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Zusammenfassung

Zusammenfassung

Das alternative Spleilen stellt einen bedeutenden Mechanismus fir die zeitlich regulierte HIV-1
Genexpression dar, der fur die virale Replikation unentbehrlich ist. Zahlreiche cis-wirkende
Elemente beeinflussen die Prozessierung der viralen pr&-mRNA zu unterschiedlichen mRNA-
Isoformen, die die friihe, intermedidre und spate virale Genexpression kennzeichnen. Die
vorliegende Arbeit untersuchte spleill-regulatorische Mechanismen, die entweder die Bildung

friher mMRNAs oder die Expression genomischer RNA steuern.

Im ersten Teil der Arbeit wird gezeigt, dass ein zuvor identifizierter, mehrere Bindestellen
umfassender, purin-reicher exonischer SpleiR-Enhancer (GAR ESE) im Exon 5 durch die
bidirektionale Aktivierung der jeweiligen 3’ ss und der 5’ ss fiir den Einschluss der internen
alternativen Exons 4c, 4a, 4b und 5 in friihe rev- und ne-mRNAs entscheidend ist. Es wurde
erkannt, dass der GAR ESE eine doppelte spleilk-regulatorische Funktion ausiibt, indem er (i)
den internen Exon-Einschluss durch alle identifizierten Bindestellen fir die SR-Proteine
SF2/ASF und SRp40 synergistisch steigert und (ii) innerhalb der 3’ ss-Gruppe stromaufwarts
des Exons 5 die 3’ ss A5 ausschlieBlich durch die proximalen SF2/ASF-Bindestellen spezifisch
aktiviert. Die GAR ESE-vermittelte 3'ss Selektivitdt wird vermutlich durch die
phosphorylierungs-abhangige Stabilisierung von U2AF®® stromaufwérts der 3’ ss A5 ausgedibt.
Als weitere mogliche Faktoren flir den GAR ESE-abhangigen Exon-Einschluss wurden die
spleilR-regulatorischen Proteine hTra2-f, hnRNP H und hnRNP Q identifiziert. Es wurde
beobachtet, dass der interne Exon-Einschluss zuséatzlich auf stromabwarts gelegene Elemente
des Exons 5, der 5 ss D4 und der E42-Sequenz, angewiesen ist. Dies spricht fUr ein
regulatorisches Netzwerk, das sich Uber das Exon 5 spannt. Diese Interaktionen sind auch fur
die Prozessierung intron-haltiger vpu/env-mRNAs essentiell. Daher reguliert der GAR ESE das
Spleien der viralen pr&-mRNA sowohl in der frlhen als auch in der intermedidren Phase der

HIV-1 Genexpression.

Im zweiten Teil dieser Arbeit offenbarte die Suche nach splei3-regulatorischen Elementen, die
fur die Expression genomischer HIV-1 RNA verantwortlich sind, dass die mit der 5 ss D1
Uberlappenden Bindestellen fiir die SR-Proteine SC35 und SRp55, die Nutzung dieser
Spleifistelle reduzieren. Im Gegensatz dazu verstarkte die Bindung der RS-Doméne von SC35
in einer nicht-Uberlappenden stromaufwérts gelegenen Position das Spleiken an D1. Dies
deutet darauf hin, dass eine Konkurrenz zwischen SR-Proteinen und spleilosomalen
Komponenten um die Bindung an den D1 besteht. Dieses Modell wurde durch die Beobachtung
erhartet, dass die weiter stromaufwaérts des D1 liegenden Bindestellen fir SR-Proteine und
hnRNP H die Nutzung der 5’ ss nicht beeinflussen. Darliber hinaus wurde beobachtet, dass D1-
flankierende Sequenzen die interne 3’ ss Auswahl und das SpleiRen des distalen Introns

beeinflussen. Jedoch reicht der regulatorische Einfluss der dem D1 benachbarten Sequenzen
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vermutlich nicht aus, um den beachtlichen Anstieg der Menge vollstdndig ungespleiter RNA in
der spaten Phase der viralen Genexpression herbeizufihren. Ein wesentlicher spleil3-
regulatorischer Effekt des viralen Proteins Gag auf das Spleilien der HIV-1 mRNA konnte nicht
bestatigt werden. Hingegen wurde erkannt, dass das p17-ins Element stromabwarts des D1
durch die Wirkung als intronischer Spleil3-Enhancer das Spleilen an dieser Stelle kontrolliert.
Zugleich ist dieses Element fiir die Rev-abhdngige Expression vollstandig ungespleiter RNA,
aber nicht intermediarer vpu/env-mRNAs, entscheidend. Daher scheinen sich intron-haltige
intermedidre und spate virale mRNAs in ihren Sequenzvoraussetzungen fir die Rev-
Abhangigkeit zu unterscheiden. Dies kdnnte die molekulare Ursache fir die verzdgerte

Expression der vollstandig ungesplei’ten genomischen HIV-1 mRNA sein.
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Summary

Alternative splicing is a major mechanism for temporally regulated HIV-1 gene expression
essential for viral replication. Numerous cis-acting elements affect viral pre-mRNA processing
into distinct mRNA isoforms characterising early, intermediate and late viral gene expression.
This thesis investigated splicing regulatory mechanisms controlling either the generation of early

mMRNAs or the expression of genomic RNA.

In the first part of this work a previously identified purine-rich multisite exonic splicing enhancer
(GAR ESE) located in exon 5 was shown to be crucial for inclusion of the alternative exons 4c,
4a, 4b and 5 into early rev- and ne~-mRNAs by bidirectionally activating the respective 3’ ss and
the 5 ss. The GAR ESE was found to perform a dual splicing regulatory function (i) by
synergistically enhancing internal exon inclusion through all identified binding sites for the SR
proteins SF2/ASF and SRp40, and (ii) by specifically activating A5 of the 3’ ss cluster upstream
of exon 5 solely by the proximal SF2/ASF binding sites. GAR ESE-mediated 3’ ss selectivity is
likely exerted by phosphorylation-dependent stabilisation of U2AF® upstream of 3’ ss A5. For
GAR ESE-dependent exon inclusion the splicing regulatory proteins hTra2-p, hnRNP H and
hnRNP Q were identified as further candidate factors. Internal exon inclusion was observed to
additionally depend on downstream elements of exon 5, i.e. 5’ ss D4 and the E42 sequence
indicating a regulatory network spanning across exon 5. These interactions are also essential
for processing of intron-containing vpu/env-mRNAs. Therefore, the GAR ESE regulates viral

pre-mRNA splicing in the early as well as in the intermediate phase of HIV-1 gene expression.

In the second part of this thesis, searching for splicing regulatory elements responsible for the
expression of genomic HIV-1 RNA revealed that binding sites for the SR proteins SC35 and
SRp55 partly overlapping D1 reduce 5’ ss efficiency. In contrast, tethering the SC35 RS domain
into a non-overlapping upstream position enhanced splicing at D1 indicating a competition of
SR proteins and spliceosomal components for binding to D1. This model was substantiated by
the finding that binding sites for SR proteins and hnRNP H further upstream of D1 did not affect
5’ ss usage. In addition, sequences flanking D1 were found to affect internal 3’ ss selection and
distal intron removal. However, the regulatory impact of the sequences neighbouring D1 is likely
not sufficient to mediate the striking increase in the level of completely unspliced RNA in the late
phase of viral gene expression. A significant effect of the viral protein Gag on splicing of the
HIV-1 mRNA could not be confirmed. In contrast, the p17-ins element downstream of D1 was
found to control splicing at D1 by acting as intronic splicing enhancer. At the same time, this
element is essential for Rev-dependent expression of completely unspliced mRNA, but not for
intermediate vpu/env-mRNAs. Therefore, intron-containing intermediate and late viral mMRNAs
appear to differ in their sequence requirements for Rev-dependency. This might represent the

molecular basis for the delayed expression of completely unspliced genomic HIV-1 mRNA.
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Introduction

A. Introduction

A.1 The Human Immunodeficiency Virus Type 1 (HIV-1) — persisting a
global health challenge

In 1981, symptoms of immunological dysfunction like generalised lymphadenopathy,
opportunistic infections and a variety of unusual cancers observed for a number of
patients in the USA were first recognised to constitute a separate disease entity (211,
399, 558). The clinical picture summarised as Acquired Immunodeficiency Syndrome
(AIDS) was associated with an infectious etiologic agent through isolation of a retrovirus
from a lymph node of a patient with generalised lymphadenopathy often preceding the
development of AIDS (33). Additional retroviral isolates displaying very similar
biochemical, immunological, structural and cell culture characteristics derived from
peripheral blood lymphocytes of patients with AIDS or conditions frequently progressing
into AIDS substantiated this correlation (199). The newly identified retrovirus was
taxonomically assigned to the Lentivirus genus by sequencing of proviral DNA isolated
from infected human T-cells of either primary (629) or leukaemia cell line origin (486)
and finally named human immunodeficiency virus (HIV) (123). Untreated, HIV-1
infection induces a progressive decline in the numbers and functionality of CD4" T cells
[reviewed in (160, 213, 623)], resulting in the destruction of the host immune system
and in AIDS development (175). In 1986, a second human retrovirus, HIV-2, was
isolated from individuals living in West African countries, which is genetically related to

HIV-1, but immunologically distant and less pathogenic (115).

The identification of HIV-1 as causative agent of AIDS initiated a plethora of basic and
applied biomedical research aiming for therapeutic approaches to oppose viral
replication. Despite joint efforts to prevent the spread of the infection, the latest UN
report on the statistics of the HIV-1 pandemic estimates that, in 2008, 33 million people
were infected with HIV-1 worldwide and that already 27 million deaths were caused by
the infection till that time (616, 617). Among the people living with HIV-1, 67% reside in
sub-Saharan Africa (616, 617). Considering the limited resources of the public health
system in these strongly affected countries, treatments are required that are cost-
effective and easy to use. The advent of highly active antiretroviral therapy (HAART)
strongly reduced morbidity and mortality of HIV-1 infection (433, 460). Although
antiretroviral therapy options have been largely broadened due to the optimisation of

pharmaceutical compounds, the increasing percentage of HIV-1 infected people under

1



Introduction

treatment elicited the rise of multidrug-resistant viral subspecies (359). Besides the
growing problem of drug resistances, treatment with the HAART regime is cost-

intensive and requires regular medication.

Generation of a vaccine preventing HIV-1 infection turned out to be complex, which was
mainly attributed to a reservoir of chronically infected immune cells, the high diversity of
viral structural proteins due to the error-prone reverse transcriptase activity and the viral
targeting of the immune cells at the same time required for efficient HIV-specific
adaptive immune response (568). Surprisingly, a recent phase Ill trial conducted in
Thailand reported a moderate success in preventing HIV-1 infection (492). However, the
statistical significance of the study outcome and the efficacy of the combination vaccine
are controversially discussed. In parallel to vaccine research, viral replication has been
tackled by a number of promising alternative approaches e.g. evolution of an HIV-1
targeting recombinase excising the proviral genome from the genome of infected HelLa
cells (516) or generation of HIV-1 resistant T cells through transduction of hematopoietic
precursor cells with a lentiviral vector expressing antiviral RNAs targeting viral
regulatory proteins Tat and Rev and, in addition, CCRS5, a cellular coreceptor for viral
entry (26, 348). In the long term, HIV-1 resistant stem cells expressing therapeutic
RNAs are envisioned to be retransplanted into patients after bone marrow irradiation
(348). Although a proof of principle has been profoundly demonstrated for these
innovative approaches, several challenging problems in the administration of these
therapies remain to be solved, until they might be considered for clinical application.
However, a particular case recently underlined the clinical importance of CCRS as
antiviral target by the observation that in a patient with HIV-1 infection allogenic
transplantation of stem cells homozygous for the CCR5A32 mutation restricting
coreceptor surface expression prevents viral rebound after discontinuing HAART (273).
To continue the design of alternative therapeutic strategies, further progress in the
knowledge on HIV-1 replication is required providing the molecular basis to identify

potential antiviral targets.

