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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 (Gy3-2), which was critical for balanced
splicing of both vif and vpr non-coding leader exons. Inactivation of Gj3-2 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 MRNA processing. As a consequence, inactivation
of Gj3-2 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 Gi3-2 led to a considerable replication defect. Moreover, in HIV-1
isolates carrying an inactivating mutation in Gys-2, we identified an adjacent G-rich sequence (G;s-1), which was able to
substitute for the inactivated Gj3-2.

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 vpor mRNA formation. The competition between
these exons determines the ability to evade APOBEC3G-mediated antiviral effects due to optimal vif expression.
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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 SAMHD1 (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
OREF, which is translated from the bicistronic vpu/env
mRNA. Here, a minimal upstream ORF upstream of the
vpu OREF 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 (HMGA1la), 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 Gy,-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
5'ss D1 to 3'ss A1 and A2, respectively. The noncoding leader exons 2 and 3 are included and AUG-containing introns are retained. (C) Sequence of
intron 3 in the proviral HIV-1 genome including the locations of the vpr AUG and G runs Gi-1 to G;3-4. The intrinsic strength of 5'ss D3 is indicated (HBS,
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 Gis-1 to G-4. Sequences were obtained from the Los Alamos HIV Sequence Database (http://www.hivlanlgov). The relative size
of the letters reflects the relative frequency of the nucleotides at the position in the alignment.
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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 Gyz-1 to Gyz3-4 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 Gyz3-2 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 Gp3-2 mut: AGGGA > AGAGA, pNL4-3 Gy3-3
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, G185E). 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 Gy3-2 mut or
pNL4-3 Gy3-3 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 p-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, G3-3,
but not G3-2 mutated virus, was able to replicate in
PBMC s indicating that specifically Gy3-2 was critical for
efficient virus replication in primary T cells.

Mutating G3-2 results in an impaired ratio of spliced to
unspliced mRNAs

In order to investigate the molecular cause for the replica-
tion defect of Gi3-2 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 G3-3 pro-
virus (data not shown), inactivation of Gi3-2 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 Gi3-2 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.

Gj3-2 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 G3-2 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 Gp3-2 mutant proviral plasmid pNL4-3 G3-2 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 Gp3-2 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 Gi3-2 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



Widera et al. Retrovirology 2014, 11:72
http://www.retrovirology.com/content/11/1/72

Page 5 of 19

(A)

vif ORF
vpr ORF

PNL4-3
CONSENSUS_A1
CONSENSUS_A2

CONSENSUS_F1
CONSENSUS_F2
CONSENSUS_G
CONSENSUS_H
CONSENSUS_J
CONSENSUS_K
CONSENSUS_AE

MOLECULAR CLONE

((:) MOLECULAR CLONE nt SEQUENCE CONSENSUS
PNL4A-3 -+ oveeeeeeeieeen AAGACCAAGGGCCACAGAGGGAGCCATACA A2,B,D--------
Gra=l GNP «vvvvvmemeeneeaee oL G- —— (R _ _ R Al,C,F1,F2,H,K
Gram2 MUE = v v vmme e Ammmmmmmm e e e e
Gp;-1 cmp /Gpy-2 mut ceeeeeees oo G--n------== A---------- J,G,AE- .-

AAACTTACGGGGATACTTGGGCAGGAGTGG Ceovremnneee e
- -- - - -----

vif as SEQUENCE
17918of81hs2p83lis4fiashsefia7Les

HHE Q3334383

CONSENSUS

Figure 2 Comparison of intron 3 G runs and their sequence surroundings in HIV-1 subtypes. (A-B) Proviral DNA sequence surroundings of
the HIV-1 consensus sequences A1 to AE of Gj3-1 to Gi3-4. Conserved sequences are represented by —, deviants by letters. Conserved G run motifs
are highlighted by grey boxes. The ORF of vif and vpr including start and stop codons are indicated as declining boxes. The subtype sequences

Corresponding consensus sequences are indicated on the right.

