverser Literaturdaten die anti-MLV

Aktivitat von A3A zu kldren. Die Wirkung von A3A wurde analysiert, wenn A3A in der MLV
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Produzentenzelle oder wenn es in der Zielzelle exprimiert wurde. Die Ergebnisse belegen,
dass A3A aus der Virus produzierenden Zelle in MLV Cores verpackt wurde und die
Virusinfektion der nachsten Zelle durch Hypermutation des viralen Genoms hemmte. Das
neben dem normalen Gag protein exprimierte glykosylierte Gag Protein (glycogag) von MLV
verminderte jedoch die Verpackung des A3A deutlich. Im Gegensatz dazu wurde A3A, das
nur in der Virus-Zielzelle exprimiert wurde, nicht durch virales glycogag gehemmt.
Zukunftige Forschungsarbeiten sollten den genauen Mechanismus der anti-A3 Aktivitat von
gylcogag genauer ausarbeiten.

Ein weiterer viraler A3 Gegenspieler ist das Foamyvirus Protein Bet. Bet hemmt die
Verpackung von A3 Proteinen in Retroviruspartikel durch einen neuen Mechanismus,
unabhangig von einer Degradierungs, aber eine Veranderung der zytoplasmatischen
Loslichkeit von A3G beinhaltet. Bet bindet an A3G, vermutlich durch eine direkte Interaktion,
aber hemmt nicht seine enzymatische Aktivitat. In der Zukunft ware zu untersuchen, wie Bet
andere A3 Proteine inhibiert, besonders solche wie A3B, die fiir Krebs-assoziierte
Mutationen verantwortlich gemacht werden. In diesem Zusammenhang wird in der Arbeit
auch die Methodik zur Detektion und Analyse von spezifischen A3-Enzymen in Krebszellen
beschrieben.

In weiteren Experimenten wurde die mogliche Funktion von APOBEC4 (A4) , das entfernt
mit den A3-Proteinen verwandt ist, im Kontext der HIV-1-Replikation analysiert A4 zeigte in
keinem Testansatz eine enzymatische Desamierungsaktivitdt an Einzelstrang-DNA und band
auch nur schwach an Einzelstrang-DNA. Im Vergleich zu A3-Proteinen erhohte die
Expression von A4 die Virusmenge.

Zusammenfassend belegen die Ergebnisse dieser Arbeit, dass die Wechselwirkungen von
A3-Enzymen mit unterschiedlichen Retroviren komplex und im Detail oft Virus-spezifisch
sind. Weitere Arbeiten in diesem Bereich konnten , Grundlage” fir neue therapeutische

Ansdtze gegen HIV-1 bilden.

(The translation of summary in German was done by my supervisor Prof. Miink and other

German colleagues.)

300



Acknowledgements

Thank you all!

Firstly, dear Carsten, my mentor- for everything from picking me up at airport in 2010 to
translating my thesis summary, it has been a long journey. For his expertise, guidance,
providing excellent work environment, his open-door and open-mind for new ideas,
stimulating suggestions, the motivation, scientific freedom and the trust shown on-my
favourite quote from him, “do what you want” (that make sense).

Our clinic, and the director, Prof. Dr. Dieter Haussinger for the great support and research
facilities.

Dear Dieter (forschungszentrum Jilich), my co-supervisor, for a thorough support; dear Lutz
(Biochemistry I, HHU), for the inspiration and timely help, for allowing me to perform some
part of my study in your respective labs and learn a number of different things pertaining to
multidisciplinary research.

Sander (Biochemistry) and Bernd (Jilich) for the collaboration, incredible discussions, all the
moral support and encouragements.

Apart from the financial support from Biostruct School, it also granted outstanding
opportunities to enhance my research and soft skills. Scholar meetings, conferences, iGrad
courses were all very helpful. Dear Cordula for writing a number of letters for me in German
and organize my research contract and dear Christian for assistance.

Labl- Virus team!

1% Generation—I had a great time at the beginning of the study, the 2010 winter-carnival is
a memorable event©...Henning, the APO-BECKs master, for all A3C stuffs!

Mario-for helping in Bet project, Dani-teaching cell culture, and delicious tiramisu cakes, also
Jorg, Katerina,. Best wishes to you

Wio-for all your technical assistance, guidance and personal support and care.

Christian, Ute, Boris, for various help.