A.2 HIV-1 replication critically depends on RNA processing

The devastating effect of HIV-1 infection is predominantly caused by a decline and loss
of function of CD4" immune cell populations, especially T lymphocytes thereby severely

compromising host immune competence. Besides affecting programmed cell death
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(PCD) in infected cells, secreted and surface-bound viral proteins also enhance PCD in
non-infected bystander cells thus multiplying the loss of CD4" cells (623). The profound
impact on immune cell function and lifespan is caused by synthesis of HIV-1 proteins.
Besides transcriptional and translational mechanisms, alternative RNA processing
crucially regulates lentiviral gene expression. Alternative splicing of the common HIV-1
pre-mRNA is exploited to fulfil two essential functions during viral gene expression by (i)
facilitating the complete expression of the viral proteome and (ii) navigating the timely
regulated expression of viral genes (312, 317, 413, 475). Disturbing the regulation of
viral pre-RNA processing influences infectivity and pathogenesis of HIV-1 [(212, 646),
reviewed in (587)], thus underscoring the importance of ordered gene expression for

viral replication.

A.2.1 Gene expression of HIV-1

Hallmarks of retroviral replication are reverse transcription of the viral RNA genome
generating the proviral DNA and integration into the host cell genome. As a
characteristic of lentiviruses, the pre-integration complex (PIC) containing the proviral
genome actively invades the interphase nucleus allowing infection of non-dividing cells
arrested in the G4 phase of the cell cycle (Fig.1-1B). Although transcription from
unintegrated proviral DNA was observed (585, 652), efficient retroviral gene expression

depends on its integration committing HIV-1 gene expression to cellular pathways (532).

The HIV-1 provirus contains a single transcription unit, which is controlled by a promoter
located within the &’-Long Terminal Repeat (5-LTR). Efficient LTR-mediated
transcription by cellular RNA polymerase Il (RNAP Il) requires the viral protein Tat
binding to a stem loop, termed trans-activation response (TAR) region, formed at the
5-end of all nascent HIV-1 transcripts. Interaction of Tat with positive transcription
elongation factor b (P-TEFb), composed of cyclinT1 and Cdk9, induces phosphorylation
of the carboxy-terminal domain (CTD) of RNAP II, which stimulates its processivity and
in turn facilitates transcription of full-length viral pre-mRNA. Differential expression and
phosphorylation of P-TEFb components were suggested to contribute to the postentry
block of HIV-1 replication observed in undifferentiated monocytes (158, 358). RNAP II-
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mediated transcription induces capping of the viral pre-mRNA and recruits the cellular
polyadenylation machinery to the polyadenylation signal within the 3’-LTR of the full-
length transcript. In addition to 5’- and 3’-end processing, full-length pre-mRNA is
extensively spliced constituting the basis for temporally controlled expression of HIV-1
encoded enzymes, regulatory, accessory and structural proteins. In the early phase of
viral gene expression small regulatory and accessory proteins Tat, Rev, Nef and Vpr
are expressed acting on viral gene expression but also on cellular pathways [reviewed
in (146, 473, 496)]. In the intermediate phase, Rev initiates the additional expression of
the surface and transmembrane glycoprotein precursor gp160 (Env). Finally, core
structural components and enzymes required for assembly and release of viral particles
are translated as Gag and Gag/Pol precursor proteins from the unspliced mRNA in the
late phase. To achieve early, intermediate and late protein expression, the translational
capacity of HIV-1 mRNAs is altered by temporally regulated alternative splicing
removing interfering start codons and open reading frames (ORFs) from the primary

transcript.

Fig. I-1: continued.

(A) HIV-1 virion structure. The virus particle is enveloped by a host cell-derived membrane, in which the
glycoprotein gp41 is embedded carrying the surface glycoprotein gp120. The Matrix protein is associated
with the membrane through N-myristilation. The inner core of the virion is generated by the Capsid
protein, which assembles into a cone-like structure. Within the capsid two copies of the (+)-RNA genome
are bound by the Nucleocapsid protein. In addition, proteins required for virion maturation and infectivity

are located within the capsid.

(B) HIV-1 virions productively infect target cells by attachment and fusion to the cell membrane through
the initial interaction of the viral surface glycoprotein gp120 with the CD4 receptor (140, 315, 405).
Conformational rearrangements mediated by the gp120-CD4 interaction expose the V3 domain of gp120
that interacts mainly with either chemokine receptor CCR5 (9, 152, 162) or CXCR4 (180). Coreceptor
binding induces further structural transitions exposing the hydrophobic terminus of the viral
transmembrane glycoprotein gp41, which triggers disorganisation of the host cell membrane and fusion
with the viral membrane. After entry of the viral capsid into the host cell cytoplasm, the dimeric (+)-strand
RNA genome (black) is reverse transcribed generating the proviral DNA (orange) embedded in a pre-
integration complex (PIC), which actively invades the nucleus. After integration and transcription,
alternative splicing of the viral pre-mRNA generates a heterogeneous population of mRNA isoforms,
which is shifted towards intron-containing mRNA isoforms (intermediate/late) during the course of HIV-1
gene expression. Through the interaction of Gag with the viral full-length mRNA, a dimeric RNA genome
is incorporated into the virion. After budding from the plasma membrane autocatalytic cleavage of the
Gag and Gag-Pol precursors into structural proteins and enzymes results in structural rearrangements

condensing the virion.
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A.2.2 Alternative splicing of the HIV-1 pre-mRNA ensures complete expression
of the viral proteome

Cap-dependent ribosomal entry and subsequent scanning of the full-length HIV-1
MRNA result in exclusive translation of the Gag- and Gag-/Pol-ORFs located in the
upstream half of the viral genome (Fig. I-2A). Therefore, viral genome organisation
necessitates mechanisms to release the translational inhibition of the remaining seven
genes encoded downstream of the cap-proximal ORFs, which are generally not reached

by leaky scanning of the ribosomes. Internal ribosomal entry sites (IRES) identified in

A
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Fig. I-2: Alternative splicing of the HIV-1 pre-mRNA is required to utilise the complete coding

potential of the complex retroviral genome.
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the 5’-UTR (71) and within the Gag-ORF (77) only allow cap-independent expression of
the full-length or a shortened Gag precursor protein after viral inhibition of cap-
dependent translation (77) and, thus, are unable to facilitate the expression of
downstream encoded viral genes. Although ribosomal frameshifting (281) and leaky
scanning of bicistronic mMRNAs (329, 528, 531) are additionally employed in the
translation of downstream ORFs [reviewed in (65)], alternative splicing of the viral pre-
mRNA emerged as the main regulatory mechanism to remove inhibitory translational
start codons. Splicing removes intervening sequences (introns) from the pre-mRNA. By
combinatorial removal of multiple introns alternative splicing of the HIV-1 pre-mRNA
balances relative levels of viral mMRNAs such that all structural, enzymatic, regulatory
and accessory viral genes are appropriately expressed. To this end, extensive splicing
of the viral pre-mRNA generates more than 40 viral mRNA isoforms throughout HIV-1
gene expression comprising the translation capacity for all viral proteins (197, 232, 481,
495, 527-529) (Fig.|-2B). Therefore, alternative splicing of the HIV-1 pre-mRNA

essentially ensures complete expression of the viral proteome.

Fig. I-2: continued.

(A) Schematic depiction of the HIV-1 genome. A single transcription unit is expressed from the promoter
located in the 5’-LTR. Nine ORFs (Gag, Gag/Pol, Env, Vif, Vpr, Vpu, Tat, Rev and Nef) encoding 15
proteins in case of the laboratory strain NL4-3 are organised in a highly condensed structure. With the
Nef-ORF constituting the only exception, all other ORFs contained within the HIV-1 pre-mRNA strongly
overlap or disperse each other. Cap-dependent as well as IRES-mediated ribosomal entry to the
unspliced 9 kb pre-mRNA results solely in the expression of Gag and Gag-Pol protein precursors. Open
reading frames are indicated by coloured boxes [blue: regulatory proteins (early expression), green:
envelope glycoproteins (intermediate expression), magenta: accessory proteins, orange: structural
proteins and enzymes (late expression)]. Flanking long terminal repeats (LTRs) are shown as grey

boxes.

(B) Extensive alternative splicing of the full-length, 9 kb pre-mRNA is required to utilise the complete
coding potential of the complex retroviral genome. Alternative usage of multiple 5’ splice sites (5’ ss: D1
to D5) and 3’ splice sites (3’ ss: A1 to A7) generates more than 40 mRNA isoforms from the HIV-1 pre-
mRNA. Based on their resulting size spliced mRNA isoforms are classified as 4 kb and the 1.8 kb
mRNAs. Whereas 4 kb mRNAs are essentially characterised by splicing from the major 5’ ss D1 to one of
the central 3’ ss, 1.8 kb MRNAs are additionally spliced between D4 and A7 in the downstream half of the
pre-mRNA. Alternative exons 2 and 3 (dark grey boxes) are alternatively included into mRNA isoforms.
The splicing pattern of the respective mRNAs is denoted below the isoform scheme [e: exon 3 extended

to D4, E: extended exons, us: unspliced].
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A.2.3 Exploiting and finally overriding the cellular splicing pathway regulates
temporal HIV-1 gene expression

Alternative splicing of the HIV-1 pre-mRNA gives rise to three distinct mRNA classes
that are classified according to their particular sizes of 1.8 kb, 4 kb and 9 kb. Analysing
HIV-1 mRNA expression revealed that the respective mRNA classes are expressed in a
defined chronological order (312, 317, 413, 475). The onset of viral gene expression is
characterised by exclusive generation of the early 1.8 kb mRNA class through extensive
splicing of the viral pre-mRNA (Fig. I-2B). Alternative splice site usage gives rise to at
least 23 differentially spliced early mRNA isoforms encoding the accessory proteins Vpr
and Nef and the regulatory proteins Tat and Rev (481). Generation of early mRNAs is

maintained throughout HIV-1 gene expression (Fig. I-3). In the intermediate phase, Rev

induces the additional expression of the intron-containing, 4 kb mRNAs class encoding

o

P ?
| ;
* | early | intermediate | late | *
HIV-1 gene expression phase *

assembly
infection | 4 kb (intron-containing) " >  and

release
_
I |

viral mRNA isoform expression

Fig. I-3: Alternative splicing of the HIV-1 pre-mRNA temporally shifts viral gene expression from

early to late phase by gradual intron retention.