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 study.
Sequences of G runs G;3-1 and Gg-2 including surrounding nucleotides are depicted. Mutated sequences are represented by letters. Corresponding
consensus sequences are indicated on the right. (D) The amino acid substitutions of the proviral clones used in this study. The sequence of G runs
Gp-1 and Gi3-2 including surrounding nucleotides is depicted. Substituted amino acids and their position in Vif Protein are shown in the table.

spliced mRNAs (Tat2, Nef3) and consequently vif mRNA
processing (Figure 5A). Mutating Gp3-2 considerably
shifted from exon 2 to exon 3 containing transcripts indi-
cating that Gy3-2 balances selection of exon 2 and exon 3.
To quantify the impact of inactivated Gi3-2 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 Gy3-2 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 A1 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
mRNASs 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 Gy3-2 was mutated. In parallel, Vif protein
amounts were significantly decreased to 65% when
compared to non-mutated virus (Figure 5E and F). In


http://www.hiv.lanl.gov/content/sequence/RIP/RIP.html

Widera et al. Retrovirology 2014, 11:72
http://www.retrovirology.com/content/11/1/72

indicated time points.

days post infection

. MOI 0.05
-© wt
— 10 & G;-2 mut
E ¥ G,;-3 mut
>
5 101 7
<
O 10°
<
A
o 10
L |
102 T T T T T T
0 2 4 6 8 10 12
days post infection
. MOI 0.5
-© wt
P 102 J ‘.‘G|3'2 mut
E ¥ G;;-3 mut
o)
5 101 e
<
O 10° -
<
A
Q. 10
i L L |
102 T T T T T T
0 2 4 6 8 10 12

Figure 3 G run Gj3-2 is crucial for efficient virus replication in
PBMCs. Peripheral blood mononuclear cells from two healthy donors
were infected with NL4-3 virus or mutant derivatives with the indicated
multiplicity of infection (MOI). Virus production was determined by
p24-CA capture ELISA of cell-free supernatant collected at the
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conclusion, the intronic G run Gyz-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
CEMS-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 Gy3-2 mutant virus flattened
out at a tenfold lower p24-CA amount compared to non-
mutant and vif deficient virus, confirming that inactivating
Gy3-2 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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Figure 4 Gj5-2 causes alterations in mRNA processing. (A) Northern blot analysis of total RNA isolated from HEK 293 T cells transfected with

wild type or mutant pNL4-3 was isolated 48 h post transfection. RNA was separated on a 1% RNA agarose gel, capillary blotted, and cross-linked
on a positively charged nylon membrane and UV cross-linked. The membrane was treated with a DIG-labelled DNA fragment binding to exon 7.
(B) Quantitation of relative amounts of mMRNAs from (A). (C) RNA from panel A was subjected to quantitative RT-PCR analysis using a primer pair
specific for intron 1 containing MRNAs of the 9 kb mRNA class (#3389/#3390), and intronless mRNAs of the 2 kb class (#3391/#3392), which were
normalized to exon 7 containing mRNAs (#3387/#3388).
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Figure 5 Mutation Gi3-2 increases vpr, but decreases vif mRNA and Vif protein levels. (A) RT-PCR analysis of RNA from HEK 293 T cells
transiently transfected with pNL4-3 or its G;3-2 mutant derivate. Compare with Additional file 1: Figure S1 for specific primer binding sites. RNA
was isolated 48 h post transfection. Primer pairs are indicated at the bottom of each panel, transcript isoforms on the right. To compare total
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supernatant (sn) obtained from HEK 293 T cells that were transiently transfected with wild type or Gi3-2 mutant proviral DNA. Transfected cells
were lysed in RIPA buffer and the lysates were collected 48 h post transfection. Cell-free supernatant was concentrated by sucrose centrifugation.
(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 Gj5-2 is critical for efficient virus replication in A3G expressing cells. (A) CEM-SS and CEM-A cells were infected with wild type or
Gi3-2 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.
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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
Gy3-2 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 Giz-2. Therefore, short RNA oligo-
nucleotides containing an MS2 coat protein RNA stem
loop (Figure 7A), and either the wild type or mutant
Gi3-2 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
G3-2 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 Gy3-2 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 Gis-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 Gy3-2 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 (Pr4l)
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 Gj3-2 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 G3-2 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
Gi3-1 restoring the protein binding consensus sequence
DGGGD. The A > G substitution in Gyz-1 likely converts a
low affinity (AAGGGC) into a high affinity binding site
(AGGGGC). To demonstrate that the compensatory Gis-
1 mutation could functionally substitute for an inactivated
downstream Gpz-2 binding site we inserted the corre-
sponding mutations into pNL4-3 and pNL4-3 Gp3-2 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



Widera et al. Retrovirology 2014, 11:72 Page 10 of 19
http://www.retrovirology.com/content/11/1/72