" generation--Anika, Augustin, Edmund, Qin, Zeli and number of guest students Anna,
André, Anne, Ariane, Benny, Marion, Shabnam, Sebastian, Kannan, Kristina—All the very
best to you.

Lab2-Biochmistry team!

Britta-showed how to purify proteins, Jan for answering all my questions, till now..., Philipp,
André, Christian, Mero, Martina and many more.. for various help!

The time spent there was very nice, informative and celebrations were awesome. :0 —
Greetings to you!

301



Lab3-NMR/SPR!

Sven for introducing °N-labelling and some NMR spectra, Julian-more than those critical SPR
measurements, | enjoyed those rides with immortal beats on! and Melanie-for kind help
with SPR.

Lab4-Cancer team!

Wolfgang and Ginter for scientific and moral support at the final stage, Johanna and
Maggie for kindly giving me access to gel-doc all the time, Nicki for brilliant proof-reading of
the thesis summary and suggestions, and Alex, Alessandro, Amp, Christiane, David, Marija
and Michéle, you guys are cool! My best wishes.

..Indian gang: Prashant D for backing me, all those times spent together watching BBT, and
fun, Sathish, Prashant S, Bala for various help and fun, ....Badri, Jag, Mamta, Rohit, Prakash,
and many others. It was pleasant.

For motivation, training, education, back from home: All my teachers, dear Mr. S.
Ramanathan (former UN advisor), dear Mr. V. Parthasarathy (Vivekananda college), dear Dr.
Mayilraj (IMTECH), for, “showing me the door”, credits go to you! | will never forget some
Rotarians from Madurai for their support and invigoration.

My family members, especially parents, the late uncle, and my wife for letting me complete
my journey, and little Aadi!- | love youl!

My lovely friends from Madurai, IMTECH mates (Jay, Fazal, Suru, Neera) and who are in
other part of the world for all appreciation, inspiration and fun.

302



Biographical Sketch

Ananda Ayyappan Jaguva Vasudevan was born in 1986 at Madurai (a temple city), India.
He attended Sourashtra college (affiliated to Madurai Kamaraj University) from 2003-
2008 and acquired B. Sc., (Biochemistry) and M. Sc., (Biotechnology) with Gold Medal
for Excellence in both degrees. His craving towards research was boosted when he
worked in the late Jain lab, at Institute of Microbial Technology (Nov 2008-Dec 2009).
He began graduate studies at the Heinrich-Heine-University, Disseldorf in summer of
2010 with a stipend awarded by NRW research school, "Biostruct" (2010-2013). Under
the supervision of Carsten Munk PhD, he studied the molecular interaction between
certain APOBEC3s and their viral counterparts. He attended various workshops, training
programs, and conferences (presented a paper in Virology meeting, Alpbach, Austria,
2014 and a poster in Cold spring harbor meeting, USA, 2014). The following publications
were as a result of work conducted during doctoral study.

1. Jaguva Vasudevan, A. A., Hofmann, H., Willbold, D., Haussinger, D., Koenig, B. W., and

Mink, C. (2017) Enhancing the Catalytic Deamination Activity of APOBEC3C Is
Insufficient to Inhibit Vif-Deficient HIV-1. | Mo/ Bio/ 429, 1171-1191

2. Jaguva Vasudevan, A. A., Smits, S. H., Hoppner, A., Haussinger, D., Koenig, B. W., and
Mink, C. (2013) Structural features of antiviral DNA cytidine deaminases. B/ Chenz 394,
1357-1370

3. Jaguva Vasudevan, A. A., Krikoni, A., Franken, A., Marino, D., Konig, R., Schumann, G.

G., Hiussinger, D., and Mink, C. Glycosylated gag protects murine leukmia virus from
producer cell-derived but not from target cell APOBEC3A. Manuscript under
preparation

4. Jaguva Vasudevan, A. A., Zhang, Z., Hiussinger, D., and Mink, C. A Naturally
Occurring  APOBEC3C  from Sooty Mangabey Potently Inhibits Human
Immunodeficiency Virus Replication. Manuscript under preparation

5. Jaguva Vasudevan, A. A*., Perkovic, M*., Bulliard, Y., Cichutek, K., Trono, D.,
Haussinger, D., and Mink, C. (2013) Prototype foamy virus Bet impairs the dimerization
and cytosolic solubility of human APOBEC3G. | 170/ 87, 9030-9040