Following integration of the HIV-1 proviral DNA into the cell genome, early regulatory proteins are
expressed from extensively spliced viral mMRNA isoforms of the 1.8 kb class (blue). The expression of Rev
profoundly shifts the splicing pattern of the viral pre-mRNA to intron-containing mRNA isoforms (148,
178) thereby initiating the intermediate phase of viral gene expression. Intermediate 4 kb mRNA isoforms
(green) retain the vpu-/env-coding sequence located in the 3’-region of the viral pre-mRNA. The
expression of completely unspliced 9 kb genomic RNA (orange) encoding structural components and
enzymes required for viral assembly and release is further delayed. Although the presence of Rev is a
prerequisite for the expression of all intron-containing HIV-1 mRNAs, it remains to be demonstrated

whether Rev decisively initiates the transition from intermediate to late viral gene expression.
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the accessory proteins Vif and Vpr and the glycoprotein precursor gp160 (Env). Finally,
in the late phase of viral gene expression an increasing fraction of the HIV-1 pre-
mRNAs remains completely unspliced (312) encoding the precursor proteins Gag and
Gag/Pol and also serving as viral genome during virion assembly. The progressive
changes in the viral pre-mRNA splicing pattern from early to late HIV-1 gene expression

shift the viral mMRNA population towards isoforms with increasing intron content.

The main regulatory mechanism for the expression of intron-containing mRNAs
identified so far is the interaction of the viral regulatory protein Rev with a structural
RNA element within the env-coding sequence in the downstream half of the viral pre-
mRNA termed Rev-responsive element (RRE) (141, 680) (120, 138, 250, 313, 389).
The Rev-RRE-mediated nuclear mRNA export was the first mechanism described to
circumvent the cellular requirement of intron removal prior to nucleocytoplasmic export
(168, 179, 388). However, the underlying viral mechanisms interfering with cellular
splicing known to date fail to explain the intermediate to late shift from intron-containing,

but spliced 4 kb mRNA to completely unspliced genomic RNA.

A.3 Mechanism of pre-mRNA splicing

Most metazoan genes are dispersed by non-coding sequences (introns), which are
removed from the pre-mRNA by splicing, a process involving two sequential
transesterification reactions. The splicing reaction is performed by the cellular
spliceosome, a macromolecular ribonucleoprotein (RNP) machine, which identifies
introns by interacting with sequence elements within the RNA, i.e. the 5’ splice site
(5’ ss) defining the upstream and the 3’ splice site (3’ ss) defining the downstream

border of the intron [reviewed in (649)].

A.3.1 Spliceosome assembly and catalysis

The spliceosome positions the intron-flanking splice sites for an RNA-based catalysis of
the splicing reaction, which removes the intervening intron and ligates the adjacent
sequences (exons) (Fig. I-4). Like their human equivalents, HIV-1-encoded splice sites

are recognised by the major U2-dependent spliceosome, which catalyses splicing of
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Fig. I-4: The spliceosome catalyses two sequential transesterification reactions removing an

intron from the pre-mRNA.

In the first transesterification reaction, the oxygen of the 2’-hydroxyl group provided by the branch point
adenosine (A) attacks the phosphorus atom that links the 5’-exon and the intron (top). In a nucleophilic
substitution a lariat/3’-exon intermediate is generated and the bond to the 5-exon displaced. In the
second transesterification reaction, the oxygen atom of the nascent hydroxyl group of the 5’-exon forms a
bond with the phosphorus atom that links the intron and the 3’-exon (middle) thereby substituting the
bond between the lariat intron and the 3’-exon and ligating both exons to form the mRNA (bottom).

canonical GT-AG pre-mRNA introns constituting the vast majority of metazoan pre-
mMRNA introns. The major spliceosome consists of five uridine-rich small nuclear
ribonucleoprotein particles (U snRNPs), i.e. U1, U2, U4/U6 and U5 snRNP, and a

number of non-snRNP proteins [reviewed in (83, 289)]. Each U snRNP is composed of
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one or two (U4/U6) U snRNAs complexed with seven common Sm proteins designated
B, D1, D2, D3, E, F and G, or the homologous group of like-Sm (Lsm) proteins in case
of U6 snRNP and several particle specific proteins [for a review see (649)]. Numerous
in vitro analyses resulted in the model of ordered spliceosome assembly suggesting that
the spliceosome is individually assembled for removal of each intron by sequential
binding of preassembled U snRNPs and non-snRNP proteins [reviewed in (76)]. The
isolation of preassembled penta-snRNPs from Hela nuclear extracts suggested the
existence of an alternative pathway for spliceosome assembly (381, 584). However,
since the functionality of this complex in pre-mRNA splicing still remains elusive (289),

ordered assembly currently represents the prevailing model for spliceosome formation.

Prior to catalysis of the transesterification reactions, spliceosomal components initially
recognise, pair and position the splice sites, which is essential for correct splicing of the
pre-mRNA substrate. The RNA elements that are identified by the spliceosome are
defined by short consensus motifs with the upstream 5’ ss containing a conserved GU-
dinucleotide and the 3’ ss consisting of three sequence elements, i.e. the branch point
sequence (BPS), the polypyrimidine tract (PPT) and the AG-dinucleotide. In in vitro
splicing systems, intermediates of ordered spliceosome assembly are defined by
sequential association and release of U snRNPs and the state of the pre-mRNA
substrate regarding the two-step chemical splicing reaction (Fig. I-5) [reviewed in (76,
649)]. Spliceosome assembly is a highly dynamic process employing numerous
compositional and conformational rearrangements [reviewed in (580, 628)].
Spliceosome assembly starts with ATP-independent formation of the E complex (414),
which contains U1 snRNP bound to the 5 ss through base pairing interactions of the
5 end of the U1 snRNA with the 5’ ss and non-snRNP proteins SF1/mBBP (splicing
factor 1/mammalian branch point binding protein) and U2AF (U2 snRNP auxiliary factor)
recognising the BPS and the PPT of the 3’ ss, respectively. Formation of this early
splicing complex brings the 5 ss, the BPS and the 3’ss into proximity within a
structured conformation (305, 306). The E’ complex lacking U2AF can precede this
complex (307). In the presence of ATP stable association of U2 snRNP with the BPS
displaces SF1/mBBP converting the E complex into the A complex. U2 snRNA forms a
duplex with the BPS, in which the bulging of an adenosine determines the branch-site
acting as nucleophile in the first transesterification reaction (483). Subsequently,
recruitment of the U4/U6*US tri-snRNP links U1 and U2 snRNPs forming the B complex.
Since U6 snRNA forms a RNA-RNA duplex with the 5’ ss and at the same time with
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Fig. I-5: The spliceosome assembles in a stepwise manner on each intron of the pre-mRNA.
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U2 snRNA attached to the BPS, U6 snRNP is proposed to juxtapose the intron-flanking
splice sites. Cross-intron communication between the 5 ss and the 3’ ss has been
shown to be additionally promoted by non-snRNP splicing factors of the serine/arginine-
rich (SR) protein superfamily (68, 193, 259, 655) and the SR-related splicing coactivator
complex SRm160/300 (62, 167). Although the B complex includes all components
required for splicing, a series of ATP-dependent rearrangements resulting in the
dissociation of U1 and U4 snRNAs is required to catalytically activate the spliceosome
(B* complex) [reviewed in (76, 628)]. The activated spliceosome conducts the first
transesterification reaction generating the C complex. Prior to the second catalytic step
further rearrangements reposition the catalytic centre of the spliceosome (319).
Coincident with the second step of the splicing reaction, factors involved in quality
control, export and translation are recruited to the mRNA forming the exon junction
complex (EJC), which is positioned 20-24 nt upstream of the generated exon-exon
junction [(344, 688), reviewed in (342)]. After the second transesterification reaction the
spliceosome dissociates releasing the mature mRNA complexed by RNA binding

proteins.

Fig. I-5: continued.

Each intron is flanked by the 5’ ss, an 11 nt sequence harbouring an invariant GU-dinucleotide at the
beginning of the intron, and a tripartite 3’ ss consisting of the branch point sequence (BPS), the
downstream located polypyrimidine tract (PPT) and the invariant AG-dinucleotide marking the 3’ end of
the intron. Initially, the 5’ ss and the 3’ ss are recognised by spliceosomal U1 snRNP (U1) and a complex
of the non-spliceosomal proteins SF1/mBBP (mBBP) and both subunits of U2AF (65 and 35),
respectively, generating the E complex. Partial complexes lacking either U2AF (E’ complex) or
SF1/mBBP can precede the E complex. All further compositional and conformational changes in the
complex require the presence of ATP or ATP as well as GTP. The E complex evolves into the A complex
by recruitment of U2 snRNP (U2) to the BPS displacing SF1/mBBP. Subsequent entry of the U4/U6*U5
tri-snRNP  (U4/U5/U6) generates the B complex, which is activated (B* complex) by structural
rearrangements causing the release of U1 snRNP as well as U4 snRNP from the spliceosome. The first
transesterification reaction generates a lariat intermediate, which is detached from the 5’-exon, but is hold
in proximity of the lariat intermediate by the C complex of the spliceosome. After the second
transesterification reaction the spliceosome disassembles and releases the mature mRNA. The released
lariat intron is degraded by debranching enzymes and exonucleases, whereas spliceosomal components
are recycled to join a further splicing reaction. Spliceosomal complexes are named according to
metazoan nomenclature. U snRNPs are simplified as ellipses [A: branch point adenosine, PPT:

polypyrimidine tract ,(Y),].
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The initial recognition of 5’ ss, BPS and PPT in the E complex occurs in the absence of
ATP. Therefore, binding of U1 snRNP, SF/mBBP and U2AF to the particular splice site
elements was expected to be reversible. However, it was found that after E complex
assembly addition of excess pre-mRNA is unable to efficiently compete with already
complexed pre-mRNA indicating that ATP-independent E complex formation commits
the pre-mRNA to the general splicing pathway (414, 539). The observation that general
commitment to the splicing pathway is already achieved in the early E’ complex
indicates that U2AF is dispensable for general splicing commitment (307). Additionally,
the same study proposed that U1 snRNP-mediated commitment to the general splicing
pathway might be performed prior to the base-pairing interaction of U1 snRNA with the
pre-mRNA. In contrast to the general commitment to splicing, pairing of particular splice
sites appears not to be definite prior to ATP-dependent formation of the
prespliceosomal A complex (323, 355). Therefore, commitment to spliceosome
assembly appears to be distinct from commitment to splice site pairing. Although the
A complex determines the exons that are joined in the splicing reaction, the precise AG-
dinucleotide participating in exon ligation is selected after the first catalytic step of the

splicing reaction via a scanning mechanism (17, 18, 111, 563).

To avoid the generation of MRNAs encoding misfunctional or even deleterious proteins
the spliceosome has to identify and remove pre-mRNA introns with high accuracy.
Prerequisites for exact intron removal are the fidelity of splice site recognition, splice site
pairing in the presence of multiple candidate splice sites and nucleotide selection in
both transesterification reactions including repositioning of the catalytic centre. The
fidelity of these processes is ensured by multiple mechanisms [reviewed in (489)]. Each
of the fidelity mechanisms contains the potential to regulate splice site selection and

splicing efficiency.