-

(A) (B) o RIS
< é¢2; Qév. V’\ V’\
\ & © S SO
¥ L& &Y«
== - - = = = |ANRNPH
— hnRNPF
-2 LNA MM 37 - GUGcCUCaCUCGGUaU - 5~
G - . i hnRNPA2/B1
G,2LNA 3°- GUGUCUCCCUCGGUAU - 57
wt 57 - CAAGGGCCACAGAGGGAGCCAUACAAUGAA - 3~
mut 5 - ------------=-= A--mmmmmmm oo - 37 e e | 157
G2 ~ :
1 2 3 4 5 6
(c) pNL4-3 LNA (D)
- + - anti G ;-2 pNL4-3 LNA
- - + Gg2MM
- =  anti G,;-2
- - t Gy;2MMm
™ "N okb
3 s  p24-CA
-
. . 4 kb com— === Pr55gag
Pr41
3
. i . 2 kb = — p24-CA
| TR i
N B | ossrna Actin
% B 8B | 18SrRNA

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 G3-2 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 Gis-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).

by qualitative (Figure 8A) and quantitative RT-PCR  demonstrate that the A > G nucleotide change in position
(Figure 8B). Introducing an A > G mutation in position 2 2 of Gz-1 (cf. Figure 2C; J, G, AE) is a compensatory
of G3-1 while Gy3-2 was inactivated by the G > A muta- mutation. The introduction of this substitution without
tion, we could compensate the excessive exon 3 and vpr inactivating downstream Gp3-2 had no effect on vif and
mRNA splicing phenotype described above and restored  vpr mRNA amounts (Figure 8A-B, cf. lanes 1 and 5)
the amounts of exon 2 containing transcripts (Figure 8A,  suggesting that there is no evolutionary pressure on two
lane 3) as well as vif mRNA (Figure 8B). These results functional binding sites. To determine whether the
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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
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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 Gp3-2 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 Giz-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, J 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 Gy3-2 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 Gp3-2, 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 Gy3-2 mutations
increased exon 3 inclusion as well as vpr formation, it
seems plausible that Gi3-2 might play a role in the inhib-
ition of U1l 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, Gys-
1 and Gi3-2, 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 Gy3-1 and Gyz-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 ], 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 G3-2, 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 Gi3-2 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 Gys-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 G3-2 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 G3-2 mutant NL4-3 virus was strongly
impaired in human primary T-lymphocytes, G runs Gj3-1
and Gpz-2 may represent suitable therapeutic targets.
Therefore we tested the effect of an LNA specifically
designed to target Gp3-2 on viral particle production.
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Surprisingly, we found that targeting G3-2 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 Gz-1 and G3-2,
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 G3-2 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 Gy3-2 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 G3-2 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 G3-3 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'- TTIGCTCAATG 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
CCTGGT

#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 G3-1 cmp (#4355/#4718) and pNL4-3 G3-1
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 Gip3-2 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 G185E 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 (Gy3-2: TATGGCTCCCTCTGTG; Gy3-2 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 pXGHS5 (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 GEP [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 pg 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 HCl [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 B-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 (1:10* 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 (1:10* 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 ug 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 TCID5q 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%
ECS 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 NaHCOj3; 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 BamHTI 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 Gy3-2 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; Gz-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 Gy3-2 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
MRNAs (#3397/#3636), vif mRNA (#3395/#3396), vor mRNA (#3397/#3398),
tat] mRNA (#3631/#3632), tat2 mRNA (#3395/#4849), tat3 mRNA (#3397/
#3632), and all viral mRNAs containing exon 7 (#3387/#3388).

Abbreviations

SRE: Splicing regulatory element; hnRNP: Heterogeneous ribonucleoprotein
particle; HIV: Human immunodeficiency virus; SRSF: SR splicing factor;
APOBEC: Apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like;
ORF: Open reading frame; PBMC: Peripheral blood mononuclear cell;

ELISA: Enzyme-linked immunosorbent assay; LNA: Locked nucleic acid;
snRNP: Small nuclear ribonucleic particle; aa: Amino acid; HBS: HBond score.

Competing interests
The authors declare that they have no competing interests.


http://www.hiv.lanl.gov/
http://www.hiv.lanl.gov/
http://www.hiv.lanl.gov/content/sequence/RIP/RIP.html
http://www.hiv.lanl.gov/content/sequence/RIP/RIP.html
http://www.r-project.org
http://www.retrovirology.com/content/supplementary/s12977-014-0072-1-s1.pdf

Widera et al. Retrovirology 2014, 11:72
http://www.retrovirology.com/content/11/1/72

Authors’ contributions

MW performed the cloning work, conceived, designed, and performed
HIV-related infection and readout experiments, performed RNA-pull-down
analysis, sequence alignments, and wrote the manuscript. FH performed
LNA-related transfection and readout experiments, AAJV cloned mutant Vif
expression plasmids, tested for A3G counteraction and performed anti A3G
Western blotting. SE performed RNA-LNA-pull-down analysis. CM planned
experiments and analyzed data. HS conceived the study, supervised its
design and its coordination, and wrote the manuscript. All authors read and
approved the final manuscript.