6. Jaguva Vasudevan, A. A., Goring, W., Haussinger, D., and Miunk, C. Detection of
APOBEC3 proteins and catalytic activity in urothelial carcinoma. (Accepted for a book
chapter on "Urothelial Carcinoma", to be published in the lab protocol seties, Methods in
Molecular Biology, by Springer in press (Chief editor: W. A. Schulz)

7. Marino, D*., Perkovic, M*., Hain, A*., Jaguva Vasudevan, A. A*., Hofmann, H.,
Hanschmann, K. M., Muhlebach, M. D., Schumann, G. G., Konig, R., Cichutek, K.,
Hiussinger, D., and Mink, C. (2016) APOBEC4 Enhances the Replication of HIV-1.
PLoS One 11, 0155422

8. Horn, A. V., Klawitter, S., Held, U., Berger, A., Jaguva Vasudevan, A. A., Bock, A,

Hofmann, H., Hanschmann, K. M., Trosemeier, J. H., Flory, E., Jabulowsky, R. A., Han,

J. S., Lower, J., Lower, R., Munk, C., and Schumann, G. G. (2014) Human LINE-1

restriction by APOBEC3C is deaminase independent and mediated by an ORFlp
interaction that affects LINE reverse transcriptase activity. Nuclezc Acids Res 42, 396-416

303



10.

11.

12.

13.

14.

Kopietz, F., Jaguva Vasudevan, A. A., Kramer, M., Muckenfuss, H., Sanzenbacher, R.,
Cichutek, K., Flory, E., and Miink, C. (2012) Interaction of human immunodeficiency
virus type 1 Vif with APOBEC3G is not dependent on setine/threonine phosphorylation
status. | Gen 17iro/ 93, 2425-2430

Zhang, Z., Gu, Q., Jaguva Vasudevan, A. A., Hain, A., Kloke, B. P., Hasheminasab, S.,
Mulnaes, D., Sato, K., Cichutek, K., Haussinger, D., Bravo, 1. G., Smits, S. H., Gohlke,
H., and Mink, C. (2016) Determinants of FIV and HIV Vif sensitivity of feline
APOBECS3 restriction factors. Retrovirology 13, 46

Zhang, Z., Gu, Q., Jaguva Vasudevan, A. A., Jeyaraj, M., Schmidt, S., Zielonka, J.,
Perkovic, M., Heckel, J. O., Cichutek, K., Hdussinger, D., Smits, S. H., and Munk, C.
(2016) Vif Proteins from Diverse Human Immunodeficiency Virus/Simian
Immunodeficiency Virus Lineages Have Distinct Binding Sites in A3C. | 170/ 90, 10193-
10208

Bihr, A., Singer, A., Hain, A., Jaguva Vasudevan, A. A., Schilling, M., Reh, J., Riess, M.,
Panitz, S., Serrano, V., Schweizer, M., Konig, R., Chanda, S., Haussinger, D., Kochs, G.,
Lindemann, D., and Munk, C. (2016) Interferon but not MxB inhibits foamy retroviruses.
Virology 488, 51-60

Maney, S. K., Mcllwain, D. R., Polz, R., Pandyra, A. A., Sundaram, B., Wolff, D., Ohishi,
K., Maretzky, T., Brooke, M. A., Evers, A., Jaguva Vasudevan, A. A., Aghaeepour, N.,
Scheller, J., Munk, C., Haussinger, D., Mak, T. W., Nolan, G. P., Kelsell, D. P., Blobel, C.
P, Lang, K. S., and Lang, P. A. (2015) Deletions in the cytoplasmic domain of iRhom1
and iRhom2 promote shedding of the TNF receptor by the protease ADAM17. Sez Signal
8, ra109

Widera, M., Hillebrand, F., Erkelenz, S., Jaguva Vasudevan, A. A., Munk, C., and Schaal,
H. (2014) A functional conserved intronic G run in HIV-1 intron 3 is critical to
counteract APOBEC3G-mediated host restriction. Resrovirology 11, 72

* equally contributed to the work

304



Declaration

| hereby declare that this thesis is an original work and has not been submitted in whole, or
in part, for a degree at this or any other university. Nor does it contain, to the best of my
knowledge and belief, any material published or written by any other person, except as
acknowledged in the text. Figures, facts from other works were duly cited and the
permission from the journal publishers was obtained. | have not made any unsuccessful

promotions.

Dusseldorf
Date:

Ananda Ayyappan Jaguva Vasudevan

305