Metazoan splice sites are mainly recognised by the interplay of spliceosomal
components binding to less conserved splice sites with auxiliary proteins interacting with
splice site-proximal cis-acting splicing regulatory elements [reviewed in (564)]. The
nuclear concentration and functionality of proteins interacting with splicing regulatory
elements thus may strongly influence splice site recognition. In contrast to the nearby
situated regions mediating splice site recognition, pairing of the correct splice sites in
pre-mRNAs encoding multiple introns crucially depends on the exon/intron architecture
in combination with the presence of numerous cis-acting splicing regulatory elements in

a larger region of the pre-mRNA. After splice site pairing a number of ATP-dependent
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rearrangements are required to generate the catalytic core of the spliceosome. The
precision of nucleotide selection during the subsequent biochemical reactions is
ensured by recurrent 5 ss and 3’ ss identification through different spliceosomal
components during spliceosome assembly and conformational rearrangements guiding
both catalytic steps of the splicing reaction within the spliceosome [reviewed in (489)].
For the fidelity of the splicing reaction during dynamic remodelling of the spliceosome a
kinetic-proofreading model was proposed (84, 85), in which a number of consecutive
structural transitions mediated by ATP hydrolysis of several DExH/D-box ATPases
require RNA substrates to fit into the catalytic core of the spliceosome [reviewed in
(565)]. Suboptimal splicing substrates that do not meet the structural demands of the
remodelled spliccosome conformation are discarded from the splicing pathway.
Whereas ATP-dependent rearrangements of the spliceosome mainly ensure exclusion
of suboptimal splice sites, additional spliceosomal proteins like SPF45 were implicated
in proofreading 3’ ss selection in the second transesterification reaction (338). In
addition, hSlu7 has been proposed to contribute to the regulation of the second catalytic
step of the splicing reaction by holding the detached upstream exon in the proper

position for exon ligation (114).

Spliceosome assembly and catalysis have been shown to be strongly controlled by
phosphorylation (574). The assembly of spliceosomal complexes is inhibited by
phosphatases like PP1 (410) indicating that phosphorylated factors contribute to
spliceosome assembly. In contrast, the requirement of the phosphatases PP1 and
PP2A for the second step of the splicing reaction (552) suggests that dephosphorylation
of components within the assembled spliceosome is needed for the second
transesterification reaction. Together these results suggest that consecutive

phosphorylation and dephosphorylation are required for pre-mRNA splicing.

A.3.2 Splice site-bridging interactions

Spliceosome assembly per se requires an interaction across the respective intron
(Fig. I1-6A). However, direct juxtaposition of intron-flanking splice sites appears to be
constrained by the exon/intron architecture of the pre-mRNA. In Saccharomyces
cerevisiae only 3.8% of annotated genes contain introns (366) and less than 10 genes
encode more than one intron (366, 576). In addition, the majority of yeast introns are

smaller in size [<500 nt (576)] than their flanking exons. For those yeast pre-mRNA
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Fig. I-6: Splice site-bridging interactions.

(A) Cross-intron interactions. The splicing reaction requires interactions across the intron to position the
splice sites into proximity. Prior to U4/U6*U5 tri-snRNP entry into the spliceosome, regulatory factors like
SR proteins (SR) as well as the splicing coactivator complex SRm300/160 (300/160) are able to mediate
bridging of U1 snRNP and components recognising the 3’ ss in spliceosomal complexes E and A [U1:
U1 snRNP, U2: U2 snRNP, 35: U2AF®, 65: U2AF®).

(B) Cross-exon interactions. For short mammalian exons interactions across the exon precede those
across the intron. Interactions are frequently mediated by SR proteins, which stabilise binding of
spliceosomal components bound to the exon-flanking splice sites either by RNA-dependent or

-independent mechanisms [EDE/EDA: exon-defined E/A complex].

substrates containing only short introns, direct assembly of the spliceosome across the
intron had been observed. Because of the small size of most yeast introns, it was
suggested that the maijority of splice site pairs are brought into proximity by direct
interactions across the intron (intron-definition) (42), which was proposed to apply for
introns containing less than 250 nt [(188), reviewed in (256)].
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Compared to S. cerevisiae, most metazoan pre-mRNAs exhibit a more complex
exon/intron architecture harbouring multiple expanded introns typically ranging in size
from 103-10* nt, whereas more than 95% of internal vertebrate exons are smaller than
300 nt (42). Contrasting prevalent intron-definition initiating splicecosome assembly in
yeast, pre-spliceosomal interactions across expanded metazoan introns are preceded
by interactions across the flanking exons (exon-definition) (Fig.1-6B) [(494, 600),
reviewed in (42)]. An A-like complex is proposed to establish across the exon, in which
U2 snRNP and U1 snRNP recognising splice sites of distinct introns participate. In
terminal 5’ exons the cap binding complex (CBC) recognising the 7-methylguanosine
triphosphate (m’Gppp) cap structure substitutes for U2 snRNP in defining the first exon
(125, 347, 683). The exon definition model was substantiated by the finding that
U1 snRNP bound to the 5’ ss of a downstream located intron promotes 3’ ss recognition
of the upstream intron (260). A distance of more than 48 nt between the 3’ ss and the
downstream &' ss is required for efficient U1 snRNP-mediated activation of splicing of
the upstream intron (274). Exon length and splice site strength appear to act as additive
factors in exon-definition (155, 156). Inspired by the increased size of introns compared
to exons, it was assumed that the initial interaction between spliceosomal components
recognising the splicing signals occurs via the shorter distance [(601), reviewed in (42)].
Therefore, in the case of long introns and short exons in vertebrates the first contact
between splice sites likely takes place across the exon. To achieve splicing of the
intron-flanking splice site pair, cross-exon interactions subsequently have to promote
cross-intron interactions juxtaposing the neighbouring exons. However, the mechanistic
details and the molecular forces driving the restructuring process from cross-exon to

cross-intron defined pre-spliceosomal complexes have still to be resolved in more detail.

A.3.3 Splice site recognition — finding a needle in the haystack

In contrast to the strongly conserved splice sites found in yeast, most metazoan splice
sites are highly degenerated from the consensus motifs (83). In line with viral adaptation
to the human host, HIV-1 splice sites are likewise found to cover a wide range of
deviation from consensus splice site sequences resulting in considerable differences in
intrinsic splice site strength (190, 296, 447). Low splice site conservation raises the
problem to identify the borders of the large metazoan introns. Nevertheless, also

metazoan splice sites are recognised with high accuracy (189). In a number of well-
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studied examples the precision of splice site recognition is ensured by cis-acting splice
site-proximal RNA sequences [reviewed in (637)]. Proteins binding to these regulatory
sequences enhance splice site usage by stabilising the interaction of spliceosomal
components with the splice sites. In contrast, splice site usage can also be suppressed
by proteins interfering with splice site recognition by spliceosomal components. Overall
a dynamic model of splices site recognition emerged, in which splice sites and splice
site-proximal regulatory sequences cooperate to initiate splicecosome assembly. The
importance of correct splice site identification is underlined by the finding that a number
of diseases are associated with malfunctions of splice site recognition [reviewed in (29,
130, 606)].

A.3.3.1 5’ss recognition

5’ ss are composed of a single sequence element covering the exon/intron border. As
one of the earliest steps in spliceosome assembly, the 5 ss is recognised by
U1 snRNP, consisting of the U1 snRNA complexed by the common U snRNP core
structure and the three U1 snRNP-specific proteins U1-70K, U1-A and U1-C (75, 440).
Identification of the 5 ss occurs through formation of an RNA duplex between the
11 single stranded nucleotides at the 5’ end of the U1 snRNA and the 5’ ss sequence
(694) (Fig. I-7). Determined by the position of the AC-dinucleotide of the U1 snRNA that
base pairs with the invariant GU-dinucleotide at intronic position +1 and +2 of the 5’ ss,
the free 5’-end is capable of binding nucleotides from position -3 to +8 relative to the
intron-exon border. Due to the recognition of the 5 ss via RNA duplex formation, the
intrinsic 5’ ss strength during early complex assembly depends its nucleotide
complementarity to the free 5’-end of the U1 snRNA. Although a 5’ ss consensus motif
reveals a conservation of 8 nucleotides from position -2 to +6 relative to the exon/intron
border, U1 snRNP-mediated minigene expression studies and RT-PCR analysis
revealed that even six consecutive complementary nucleotides are already sufficient to
mediate U1 snRNP binding and splicing (190, 191, 295). Furthermore, sequence
analysis of 46.308 annotated human canonical 5 ss demonstrated that, despite the
consensus motif generated by all 5’ ss analysed, the 5’ ss data set could be classified
into three subgroups showing either exonic, centred or intronic complementarity to
U1 snRNA (246). The observations converge into a model, in which all 11 nucleotides of

the 5 ss can contribute to duplex formation with the U1 snRNA (295). Theoretically, to
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Fig. I-7: The complementarity to U1 snRNA defines the intrinsic 5’ ss strength.

U1 snRNP recognition of an intrinsically strong 5’ ss displaying full complementarity to the 5’end of the
U1 snRNA. The U1 snRNP core is constituted by the U1 snRNA shapening into a cloverleaf-like
secondary structure with four stem loops (I-1V). Three U1 snRNP-specific proteins (U1-A, U1-70K and
U1-C) and seven Sm proteins (blue circles) common to several U snRNPs bind to the U1 snRNA. The
single-stranded 11 nt at the free 5’-end of the U1 snRNA are able to form hydrogen bonds (red verticals
bars) with complementary bases of the 5’ ss. The intrinsic strength of a 5’ ss is determined by the number
and continuity of bases complementary to U1 snRNA. In addition to RNA-RNA interaction, U1 snRNP
can be further stabilised by protein-protein interactions between U1 snRNP-specific proteins and splicing
regulatory proteins (SR, hnRNP) binding upstream or downstream of the 5’ ss [ESE: exonic splicing
enhancer, hnRNP: heterogeneous nuclear ribonucleoparticle protein, ISE: intronic splicing enhancer, SR:

arginine-serine-rich protein].

achieve U1 snRNP binding in the absence of flanking sequences the RNA-RNA
interaction between the 5 ss and U1 snRNA has to reach a definite threshold of

complementarity, which still remains to be defined.

Besides the RNA duplex between U1 snRNA and the 5’ ss, also U1-C had been
implicated to contribute to 5’ ss recognition (110, 164, 253, 284, 650). Crystallographic
analysis of the U1 snRNP structure suggested that a zinc-finger motif of U1-C interacts
with the minor groove formed by an RNA duplex at the 5’ ss and thus likely stabilises
U1 snRNP binding (476). In particular pre-mRNA substrates, association of U1 snRNP
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with the 5’ ss requires the interaction of U1-70K (318) or U1-C (185) with splicing
regulatory proteins of the SR protein family or the non-SR protein TIA-1 bound to splice
site-proximal sequences. Based on U1 snRNP-mediated expression and splicing
analyses, the concept evolved that neighbouring exonic and intronic sequences
modulate the number of complementary bases required for U1 snRNP binding
[F.-J. Grosseloh, diploma thesis (230)]. This model implicates that the overall strength of
the 5’ ss for initial splice site recognition is determined by the sequence of the 5’ ss and
the presence of splice site-proximal sequences stabilising or hindering U1 snRNP
binding by recruiting cis-acting splicing regulatory factors. Subsequent to 5’ ss
recognition, U1 snRNP also functions to promote efficient association of U2 snRNP with
the BPS during A complex formation (28). In addition to functions implicated in splicing,
U1 snRNP binding also contributes to stabilisation of the pre-mRNA (295, 367). After
recruitment of the U4/U6*U5 tri-snRNP during transition from the A complex into the
B complex, U1 snRNA is displaced by U6 snRNA and the 5’ ss is additionally contacted
by components of U5 snRNP.