Acknowledgements

We thank Bjorn Wefers for excellent technical assistance. We thank Stephan
Theiss for critical reading of the manuscript. These studies were funded by the
DFG (SCHA 909/3-1), the Stiftung fiir AIDS-Forschung, Dusseldorf (H.S. and CM.),
Jurgen-Manchot-Stiftung (MW, HS.), and the Forschungskommission of the
Heinrich-Heine-University, Dusseldorf (SE. and H.S). The following reagents
were obtained through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH: CEM-SS from Peter L. Nara, and CEM-A cells from
Mark Wainberg and James McMahon, HIV-1 Vif Monoclonal Antibody (#319)
from Michael H. Malim, and Monoclonal Antibody to HIV-1 p24 (AG3.0) from
Jonathan Allan. We are grateful to Nathaniel Landau and Neeltje Kootsta for
providing pNL4-3 Avif and pSIN.PPT.CMVmcsIRES.GFP. We thank Dieter
Haussinger for constant support.

Author details

'Institute for Virology, Medical Faculty, Heinrich-Heine-University Diisseldorf,
UniversitétsstraRe 1, Dusseldorf 40225, Germany. “Clinic for Gastroenterology,
Hepatology, and Infectiology, Medical Faculty, Heinrich-Heine-University
Dusseldorf, Moorenstr. 5, Disseldorf 40225, Germany. *Current address:
Institute of Virology, University Hospital of Essen, University Duisburg-Essen,
Virchowstr. 179, Essen 45147, Germany.

Received: 30 April 2014 Accepted: 8 August 2014
Published: 29 August 2014

References

1. Muink C, Jensen BE, Zielonka J, Haussinger D, Kamp C: Running loose or
getting lost: how HIV-1 counters and capitalizes on APOBEC3-induced
mutagenesis through its Vif protein. Viruses 2012, 4:3132-3161.

2. Sheehy AM, Gaddis NC, Choi JD, Malim MH: Isolation of a human gene
that inhibits HIV-1 infection and is suppressed by the viral Vif protein.
Nature 2002, 418:646-650.

3. Vasudevan AA, Smits SH, Hoppner A, Haussinger D, Kénig BW, Mink C:
Structural features of antiviral DNA cytidine deaminases. Biol Chem 2013,
394:1357-1370.

4. Rahm N, Telenti A: The role of tripartite motif family members in
mediating susceptibility to HIV-1 infection. Curr Opin HIV AIDS 2012,
7:180-186.

5. Keckesova Z, Ylinen LM, Towers GJ: The human and African green monkey
TRIM5alpha genes encode Ref1 and Lv1 retroviral restriction factor
activities. Proc Natl Acad Sci U S A 2004, 101:10780-10785.

6. Uchil PD, Quinlan BD, Chan WT, Luna JM, Mothes W: TRIM E3 ligases
interfere with early and late stages of the retroviral life cycle. PLoS
Pathog 2008, 4:e16.

7. Van Damme N, Goff D, Katsura C, Jorgenson RL, Mitchell R, Johnson MC,
Stephens EB, Guatelli J: The interferon-induced protein BST-2 restricts
HIV-1 release and is downregulated from the cell surface by the viral
Vpu protein. Cell Host Microbe 2008, 3:245-252.

8. Neil SJ, Zang T, Bieniasz PD: Tetherin inhibits retrovirus release and is
antagonized by HIV-1 Vpu. Nature 2008, 451:425-430.

9. Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka M, Srivastava S,
Florens L, Washburn MP, Skowronski J: Vpx relieves inhibition of HIV-1
infection of macrophages mediated by the SAMHD1 protein. Nature
2011, 474:658-661.

10. Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C, Segeral E,
Yatim A, Emiliani S, Schwartz O, Benkirane M: SAMHD1 is the dendritic- and
myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature
2011, 474:654-657.

11. Berger A, Sommer AF, Zwarg J, Hamdorf M, Welzel K, Esly N, Panitz S, Reuter
A, Ramos |, Jatiani A, Mulder LC, Fernandez-Sesma A, Rutsch F, Simon 'V,

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Page 17 of 19

Konig R, Flory E: SAMHD1-deficient CD14+ cells from individuals with
Aicardi-Goutieres syndrome are highly susceptible to HIV-1 infection.
PLoS Pathog 2011, 7:21002425.

Ryoo J, Choi J, Oh C, Kim S, Seo M, Kim SY, Seo D, Kim J, White TE,
Brandariz-Nunez A, Diaz-Griffero F, Yun CH, Hollenbaugh JA, Kim B, Baek D,
Ahn K: The ribonuclease activity of SAMHD1 is required for HIV-1 restriction.
Nat Med 2014, 20:936-941.