A.3.3.2 3’ss recognition

The downstream border of canonical introns is defined by the 3’ ss consisting of the
invariant AG-dinucleotide marking the intron/exon border, the upstream located branch
point sequence (BPS) and the polypyrimidine tract (PPT) positioned in between
(Fig. I-8A). The intrinsic strength of the 3’ ss, i.e. the efficiency of splice site recognition
by the spliceosomal machinery based on these elements, is assumed to largely depend
on the complementarity of the BPS to the U2 snRNA and the quality of the PPT (129,
296), which differs in overall length and continuity of the pyrimidine-rich sequence. In
addition, the immediately upstream and downstream flanking nucleotide of the AG-
dinucleotide (positions -3 and +1 relative to exon/intron border) influence the efficiency
of 3’ ss recognition. Within the consensus sequences of the 3’ ss a marked preference
exists for a pyrimidine at position -3 (YAG/) (83), which coincides with a more efficient
usage of the AG-dinucleotide for the second step of the splicing reaction (563)
[L. Hartmann, diploma thesis (245)]. The preference for a pyrimidine at position -3 was
proposed to be due to interactions between the 5 ss and the 3’ss mediated by
U6 snRNA (124). Although the consensus sequence reveals a preference for guanosine

in position +1, the first nucleotide in the exon appears to affect splice site recognition
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Fig. I-8: 3’ ss recognition during early spliceosomal complex formation.

(A) Consensus sequences of mammalian 3’'ss. The branch point adenosine and the AG-dinucleotide
(red) together with the pyrimidine in position -3 represent the most conserved nucleotides. The PPT
(blue) varies in length between individual 3’ ss [A: branch adenosine, BPS: branch point sequence, N:
any nucleotide, PPT: polypyrimidine tract, R: purine (A/G), Y: pyrimidine (C/U)] [modified from (83, 424)].

(B) Recognition of the BPS shifts from SF1/mBBP (mBBP) to U2 snRNP during the transition from E to A
complex. Initially, the interaction between SF1/mBBP and the U2AF heterodimer stabilises the protein
complex recognising the 3’ ss in the E complex (top). Splice site-proximal splicing regulatory proteins can
additionally contribute to complex stability. The proximity between both intron-flanking splice sites is
thought to be caused by an interaction of FBP11 bridging U1 snRNP and SF1/mBBP. During ATP-
dependent progression into the A complex (bottom), SF1/mBBP is displaced by U2 snRNP. Annealing of
U2 snRNA and the pre-mRNA is enhanced by the RS domain of U2AF® (+++). For clarity only a section
of the extensively structured U2 snRNA and the two U2 snRNP-specific proteins SAP155 and p14
especially contributing to BPS recognition are depicted. In the A complex, the proximity between the 5’ ss
and the 3’ ss is likely mediated by Prp5 [ESE: exonic splicing enhancer, SR: serine-arginine-rich protein,
U1: U1 snRNP, U2: U2 snRNP, (Y),: polypyrimidine tract].
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only in the presence of a suboptimal PPT with guanosine strongly promoting splicing
compared to cytosine [L.Hartmann, diploma thesis (245)]. Furthermore, also
appropriate spacing of the 3’ ss elements contributes to the intrinsic strength (215, 563).
The proximity of the PPT to the BPS increases the efficiency of the first step of the
splicing reaction generating the intron lariat (487). In contrast, the AG-dinucleotide can
be situated in a greater distance to BPS and PPT, because in case of an efficient
recognition of BPS and PPT the AG-dinucleotide may not be required until the second
transester reaction (487). Initial recognition of the 3’ ss elements occurs by binding of
the auxiliary proteins SF1/mBBP to the BPS (44) and U2AF to the PPT and the AG-
dinucleotide (408, 509, 656, 677, 697) generating the E complex at the 3’ ss.

The heterodimeric auxiliary splicing factor U2AF has been found to initially recognise
the 3’ ss and to recruit U2 snRNP to the BPS in most metazoan pre-mRNAs (326, 509,
677). U2AF consists of the large 65 kDa subunit (U2AF®) contacting the PPT (677,
679) and the small 35 kDa subunit (U2AF*) interacting with the downstream located
AG-dinucleotide (408, 656, 697) (Fig. I-8B). Both U2AF subunits were found to be
crucial for viability of various model organisms, e.g. Drosophila melanogaster (298,
507), Caenorhabditis elegans (698) and Schizosaccharomyces pombe (478, 644).
However, the U2AF® homolog is dispensable for spliceosome assembly in the most
intensively studied splicing model organism, Saccharomyces cerevisiae, (3).
Furthermore, no homolog for U2AF*® has been found in that organism. The functional
redundancy of U2AF® in S. cerevisiae indicates that alternative pathways might exist to
circumvent U2AF requirement in particular pre-mRNAs. This suggestion is consistent
with the observation that the necessity for U2AF in mammalian splicing systems

strongly depends on the pre-mRNA substrate (378).

In most metazoan pre-mRNAs, U2AF® is sufficient for U2 snRNP recruitment. U2AF®°
contains an N-terminal arginine/serine-rich (RS) domain consisting of RS-dipeptide
repeats, an U2AF*-interaction domain [aa 85-112 (508, 685)] and three RRM-type
RNA-binding domains (679) (Fig. I-9). Two of the RNA binding domains are canonical
RRM motifs recognising the PPT in a single-stranded structure (557), whereas the third,
the U2AF homology motif (UHM) named based on structural and sequence homologies
with U2AF%®, constitutes an atypical RRM specialised in protein-protein interactions
[reviewed in (309)]. The UHM domain of U2AF® interacts with SF1/mBBP in the E
complex (43, 484) and with SAP155 in the A complex (215). Analysis of U2AF®-

directed RNase cleavage of the 3’ ss elements (306) and X-ray analysis of a minimal
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Fig. I-9: Domain organisation of non-spliceosomal proteins recognising distinct 3’ ss elements

during early spliceosomal complex formation.

[KH: hnRNP K homology domain, QUAZ2: Quaking homology 2 domain, RRM: RNA recognition motif, RS:

arginine-serine-rich domain, UHM: U2AF homology motif, Zn: zinc finger]

U2AF® polypeptide containing RRM1 and RRM2 (557) revealed that binding of U2AF®°
to the PPT bends the RNA at the 3’ ss, which was suggested to bring the 3’ ss into the
proximity of the BPS (306).

Binding of U2AF® to the PPT is supported by the small subunit of U2AF (700).
Dimerisation with U2AF>° strongly increases the RNA binding affinity of the heterodimer
compared to the U2AF®®> monomer (506) by a sequence-dependent interaction with the
AG-dinucleotide closely downstream of the PPT (408, 656, 697). Recognition of the AG-
dinucleotide by U2AF* is controlled by DEK, a chromatin-associated protein, which
interferes with binding of the U2AF heterodimer to PPTs lacking an AG-dinucleotide
(567). In addition, U2AF3® bridges U2AF®® and non-spliceosomal regulatory proteins
bound to the downstream exon in particular pre-mRNAs (700). The interaction of
U2AF* with RS domains of other non-spliceosomal splicing factors of the SR protein
family in enhancer-dependent splicing is mediated by its C-terminal RS domain (700),
which is disrupted by 12 glycine residues (685). Although U2AF>® contains a region with
weak homology to an RRM-type RNA binding domain, the monomer exhibits only
residual RNA binding affinity (408, 506). Instead, the atypical RRM was found to interact
with U2AF® (685). The interface between both subunits is organised around two
tryptophan residues, one contributed by the atypical RRM of U2AF>® and the other one
by a proline-rich region in the N-terminus of U2AF®®, which are bound in hydrophobic
pockets (310).
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The impact of the interaction of the U2AF* subunit with the AG-dinucleotide appears to
depend on the RNA substrate (234): AG-independent introns already perform the first
transesterification reaction in splicing substrates lacking the AG-dinucleotide (487) and
thus in the absence of the U2AF>® subunit, whereas AG-dependent introns require the
presence of the AG-dinucleotide and U2AF>° for spliceosome assembly and the first
transester reaction [(487, 656), reviewed in (424)]. AG-dependent introns were mostly
found to contain short and discontinuous PPTs implying that — for these substrates —
U2AF®® binds only weakly to the PPT and has to be assisted by U2AF* for efficient
recognition of the PPT. In line with this suggestion, interaction of U2AF* with the AG/G
of the 3’ ss stabilises U2AF®® at weak PPTs (506, 656, 697). Besides stabilising U2AF®°
at suboptimal PPTs, U2AF*® has been found to also promote splicing without increasing
the amount of bound U2AF®® (235). Therefore, it was concluded that U2AF>° fulfils an
additional role during spliceosome assembly, which may be rate-limiting for the splicing

reaction of respective pre-mRNA substrates (235).

The interaction of U2AF* with the 3’ ss during early spliceosome assembly has been
suggested not necessarily to define the AG-dinucleotide that participates in exon
ligation in the second step of the splicing reaction (424). This proposal was derived from
the earlier observation that the AG-nucleotide used for spliceosome assembly can differ
from that participating in exon ligation (469, 695). Additionally, the U2AF heterodimer
frequently dissociates from the spliceosome prior to the first catalytic reaction (40), after
which the AG-dinucleotide used for exon ligation is determined (18). Therefore, binding
of U2AF>® may be more important to identify suboptimal 3’ ss deviating from consensus

splice site sequences than for defining the exon/intron border.

SF1/mBBP, a 75 kDa protein initially purified from HelLa cells (325), binds to the BPS of
the 3’ ss (44) (Fig. I-8B). Although the function of SF1/mBBP is still a matter of debate,
the protein was reported to bring the BPS into proximity of the 5’ ss in the E’ complex,
which was hypothesised to be exerted by a potential interaction with FBP11 (4, 307),
the human homolog of the yeast U1 snRNP protein component Prp40. Binding of
SF1/mBBP to the pre-RNA is stabilised by U2AF. The proximity frequently found for
BPS and PPT in pre-mRNA substrates facilitates SF1/mBBP and U2AF to cooperatively
increase their binding at the 3’ ss. Binding to U2AF®® was found to enhance the binding
affinity of SF1/mBBP to the BPS 20-fold, whereas SF1/mBBP increases the binding
affinity of U2AF® to the PPT 5-fold (43). Protein-protein and protein-RNA interactions

are performed by distinct structural domains of SF1/mBBP. The N-terminal region
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contacting the atypical RNA recognition motif 3 (RRM3) of U2AF®°® (43, 484) is followed
by the hnRNP K homology (KH) domain mediating the sequence-specific interaction of
SF1/mBBP with the BPS (4, 45, 484) (Fig. |-9). NMR-derived structural data of
SF1/mBBP complexed with a minimal RNA ligand containing the yeast BPS flanked by
two nucleotides on each site revealed that, together with a Quaking homology 2 (QUA2)
region located C-terminally, the KH domain recognises the complete BPS and deeply
buries the branch point adenosine within the interaction interface (362). The adjacent
zinc knuckle was reported to confer additional binding affinity (45). In contrast to the
N-terminally located interaction domains, the following proline-rich region and the
C-terminus are negligible for SF1/mBBP to function in spliceosomal assembly and for
yeast viability (484).

Despite its well documented binding to the BPS and the interdependency with U2AF®°
during E complex assembly, SF1/mBBP exerts only a kinetic impact on particular pre-
mRNA substrates carrying an optimal BPS matching the yeast consensus sequence
(236, 510). However, SF1/mBBP was also demonstrated to be dispensable for the
assembly of adenovirus- and IgM-derived pre-mRNAs into spliceosomal complexes
(236). Moreover, RNAi-mediated depletion of SF1/mBBP did not affect splicing of
several endogenous pre-mRNAs (602). Overall, these results indicate that the function

of SF1/mBBP can be compensated by other splicing factors.