Beloglazova N, Flick R, Tchigvintsev A, Brown G, Popovic A, Nocek B,
Yakunin AF: Nuclease activity of the human SAMHD?1 protein implicated
in the Aicardi-Goutieres syndrome and HIV-1 restriction. J Biol Chem
2013, 288:8101-8110.

Jakobsen MR, Mogensen TH, Paludan SR: Caught in translation: innate
restriction of HIV mRNA translation by a schlafen family protein. Cell Res
2013, 23:320-322.

Li M, Kao E, Gao X, Sandig H, Limmer K, Pavon-Eternod M, Jones TE, Landry
S, Pan T, Weitzman MD, David M: Codon-usage-based inhibition of HIV
protein synthesis by human schlafen 11. Nature 2012, 491:125-128.
Razzak M: Genetics: Schlafen 11 naturally blocks HIV. Nat Rev Urol 2012,
9:605.

Conticello SG, Thomas CJ, Petersen-Mahrt SK, Neuberger MS: Evolution of
the AID/APOBEC family of polynucleotide (deoxy)cytidine deaminases.
Mol Biol Evol 2005, 22:367-377.

Jarmuz A, Chester A, Bayliss J, Gisbourne J, Dunham 1, Scott J, Navaratnam
N: An anthropoid-specific locus of orphan C to U RNA-editing enzymes
on chromosome 22. Genomics 2002, 79:285-296.

Munk C, Willemsen A, Bravo IG: An ancient history of gene duplications,
fusions and losses in the evolution of APOBEC3 mutators in mammals.
BMC Evol Biol 2012, 12:71.

Harris RS, Hultquist JF, Evans DT: The restriction factors of human
immunodeficiency virus. J Biol Chem 2012, 287:40875-40883.

Refsland EW, Hultquist JF, Harris RS: Endogenous origins of HIV-1 G-to-A
hypermutation and restriction in the nonpermissive T cell line CEM2n.
PLoS Pathog 2012, 8:21002800.

Hultquist JF, Lengyel JA, Refsland EW, LaRue RS, Lackey L, Brown WL, Harris
RS: Human and rhesus APOBEC3D, APOBEC3F, APOBEC3G, and
APOBEC3H demonstrate a conserved capacity to restrict Vif-deficient
HIV-1. J Virol 2011, 85:11220-11234.

Miyagi E, Opi S, Takeuchi H, Khan M, Goila-Gaur R, Kao S, Strebel K:
Enzymatically active APOBEC3G is required for efficient inhibition of
human immunodeficiency virus type 1. J Virol 2007, 81:13346-13353.
Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, Trono D: Broad
antiretroviral defence by human APOBEC3G through lethal editing of
nascent reverse transcripts. Nature 2003, 424:99-103.

Harris RS, Bishop KN, Sheehy AM, Craig HM, Petersen-Mahrt SK, Watt IN,
Neuberger MS, Malim MH: DNA deamination mediates innate immunity
to retroviral infection. Cell 2003, 113:803-809.

Zhang H, Yang B, Pomerantz RJ, Zhang C, Arunachalam SC, Gao L: The
cytidine deaminase CEM15 induces hypermutation in newly synthesized
HIV-1 DNA. Nature 2003, 424:94-98.

Wissing S, Galloway NL, Greene WC: HIV-1 Vif versus the APOBEC3
cytidine deaminases: an intracellular duel between pathogen and host
restriction factors. Mol Asp Med 2010, 31:383-397.

Purcell DF, Martin MA: Alternative splicing of human immunodeficiency
virus type 1 mRNA modulates viral protein expression, replication, and
infectivity. J Virol 1993, 67:6365-6378.

Jager S, Cimermancic P, Gulbahce N, Johnson JR, McGovern KE, Clarke SC,
Shales M, Mercenne G, Pache L, Li K, Hernandez H, Jang GM, Roth SL, Akiva
E, Marlett J, Stephens M, D'Orso |, Fernandes J, Fahey M, Mahon C,
O'Donoghue AJ, Todorovic A, Morris JH, Maltby DA, Alber T, Cagney G,
Bushman FD, Young JA, Chanda SK, Sundquist WI, et al: Global landscape
of HIV-human protein complexes. Nature 2012, 481:365-370.
Krummheuer J, Johnson AT, Hauber |, Kammler S, Anderson JL, Hauber J,
Purcell DF, Schaal H: A minimal uORF within the HIV-1 vpu leader allows
efficient translation initiation at the downstream env AUG. Virology 2007,
363:261-271.

Anderson JL, Johnson AT, Howard JL, Purcell DF: Both linear and discontinuous
ribosome scanning are used for translation initiation from bicistronic human
immunodeficiency virus type 1 env mRNAs. J Virol 2007, 81:4664-4676.

Exline CM, Feng Z, Stoltzfus CM: Negative and positive mRNA splicing
elements act competitively to regulate human immunodeficiency virus
type 1 vif gene expression. J Virol 2008, 82:3921-3931.



Widera et al. Retrovirology 2014, 11:72
http://www.retrovirology.com/content/11/1/72

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Erkelenz S, Poschmann G, Theiss S, Stefanski A, Hillebrand F, Otte M, Stuhler
K, Schaal H: Tra2-mediated recognition of HIV-1 5’ splice site D3 as a key
factor in the processing of vpr mRNA. J Virol 2013, 87:2721-2734.

Widera M, Erkelenz S, Hillebrand F, Krikoni A, Widera D, Kaisers W, Deenen R,
Gombert M, Dellen R, Pfeiffer T, Kaltschmidt B, Miink C, Bosch V, Kéhrer K,
Schaal H: An Intronic G Run within HIV-1 Intron 2 Is Critical for Splicing
Regulation of vif mRNA. J Viro/ 2013, 87:2707-2720.

Asang C, Hauber I, Schaal H: Insights into the selective activation of
alternatively used splice acceptors by the human immunodeficiency
virus type-1 bidirectional splicing enhancer. Nucleic Acids Res 2008,
36:1450-1463.

Madsen JM, Stoltzfus CM: A suboptimal 5' splice site downstream of HIV-1
splice site A1 is required for unspliced viral mRNA accumulation and
efficient virus replication. Retrovirology 2006, 3:10.

Mandal D, Feng Z, Stoltzfus CM: Excessive RNA splicing and inhibition of
HIV-1 replication induced by modified U1 small nuclear RNAs. J Virol
2010, 84:12790-12800.

Stoltzfus CM: Chapter 1. Regulation of HIV-1 alternative RNA splicing and
its role in virus replication. Adv Virus Res 2009, 74:1-40.

Mandal D, Feng Z, Stoltzfus CM: Gag-processing defect of human
immunodeficiency virus type 1 integrase E246 and G247 mutants is
caused by activation of an overlapping 5' splice site. J Virol 2008,
82:1600-1604.

Kammler S, Otte M, Hauber |, Kjems J, Hauber J, Schaal H: The strength of
the HIV-1 3' splice sites affects Rev function. Retrovirology 2006, 3:89.
Domsic JK, Wang Y, Mayeda A, Krainer AR, Stoltzfus CM: Human
immunodeficiency virus type 1 hnRNP A/B-dependent exonic splicing
silencer ESSV antagonizes binding of U2AF65 to viral polypyrimidine
tracts. Mol Cell Biol 2003, 23:8762-8772.

Bilodeau PS, Domsic JK, Mayeda A, Krainer AR, Stoltzfus CM: RNA splicing at
human immunodeficiency virus type 1 3' splice site A2 is regulated by
binding of hnRNP A/B proteins to an exonic splicing silencer element.

J Virol 2001, 75:8487-8497.

Madsen JM, Stoltzfus CM: An exonic splicing silencer downstream of the
3" splice site A2 is required for efficient human immunodeficiency virus
type 1 replication. J Virol 2005, 79:10478-10486.

Tsuruno C, Ohe K, Kuramitsu M, Kohma T, Takahama Y, Hamaguchi Y,
Hamaguchi I, Okuma K: HMGAT1a is involved in specific splice site
regulation of human immunodeficiency virus type 1. Biochem Biophys Res
Commun 2011, 406:512-517.

Xiao X, Wang Z, Jang M, Nutiu R, Wang ET, Burge CB: Splice site strength-
dependent activity and genetic buffering by poly-G runs. Nat Struct Mol
Biol 2009, 16:1094-1100.

Yeo G, Hoon S, Venkatesh B, Burge CB: Variation in sequence and
organization of splicing regulatory elements in vertebrate genes.

Proc Natl Acad Sci U S A 2004, 101:15700-15705.

Zhang XH, Leslie CS, Chasin LA: Dichotomous splicing signals in exon
flanks. Genome Res 2005, 15:768-779.

Schaub MC, Lopez SR, Caputi M: Members of the heterogeneous nuclear
ribonucleoprotein H family activate splicing of an HIV-1 splicing substrate
by promoting formation of ATP-dependent spliceosomal complexes. J Biol
Chem 2007, 282:13617-13626.