Recognition of BPS and PPT results in the formation of a ternary E complex at the 3’ ss
consisting of the pre-mRNA, SF1/mBBP and U2AF (4, 468). Binding of U2AF* is not
necessarily required to generate the E complex, but might crucially assist U2AF®°
binding to RNA substrates containing suboptimal PPTs. The ternary complex is
stabilised by cooperative interactions between SF1/mBBP and U2AF®°® increasing the
affinity of both proteins to the RNA substrate (43). Two kinases, PKG-1 (cGMP-
dependent protein kinase-1) (635) and KIS (kinase interacting with stathmin) (390),
affect the interaction of SF1/mBBP with U2AF®°. Binding to U2AF®° is severely reduced
by PKG-1-mediated phosphorylation of SF1/mBBP at the conserved Ser20 (635), which
is located within a stretch of positively charged residues contributing to the molecular
interface with U2AF® RRM3 (537). In contrast, phosphorylation of Ser80 and Ser82 by
KIS appears to enhance the interaction of SF1/mBBP with U2AF®® and thus ternary

complex formation (390).
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Although the E complex at the 3’ ss is generally defined by the presence of SF1/mBBP
as well as U2AF®°, the order of assembly appears not to be absolute. Both proteins
have been shown to bind particular RNA targets independently of each other generating
the E’ complex in the absence of U2AF (307) or an intermediate complex lacking
SF1/mBBP (236). However, during further assembly both prespliceosomal complexes
converge into the common E complex (Fig. I-5). Recognition of the 3’ ss appears to
represent a highly variable modular system regarding the sequence conservation of
BPS and PPT and the requirement for the non-snRNP proteins that recognise the 3’ ss
in the E complex. Although SF1/mBBP and both U2AF subunits were found to
contribute to 3’ ss recognition, all of them have been found to be dispensable in
particular pre-mRNAs: RNA substrates have been described, in which recognition of the
BPS by SF1/mBBP is not required for spliceosome formation and splicing (236, 510).
Despite its impact on 3’ ss recognition and U2 snRNP recruitment, in the presence of
excess SC35, a splicing regulatory factor of the SR protein family, U2AF® was found to
be dispensable for splicing of the chimeric PIPBG pre-mRNA substrate in vitro (378).
This suggests that although binding of U2AF® is essential for splicing in almost all
cases, U2AF®® binding appears not to be the rate-limiting step for every splicing
substrate (247, 398). In addition, U2AF®-independent splicing of an IgM pre-mRNA had
been observed in nuclear extracts of adenovirus-infected Hela cells indicating that the
requirement of U2AF® for splicing can be compensated by other factors (372). Also
U2AF>® has been shown to be dispensable for in vitro splicing (678, 679). In the case of
a long and continuous PPT, U2AF*® was found negligible for the splicing reaction (234,
656). Therefore, it appears that the quality of different 3’ ss, i.e. sequence conservation
and appropriate spacing between the BPS, PPT and AG-dinucleotide, may determine
distinct steps in early spliccosome assembly to be rate-limiting for spliceosome
formation. Nevertheless, 3’ ss elements in vivo frequently deviate from the favoured
nucleotide distances. It appears that optimal splice site elements reduce the necessity
to involve all factors that are able to contribute to 3’ ss recognition, whereas 3’ ss
displaying low sequence conservation and suboptimal distances between the 3’ss
elements require the presence of SF1/mBPP as well as the U2AF heterodimer for
recognition. Thereby, this variable system of proteins binding to the 3’ ss elements may

be an important prerequisite to guarantee flexible but highly accurate 3’ ss recognition.

Although U2 snRNP does not interact with the BPS in the E complex, it is already

loosely associated at this point (145, 414, 488). Moreover, its presence has been found
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to be required for E complex formation (159). During transition into the prespliceosomal
A complex the 17S U2 snRNP stably associates with the BPS in an ATP-dependent
process mediated by two DEXH/D-box RNA unwindases, UAP56 (182) and the
U2 snRNP-associated protein Prp5 (665). Binding of p14/SF3b14a, a subunit of the
U2 snRNP-specific component SF3b, replaces SF1/mBBP from the BPS, which enables
the UHM domain of U2AF® to bind to the SAP155 subunit of the SF3b component (98,
215, 609). These compositional and conformational changes at the 3’ss facilitate the
formation of a bulged duplex between U2 snRNA and the BPS (483), which is promoted
by the U2 snRNP-specific protein SAP155 binding to both sites of the BPS (215). In
addition to the protein-protein interaction stabilising U2 snRNP at the RNA, U2AF®° also
promotes the annealing of U2 snRNA to the BPS by its N-terminal arginine-serine-rich
(RS) domain (618). For this mechanism it was proposed that positively charged
residues within the RS domain of U2AF®® contact the BPS and stabilise the limited base
pairing interaction between U2 snRNA and the BPS (618). The only requirement for the
function of the RS domain appears to be a positive net charge that facilitates RNA
annealing by compensating negative charges of the phosphate backbone. Binding of
U2 snRNP at the pre-mRNA is further stabilised by RNA-specific but sequence-
independent interactions of the U2 snRNP-specific, trimeric SF3a and heptameric SF3b

components with a region upstream of the BPS (214).

A.3.4 Alternative splice site selection

The inclusion of different exons into an mMRNA by alternative splice site usage affects
regulatory aspects of RNA metabolism e.g. intracellular distribution and half-life, as well
as the coding information resulting in mRNA isoforms encoding differing peptides with
potentially altered chemical and biological activities. Since genome sequencing of
diverse species revealed that the number of protein coding genes in an organism does
not correlate with its overall cellular complexity (6, 341, 608, 642), it became evident
that alternative splicing significantly contributes to proteome diversity and thus expands
the coding capacity of the genome [reviewed in (53, 218, 392)]. Recently, high-
throughput sequencing of human tissue-specific transcriptomes indicated that nearly all
multi-exon genes composing 94% of human genes are alternatively spliced (631). The
high frequency of alternatively spliced mRNA isoforms in the human transcriptome led

to the proposal that splice sites might be paired less stringently by the spliceosome,
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giving rise to numerous mRNA isoforms and thereby also to evolution (406, 407, 571).
However, this idea was contrasted by experiments revealing that the spliceosome
recognises and removes introns with high accuracy (189) indicating that alternative
splice site selection is a highly regulated process. Regulation of alternative splicing
provides the potential to modulate the spatio-temporal expression of a splice variant in
different cell types, during development or in other biological processes induced in
response to extra- and intracellular cell stimuli [reviewed in (553)], like e.g. apoptosis
[reviewed in (533)]. Misregulation of alternative splicing may result in the failure to meet
cell- and tissue-specific protein demands frequently leading to cellular dysfunction and

disease [reviewed in (86, 453)].

Alternative splice site selection differentially alters the exon structure of the mRNA.
Complete exons can either be included into the mRNA or skipped. In the case of
mutually exclusive exons, only one of the competing exons is included into the mRNA.
In contrast, alternate use of neighbouring competing splice sites modifies the length of
the resulting exon. Furthermore, introns that are normally excised can be retained in the
MRNA. The extensive transcript diversity generated by alternative splicing implies a
significant flexibility of the spliceosome to identify and process splice site pairs within a
given pre-mRNA. Experimental evidence regarding splice site activation converge into a
model, in which combinatorial control of multiple parameters mediates splice site
recognition (256). Alternative selection of splice sites results from differential factor
recruitment to cis-acting splicing regulatory elements that either promote or suppress
splice site usage and also from the transcription process itself. Although splice site
sequences and exon/intron architecture constitute invariant pre-mRNA attributes,
intrinsic splice site strength and genomic context compose the basis for general splice
site recognition and thus decisively contribute to alternative splice site selection

[reviewed in (80)].

The splice site itself contains insufficient information to initiate splicing by sole sequence
recognition. The large subset of intronic pseudo splice sites matching the consensus
sequence as well or even better than authentic splice sites evidences the necessity of
additional parameters for splice site activation (106). Numerous studies employing site-
directed mutagenesis of splicing reporter minigenes, conventional and functional
SELEX (Systematic Evolution of Ligands by Exponential Enrichment) of RNA-binding
splicing factors, cross-linking immunoprecipitation (CLIP) analyses (514) and

computational approaches resulted in the identification of cis-acting splicing regulatory
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elements consisting of short degenerated motifs that influence splice site activation
[reviewed in (637)]. The best analysed examples of cis-acting splicing regulatory
sequences act by recruiting regulatory proteins into the proximity of splices sites, which
either enhance or repress spliceosome assembly on adjacent splice sites. In addition,
also regulatory elements have been identified that affect splice site recognition by the
RNA secondary structure they adopt. A higher level of regulatory complexity is achieved
by frequent combination of multiple cis-regulatory sequences controlling splice site
recognition [reviewed in (54, 564)]. The combinatorial interplay of positive and negative
regulatory elements allows the gradual activation of splice site usage resulting in a

variable ratio of mMRNA isoforms.

Analysing alternative splice site preference in dependency of the intron length revealed
that exons flanked by introns larger than 250 nt and thus recognised by exon definition
have a higher probability of being excluded from the mRNA during alternative splicing
than exons flanked by short introns, which are recognised by intron-definition (188). The
observation that the pre-mRNA exon/intron architecture contributes to alternative
splicing was further substantiated by the finding that minigene-based simulation of
aberrant splicing patterns, frequently observed due to mutations in splice sites or
splicing regulatory elements in vivo, strongly depends on the genomic context
[E. Honisch, diploma thesis (263)] (30). It might be envisioned that splicing regulatory
complexes established at individual exons communicate even across large intronic
distances and thereby affect the overall outcome of splice site activation. Since a direct
interaction between the spliceosomal and the transcriptional machinery was inferred
from the tethering of an exon to the C-terminal domain (CTD) of an RNA polymerase Il
(RNAP Il)-directed transcription complex (166), likely via the U1 snRNP-associated
protein Prp40 (426), regulatory complexes might get already into proximity during
transcription. An interaction of one or multiple U1 snRNP with the CTD of RNAP Il
would locate the 5 ss in the proximity of nascent alternative 3’ ss and regulatory
complexes thus increasing the relative local concentration of splice sites and splicing

regulatory elements [reviewed in (207)].

Splicing of constitutive as well as alternative exons can occur already cotranscriptional
(462), which has been initially deduced from electron micrographs of Drosophila
melanogaster embryonic transcription units (48, 49, 454). Cotranscriptional splicing
enables the transcription machinery to influence alternative splicing [reviewed in (322)].

Two transcription-related mechanisms have been demonstrated to modulate alternative
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splice site selection: first, in the dynamic exon recognition hypothesis altered elongation
rates of the RNAP Il restrict the time available for splicing of a particular splice site pair
until competing splice sites and regulatory elements are transcribed thus regulating
splice site competition and also promoting the formation of different RNA secondary
structures [kinetic model (86, 149, 321)]. The impact of transcriptional elongation on
alternative splice site selection was first demonstrated by the predominant inclusion of
the alternative EDI exon into the fibronectin mRNA following transcription in the
presence of efficient activators of transcriptional elongation (291, 446). The
transcriptional elongation rate has been found to be altered upon an environmental
signal, ultraviolet (UV) irradiation, affecting alternative splicing of several pre-mRNAs,
e.g. of the apoptotic regulator bcl-x (430). Second, depending on the promoter identity,
splicing regulatory proteins are differentially recruited to the transcriptional start and also
to nascent RNA resulting in an altered splicing pattern of the pre-mRNA [recruitment
model (86, 321)]. The CTD of RNAP Il appears to play a central role for loading of
spliceosomal factors onto the pre-mRNA (184, 422), because splicing regulatory factors
of the SR protein family (144, 422), PSF (169, 501), p54 (169) and the U1 snRNP-
associated protein Prp40 (426) have been found to associate with the CTD. However,
also interactions of additional transcription factors with e.g. the SF3a subunit of
U2 snRNP (560) have been reported [reviewed in (461)]. In line with the coupling of
transcription and splicing, promoter architecture has been found to influence alternative
splicing e.g. in meiosis-specific splicing of fission yeast (423). Thus, variations in the
assembly of the transcriptional complex and the rate of transcriptional elongation

provide an additional regulatory impact on alternative splicing.