Wei X, Decker JM, Liu H, Zhang Z, Arani RB, Kilby JM, Saag MS, Wu X, Shaw
GM, Kappes JC: Emergence of resistant human immunodeficiency virus
type 1 in patients receiving fusion inhibitor (T-20) monotherapy. Antimicrob
Agents Chemother 2002, 46:1896-1905.

Raposo RA, Abdel-Mohsen M, Bilska M, Montefiori DC, Nixon DF, Pillai SK:
Effects of cellular activation on Anti-HIV-1 restriction factor expression
profile in primary cells. J Virol 2013, 87:11924-11929.

Foley GE, Lazarus H, Farber S, Uzman BG, Boone BA, McCarthy RE:
Continuous Culture of Human Lymphoblasts from Peripheral Blood of a
Child with Acute Leukemia. Cancer 1965, 18:522-529.

Nara PL, Fischinger PJ: Quantitative infectivity assay for HIV-1 and-2.
Nature 1988, 332:469-470.

Nara PL, Hatch WC, Dunlop NM, Robey WG, Arthur LO, Gonda MA,
Fischinger PJ: Simple, rapid, quantitative, syncytium-forming microassay for
the detection of human immunodeficiency virus neutralizing antibody.
AIDS Res Hum Retrovir 1987, 3:283-302.

Tremblay M, Sullivan AK, Rooke R, Geleziunas R, Tsoukas C, Shematek G,
Gilmore N, Wainberg MA: New CD4(+) cell line susceptible to infection by
HIV-1. J Med Virol 1989, 28:243-249.

55.

56.

57.

58.

59.

60.

62.

63.

64.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

Page 18 of 19

Mariani R, Chen D, Schrofelbauer B, Navarro F, Konig R, Bollman B, Miink C,
Nymark-McMahon H, Landau NR: Species-specific exclusion of APOBEC3G
from HIV-1 virions by Vif. Cell 2003, 114:21-31.

Goncalves J, Jallepalli P, Gabuzda DH: Subcellular localization of the Vif
protein of human immunodeficiency virus type 1. J Viro/ 1994, 68:704-712.
Goncalves J, Shi B, Yang X, Gabuzda D: Biological activity of human
immunodeficiency virus type 1 Vif requires membrane targeting by
C-terminal basic domains. J Virol 1995, 69:7196-7204.

Mehle A, Strack B, Ancuta P, Zhang C, McPike M, Gabuzda D: Vif overcomes
the innate antiviral activity of APOBEC3G by promoting its degradation
in the ubiquitin-proteasome pathway. J Biol Chem 2004, 279:7792-7798.
Hoffman BE, Grabowski PJ: UT snRNP targets an essential splicing factor,
U2AF65, to the 3’ splice site by a network of interactions spanning the
exon. Genes Dev 1992, 6:2554-2568.

Robberson BL, Cote GJ, Berget SM: Exon definition may facilitate splice
site selection in RNAs with multiple exons. Mol Cell Biol 1990, 10:84-94.
Kammler S, Leurs C, Freund M, Krummheuer J, Seidel K, Tange TO, Lund MK,
Kiems J, Scheid A, Schaal H: The sequence complementarity between HIV-
1 5" splice site SD4 and U1 snRNA determines the steady-state level of
an unstable env pre-mRNA. ANA 2001, 7:421-434.

Erkelenz S, Mueller WF, Evans MS, Busch A, Schoneweis K, Hertel KJ, Schaal
H: Position-dependent splicing activation and repression by SR and
hnRNP proteins rely on common mechanisms. RNA 2013, 19:96-102.
Jablonski JA, Caputi M: Role of cellular RNA processing factors in human
immunodeficiency virus type T mRNA metabolism, replication, and
infectivity. J Virol 2009, 83:981-992.

Lund N, Milev MP, Wong R, Sanmuganantham T, Woolaway K, Chabot B,
Abou Elela S, Mouland AJ, Cochrane A: Differential effects of hnRNP D/AUF1
isoforms on HIV-1 gene expression. Nucleic Acids Res 2012, 40:3663-3675.
Kurreck J, Wyszko E, Gillen C, Erdmann VA: Design of antisense
oligonucleotides stabilized by locked nucleic acids. Nucleic Acids Res 2002,
30:1911-1918.

Elmen J, Zhang HY, Zuber B, Ljungberg K, Wahren B, Wahlestedt C, Liang Z:
Locked nucleic acid containing antisense oligonucleotides enhance
inhibition of HIV-1 genome dimerization and inhibit virus replication.
FEBS Lett 2004, 578:285-290.

Strebel K: HIV accessory proteins versus host restriction factors. Curr Opin
Virol 2013, 3:692-699.

Pillai SK, Wong JK, Barbour JD: Turning up the volume on mutational
pressure: is more of a good thing always better? (A case study of HIV-1
Vif and APOBEC3). Retrovirology 2008, 5:26.

Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, Rabson A, Martin MA:
Production of acquired immunodeficiency syndrome-associated retrovirus
in human and nonhuman cells transfected with an infectious molecular
clone. J Virol 1986, 59:284-291.

Selden RF, Howie KB, Rowe ME, Goodman HM, Moore DD: Human growth
hormone as a reporter gene in regulation studies employing transient
gene expression. Mol Cell Biol 1986, 6:3173-3179.

Jaguva Vasudevan AA, Perkovic M, Bulliard Y, Cichutek K, Trono D,
Héussinger D, Mink C: Prototype foamy virus bet impairs the
dimerization and cytosolic solubility of human APOBEC3G. J Virol 2013,
87:9030-9040.

Widera M, Klein AN, Cinar Y, Funke SA, Willbold D, Schaal H: The D-amino
acid peptide D3 reduces amyloid fibril boosted HIV-1 infectivity. AIDS Res
Ther 2014, 11:1.

Chomczynski P, Sacchi N: Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem
1987, 162:156-159.

Laemmli UK: Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 1970, 227:680-685.

Simon JH, Southerling TE, Peterson JC, Meyer BE, Malim MH: Complementation
of vif-defective human immunodeficiency virus type 1 by primate, but not
nonprimate, lentivirus vif genes. J Virol 1995, 69:4166-4172.

Simm M, Shahabuddin M, Chao W, Allan JS, Volsky DJ: Aberrant Gag
protein composition of a human immunodeficiency virus type 1 vif
mutant produced in primary lymphocytes. J Virol 1995, 69:4582-4586.
McKeating JA, McKnight A, Moore JP: Differential loss of envelope
glycoprotein gp120 from virions of human immunodeficiency virus type 1
isolates: effects on infectivity and neutralization. J Viro/ 1991, 65:852-860.
Moore JP, McKeating JA, Weiss RA, Sattentau QJ: Dissociation of gp120
from HIV-1 virions induced by soluble CD4. Science 1990, 250:1139-1142.



Widera et al. Retrovirology 2014, 11:72
http://www.retrovirology.com/content/11/1/72

79. DullT, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D, Naldini L: A

third-generation lentivirus vector with a conditional packaging system.
J Virol 1998, 72:8463-8471.

80. Kootstra NA, Miink C, Tonnu N, Landau NR, Verma IM: Abrogation of

81.

postentry restriction of HIV-1-based lentiviral vector transduction in
simian cells. Proc Natl Acad Sci USA 2003, 100:1298-1303.
Bembom O: seqLogo: Sequence Logos for DNA Sequence Alignments. In

Book seqlogo: Sequence Logos for DNA Sequence Alignments (Editor ed.Meds.).

vol. R package version 1280, 1280th edition; 1990. pp. seqLogo takes the
position weight matrix of a DNA sequence motif and plots the
corresponding sequence logo as introduced by Schneider and Stephens.
City; 2014:seqlogo takes the position weight matrix of a DNA sequence
motif and plots the corresponding sequence logo as introduced by
Schneider and Stephens (1990).

doi:10.1186/512977-014-0072-1

Cite this article as: Widera et al.: A functional conserved intronic G run
in HIV-1 intron 3 is critical to counteract APOBEC3G-mediated host
restriction. Retrovirology 2014 11:72.

Page 19 of 19

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	The guanosine run element (GI3-2) localized deeply within HIV-1 intron 3 is critical for efficient replication in PBMCs
	Mutating GI3-2 results in an impaired ratio of spliced to unspliced mRNAs
	GI3-2 plays a major role in exon 2 vs. exon 3 selection and vif vs. vpr mRNA expression
	GI3-2 is critical for viral replication in APOBEC3G-expressing but not -deficient cells
	Inhibition of hnRNP protein binding to the intronic G run GI3-2 restricts viral particle production
	The GI3-2 binding site is functionally conserved in HIV-1

	Discussion
	Conclusions
	Methods
	Plasmids
	Oligonucleotides
	Cell culture, transfection conditions and preparation of virus stocks
	RNA-isolation, quantitative and semi-quantitative RT-PCR
	Protein isolation and Western blotting
	Northern blotting
	Measurement of HIV-1 replication kinetics
	p24-CA ELISA
	Infectivity assay
	HIV-sequence alignments and sequence logos
	RNA pull-down

	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