The splicing regulatory network represents a subnetwork of gene regulation controlling
the generation of mMRNA diversity by several layers of intercommunicating, cis-acting
elements that distinguish exons from introns hence defining a splicing code [reviewed in
(59, 632)]. The investigation of the network’s regulatory circuits, which direct tissue-
specific or signal-induced changes in alternative splicing patterns, has been highly
stimulated by recent advances in high-throughput technologies used for microarray
analyses and DNA sequencing [reviewed in (244)]. To assess the effect of changes in
splice factor expression on global alternative splicing patterns, genome-wide RNA
binding sites for splicing regulatory factors were identified by cross-linking and
immunoprecipitation followed by sequencing thereby providing the basis for decrypting

the general code underlying splicing regulation. RNA binding site annotation in
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combination with alternative splicing information were used to generate large protein-
specific RNA-protein interaction maps, e.g. for the splicing factors Nova (353), Fox-1
and Fox-2 (671, 682), revealing that the majority of genes regulated by a single splicing
factor tend to be associated with similar functions. The potential discovery of novel
mMmRNA isoforms by deep-sequencing of transcriptomes likely further extends these
genome-wide maps of splicing regulatory networks, which compose the groundwork for

predictions how mutations in splice factor and target genes affect mRNA splicing.

A.3.5 Cis-acting splicing regulatory elements

Cis-regulatory sequences are frequently found in metazoan pre-mRNAs to either
activate (enhance) or repress (silence) the use of adjacent splice sites by recruiting
trans-acting sequence-specific RNA binding proteins or modulating RNA secondary
structure [reviewed in (637)]. According to their location and activity these elements are
referred to as intronic/exonic splicing enhancers (ESE/ISE) or exonic/intronic splicing
silencers (ESS/ISS) (Fig. 1-10). The effect of cis-regulatory sequences on overall splice

site strength facilitates variable modulation of splice site usage leading to the

Fig. I-10: Cis-acting elements regulate splice site recognition resulting in alternative splicing.

Trans-acting factors (hnRNP and SR) recruited by cis-acting regulatory elements either enhance (green)
or silence (red) the recognition of neighbouring splice sites by spliceosomal components. The influence
of splicing regulatory proteins on splice site recognition frequently affects splicing of adjacent introns
(lower dashed lines) and may also result in skipping of the internal exon (upper dashed line) [35: U2AF*®,
65: U2AF®, ESE: exonic splicing enhancer, ESS: exonic splicing silencer, hnRNP: heterogeneous
nuclear ribonucleoprotein particle protein, ISE: intronic splicing enhancer, ISS: intronic splicing silencer,
SR: serine-arginine-rich protein, U1: U1 snRNP, U2: U2 snRNP] [adapted from (637)].
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suggestion that cis-regulatory elements are an integral component of alternative splice
site regulation. While early reports proposed that activation of constitutively used splice
sites does not require splice site-proximal enhancer elements, more recent data
indicated that also constitutively used splice sites might depend on the function of
splicing enhancer elements (520, 687). The abundance of cis-acting splicing regulatory
elements indicates that exonic as well as intronic mutations can impact alternative
splicing. In former times exonic mutations were frequently considered only on protein
level thereby causing amino acid changes (missense mutation) or truncated proteins
(deletions or nonsense mutation). However, mutationally induced aberrant RNA splicing
patterns displaying exon skipping or activation of cryptic splice sites have emerged as a
frequent cause of disease [reviewed in (95, 459, 569)]. The identification of genomic
mutations affecting cis-regulatory elements led to the generation of antisense-based
therapeutic strategies targeting mutated cis-regulatory elements by either chemically
modified nucleic acids silencing the use of cryptic splice sites or by hybrid protein
nucleic acid (PNA)-peptides mimicking binding of a splicing regulator to correct

pathologically altered splicing events [(96, 518, 561), reviewed in (607)].

Enhancer and silencer motifs identified so far tend to be short (typically 5-10 nt) and
consist of relatively degenerate consensus sequences. General splicing regulatory
motifs were determined by purely computational approaches comparing datasets
expected to be enriched in splicing regulatory elements with one or more control sets
[((174, 177, 670, 687), reviewed in (106)]. Sequence motifs that are substantially
enriched are considered as putative binding sites for regulatory factors and, in general,
group into families of highly similar sequences that together define a consensus binding
motif. Nevertheless, computational approaches based on motif frequency are
necessarily restricted to uncover binding sites for which motif overrepresentation can be
observed. In addition to splicing regulatory motifs involved in general splicing, some
computational approaches searched for motifs that are associated with alternative
splicing by analysing datasets containing sequences flanking alternatively used splice
sites (210, 636). Splicing regulatory motifs have also been determined by functional
selection in vivo. Random sequences of defined length were substituted for essential
enhancer or silencer motifs in reporter minigenes (132, 639). After transfection
functional splicing regulatory motifs were identified by PCR amplification and

sequencing. Following multiple rounds of cell-based selection by repeated
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transfection/isolation rounds, resulting sequences were grouped and consensus

sequences for splicing regulatory motifs deduced.

Identified splicing regulatory motifs differed between exonic and intronic input
sequences, already indicating that distinct sets of splicing regulatory elements act
dependent on their position. Experimental validation of computationally derived splicing
regulatory elements confirmed that the activity of some splicing regulatory elements is
strongly position-dependent (210). Consistent with this observation, an adenoviral
regulatory element had been shown to inhibit splicing at a 3’ ss when located upstream

of the BPS, whereas an exonic position resulted in activation of the same 3’ ss (300).

Most cis-regulatory elements recruit sequence-specific RNA binding proteins that either
promote or inhibit activation of an adjacent splice site by affecting spliceosome
assembly. Different spliceosomal complexes have been shown to be influenced by cis-
regulatory proteins [reviewed in (266)]. Assembly of the E complex is a major control
point for initial splice site recognition and pairing (415, 539) and, therefore, is thought to
represent an important target for the regulation of alternative splicing (415). Numerous
examples of splicing regulatory proteins acting via cis-regulatory elements have been
described that affect splice site recognition in the E complex by stabilising or hindering
the interaction of U1 snRNP with the 5’ ss (89, 185, 284, 318, 655, 659) and U2AF with
the PPT of 3 ss (223, 540, 604, 638, 700). Nevertheless, evidence provided more
recently indicated that splicing can also be regulated during the successive transitions
into the A or the B complex (66, 206, 265) or even between both catalytic reactions
(112, 219, 338). In addition, also the rearrangement from an exon- to an intron-defined
pre-spliceosomal A complex provides a regulatory check point for the splicing reaction
(541). However, also proteins involved in ensuring the fidelity of the splicing reaction
have been found to contribute to alternative splice site selection (463). The influence of
cis-acting splicing regulatory elements on distinct complexes formed throughout
spliceosome assembly suggests that alternative splice site usage is modulated by

several distinct molecular interactions.

The best analysed examples of enhancer-mediated 5’ ss activation are performed by
RNA-dependent stabilisation of U1 snRNP by interactions of enhancer-bound splicing
regulatory factors of the SR protein family and the splicing regulatory protein TIA-1 with
U1 snRNP-specific proteins U1-70K (89, 284, 318, 655, 659) and U1-C (185, 284).

From the observation that members of the SR protein family and the hnRNP family as
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well as additional splicing regulatory proteins require a specific exonic or intronic
position relative to the splice site, it appears that enhancer-mediated U1 snRNP
stabilisation depends on the stereospecific arrangement of the regulatory proteins
[S. Rosin, diploma thesis (500)]. Within the first exon of a pre-mRNA, U1 snRNP can
also be stabilised by CBP80 bound to the cap structure (125, 347, 683). In addition to
the interaction of regulatory proteins with U1 snRNP-specific proteins, binding of
U1 snRNP to the 5’ ss was described to be stabilised also by direct interactions of the
regulatory protein with U1 snRNA (544, 545).

The most intensively studied mechanism for 3’ ss activation is the recruitment of U2AF®°
to the PPT. In the U2AF®® recruitment model, SR proteins bound to an ESE stabilise
U2AF® at the AG-dinucleotide (638, 700), which serves as bridge recruiting U2AF® to
the weak PPT of non-consensus 3’ ss [(700), reviewed in (58, 217)]. Although SR
proteins have been found to directly interact with U2AF>® consistent with the proposed
bridging role for U2AF>® (655), U2AF*® is dispensable for enhancer-dependent splicing
of some pre-mRNA substrates. In support of a model bypassing U2AF**-mediated
stabilisation, it was found that U2AF®® — but not U2AF>® — interacts with the SR protein
SRp54 (686). However, the U2AF®® recruitment model was not confirmed as an
universal mechanism of enhancer function by subsequent studies demonstrating that
U2AF®® binding was either unaffected by neighbouring enhancers or did not correlate
with splicing activity of the pre-mRNA substrates (234, 297, 352). Recently, inactivating
an ESE in exon 7 of the SMN1/2 genes by providing an oligonucleotide complementary
to this splicing regulatory element, reduced U2 snRNP recruitment to the 3’ ss of
intron 6 without changing U2AF® recruitment suggesting that U2 snRNP binding can
also be stabilised by splicing regulatory factors at a step following U2AF®° binding (398).
These results argue that U2AF®® binding is not the rate-limiting step in every ESE-
mediated splicing reaction and pointed to the involvement of other mechanisms in the
regulation of enhancer-dependent 3’ ss activation. One of these alternative mechanisms
might be the improved annealing of the U2 snRNA in the presence of the RS domain of
an ESE-bound SR protein, which stabilises U2 snRNP binding to the BPS (545) like it
has been described for the RS domain of U2AF®® (618). Also ESE-dependent
recruitment of the coactivator complex SRm160/300 during spliceosome assembly was

found to enhance splice site usage (167).

Repression of splice site usage by splice site-proximal silencer elements has mainly

been attributed to the antagonistic action of silencer-bound proteins on the effect of
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positively acting splicing regulatory proteins. In the simplest case silencer-bound
proteins share similar binding preferences to core splicing signals or regulatory
elements and therefore compete with binding of spliceosome components or positively
acting splicing regulatory proteins. The competition has been observed for
polypyrimidine tract binding protein (PTB; also referred to as hnRNP 1), which binds to
the PPT and thus interferes with binding of U2AF. Silencer elements have been found
to promote the formation of ‘dead-end’ complexes that resist further processing into
catalytically active spliceosomes (131, 297, 333). However, the often cooperative nature
of repressor binding extends the antagonistic mechanism by two additional scenarios: in
the first, cooperative binding of negatively acting splicing regulatory proteins starting
from high-affinity binding sites propagates across core splicing signals or enhancer
elements hence suppressing splice site recognition by generating a ‘zone of silencing’
[(693), reviewed in (396, 400)]. In the second scenario, interactions between repressors
bound to both sides of an alternatively spliced exon loop out the intervening RNA
thereby making the core splicing signals inaccessible for spliceosome components and

enhancer proteins and bringing otherwise distant exons in close proximity to each other.

Besides affecting splice site usage by recruiting splicing regulatory proteins, cis-
regulatory elements have also been described to influence splice site selection by the
RNA secondary structure they adopt [reviewed in (79)]. A bioinformatical analysis
evaluating the calculated RNA stability of secondary structures containing core splicing
signals of alternatively used splice sites revealed that up to 4% of alternative splicing
events strongly correlate with the presence of stable RNA secondary structures and
thus might be subject to RNA structure-mediated splice site regulation (549). The
secondary structure of cis-regulatory elements profoundly modulates binding of
regulatory proteins, which vary in the RNA pattern they recognise. Whereas the majority
of RNA-binding domains in splicing regulatory proteins, e.g. the hnRNP K homology
(KH) domain and RRM, is suggested to bind sequence-specific to single-stranded RNA
motifs [reviewed in (24, 411)], also double-stranded hairpins exposing apical loops
serve as binding site for splicing regulatory proteins as it had been had been
demonstrated for HuR (365). Also binding of the splicing regulatory proteins Nova-1,
SRp55 and its Drosophila homolog B52 were found to depend on a combination of RNA
secondary structure and target nucleotide sequences (78, 435, 551). Therefore,
changes in the RNA secondary structure potentially result in the association of a

different set of splicing regulatory proteins with the pre-mRNA. Vice versa also protein
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binding is able to influence the structure of the pre-mRNA. Protein-mediated RNA
structuring has for example been revealed at the 3’ ss, where binding of U2AF to the
PPT was proposed to bend the RNA in a way that brings the AG-dinucleotide into
proximity of the BPS (306).

Most reports revealing an impact of RNA secondary structure on splicing concern core
splicing signals, which become inaccessible for recognition by spliceosomal
components due to structural constraints. Consistently, sequestering 5 ss D1 of the
HIV-1 pre-mRNA in mutant stem loops more stable than those formed in wild-type viral
isolates was found to reduce viral replication and infectivity (2). Likewise, an extensive
RNA secondary structure capturing the major 5’ ss of the murine leukaemia virus (MLV)
pre-mRNA interferes with efficient splice site usage thus providing genomic as well as
low amounts of spliced viral RNA (327). Suboptimal activation of the MLV 5’ ss depends
on the limited complementarity between the U1 snRNA and the splice site (703).
Structure-dependent sequestering has also been observed for splicing regulatory
elements thus modulating their effect e.g. on the inclusion of the EDA exon into the
fibronectin mRNA (82, 432). However, secondary structures can also promote splicing
at correct splice sites by masking aberrant pseudo splice sites or by stabilising adjacent
core splicing signals in a single-stranded conformation, which can be bound by
spliceosomal components [reviewed in (79)]. RNA secondary structure can also shorten
the distance between splice sites and thereby enhance the splicing reaction. Also the
net outcome of splicing regulatory complexes can be modulated by bringing otherwise
far-distant splicing regulatory elements into proximity, like it had been observed for
splicing of the alternative exon IlIB in the FGFR2 pre-mRNA (31). However, long-range
RNA-RNA interactions can also loop out complete exons thus hindering the recognition
by spliceosomal components, which might induce exon skipping. This ‘loop out’
mechanism essentially regulates alternative splicing of the dscam gene encoding an
axon guidance receptor in Drosophila (221). The differential outcome of RNA secondary
structure on splice site activation indicates that the effect of secondary structure strongly
depends on the relative position of splice sites and regulatory sequences within the

genomic context.
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A.3.6 Splicing regulatory proteins

The most extensively studied cellular effectors mediating cis-regulatory splicing
enhancer and silencer functions belong to the serine-arginine-rich (SR) protein family
and to the heterogeneous nuclear ribonucleoparticle (hnRNP) protein family. Analysing
the mechanism of splicing regulation in metazoan and in viral pre-mRNAs brought up
the general model that enhancer-bound SR proteins support splicing by stabilising
spliceosomal components during splice site recognition, whereas hnRNP proteins
bound to silencer elements interfere with spliccosome assembly, mainly by
antagonising SR protein function (88, 404, 693). However, individual hnRNP proteins
and SR proteins were found to regulate splicing both positively and negatively in
different pre-mRNAs (271, 300, 505), indicating that the effect of a splicing regulatory

protein may strongly vary depending on the targeted pre-mRNA substrate.

A.3.6.1 SR proteins

The SR proteins constitute a family of structurally related and phylogenetically
conserved RNA binding proteins [reviewed in (69, 357, 363, 550)]. Members of the SR
protein family are found in metazoans, plants and also in the fission yeast
Schizosaccharomyces pombe, whereas Saccharomyces cerevisiae encodes only three
SR-like proteins (52, 237, 651). Several SR proteins act as essential splicing factors,
but also function in RNA export, non-sense-mediated decay (NMD) and translation.
Recently, the requirement of SR proteins for genome stability (350, 351, 658) and their
binding to histones even indicated roles ahead of RNA processing [(364), reviewed in
(689)]. Due to the multitude of cellular pathways they are involved in, SR proteins were

implicated as master regulators of gene expression (363).

The founding member of the SR protein family, SF2/ASF, was independently isolated by
two groups due to its activity to complement splicing-deficient HeLa nuclear cell extract
(splicing factor 2; SF2) (324) and to switch 5 ss selection in an alternatively spliced
SV40 early pre-mRNA (alternative splicing factor; ASF) (202). Subsequently, another
protein (spliceosomal component 35; SC35) required for in vitro splicing in nuclear
extract was identified (192). Based on the initial identification of SF2/ASF, SR proteins
were originally defined by the ability to restore pre-mRNA splicing in splicing-deficient
cytoplasmic HeLa S100 extracts and by their detection with the monoclonal antibody

mAb104 recognising a conserved phospho-epitope (503, 504, 675). So far, seven SR
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proteins (SF2/ASF, SC35, SRp20, SRp40, SRp55, SRp75, 9G8) are considered as
classical members of the SR protein family due to their functions in constitutive as well
as alternative splicing and due to their similar domain structure (357, 363). SR proteins
have a modular structure characterised by one or two copies of an N-terminal RNA-
recognition motif (RRM) followed by a C-terminal domain rich in arginine-serine
dipeptide repeats (RS domain) (Fig. I-11A). In addition to classical SR proteins, a
number of splicing factors contain an RS domain, e.g. U1-70K, both U2AF subunits and
the splicing coactivators SRm160 and SRm300 (67) (Fig. I-11B). Due to their otherwise
different domain structure, they are collectively referred to as SR-related proteins (SRr)

[reviewed in (61)].

The identification of SF2/ASF by different experimental approaches reflects the dual
functionality of SR proteins to serve as essential splicing factors in constitutive splicing
but also as regulators of splice site selection in alternative splicing. For constitutive
splicing SR proteins are assumed to bridge the 5’ ss and the 3’ ss flanking the intron by
stabilising interactions within the spliceosome thereby contributing to intron-definition.
This proposal is based on the observations that SC35 and SF2/ASF promote the
interaction between spliceosomal components bound at the 5 ss and the 3’ ss (193,
655) and that SR proteins are required to recruit the U4/U6*U5 tri-snRNP into the
spliceosome (498). Consistent with an exon-independent function in constitutive
splicing, SR proteins were found to be required for lariat formation of an RNA substrate
containing a single exonic nucleotide (259). Besides their contribution to intron-
definition, SR proteins were also found to mediate exon-definition in constitutive splicing
by promoting the communication of spliceosomal components bound to exon-flanking
splice sites (68). In alternative splicing SR proteins are thought to act as molecular
adaptors stabilising otherwise weak interactions between spliceosomal components and
alternatively used splice sites by binding to splicing enhancer sequences [reviewed in
(357)].

Enhancer-dependent functions of the SR proteins are mediated by one or two RNA
recognition motifs (RRMs) containing two highly conserved, short submotifs, RNP-1 and
RNP-2. X-ray crystallography of a canonical RRM obtained from U1-A revealed the
existence of a four-strand antiparallel -sheet, which is packed against two connecting
a-helices (434). The RNP motifs reside within the 1 and B3 strand and expose several
aromatic residues into the solvent, which are thought to contact the RNA through

stacking interactions and hydrogen bonds formed with single-stranded bases [(458),
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Fig. I-11: Modular domain structure of the SR protein family.

(A) Seven proteins constitute the subgroup of classical SR proteins characterised by one or two
N-terminal RNA binding motifs (RRM) and a C-terminal domain rich in RS-dipeptides (RS domain).
Classical SR proteins are characterised by structural similarity, dual functionality in constitutive and
alternative splicing, recognition by the monoclonal antibody mAb104 recognising a common phospho-
epitope and their precipitation in the presence of magnesium chloride. Respective domain positions were

extracted from the Swiss-Prot database (www.uniprot.org) [RRM: RNA recognition motif, RS: arginine-

serine-rich domain, Zn: zinc finger motif].

(B) Examples of additional SR proteins. Several splicing regulatory proteins and spliceosomal
components also contain an RS domain and thus are integrated into the subgroup of additional SR
proteins. Although they share the RS domain, additional SR proteins lack the characteristics of the
classical SR protein subgroup [RDE: domain rich in arginine, asparagine and glutamine, UHM: U2AF

homology moitif].
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reviewed in (622)]. The second RRM found in some SR proteins (SF2/ASF, SRp75,
SRp55 and SRp40) deviates from the canonical RRM structure. The atypical RRM is
less conserved, but harbours an invariant signature heptapeptide, SWQDLKD (52),
which contributes to RNA binding of SF2/ASF (614). Both RRMs of SF2/ASF were
found to synergistically ensure optimal RNA binding (87, 701) and to determine RNA
binding specificity (102, 596).

High-affinity RNA binding sites for individual SR proteins were experimentally
determined by Systematic Evolution of Ligands by Exponential Enrichment (SELEX).
Using this approach, the classical SR proteins SF2/ASF and SC35 (596), SRp40 (595),
9G8 and Srp20 (99) were shown to possess distinct RNA binding specificities mainly for
purine-rich sequences generating consensus motifs of usually 6-10 nucleotides. Further
analyses of SR protein target sites by functional SELEX approaches using activation of
splicing as selection criteria (132, 610) surprisingly identified less well defined RNA
binding sites for SF2/ASF, SC35, SRp40 and SRp55 than those obtained by
conventional SELEX suggesting that also degenerated, low-affinity SR protein binding
sites may function as splicing enhancers [(360), reviewed in (597)]. Meanwhile RNA
binding motifs resulting from functional SELEX experiments for the SR proteins
SF2/ASF, SC35, SRp55 and SRp40 have been implemented into a web-based
algorithm enabling to search a given RNA target for sequences similar to these less

defined consensus SR protein binding sites (97, 566).

The RNA binding specificity of splicing regulatory complexes appears to be modulated
by the participating proteins as has been demonstrated for the sex determination factor
transformer 2 (Tra2) in Drosophila. Tra2 is essential for female-specific activation of a
multipartite ESE (dsxRE) in exon 4 of the doublesex (dsx) pre-mRNA (252, 277, 374,
611). Within the dsxRE, Tra2 binds to two distinct enhancer motifs by generating
splicing regulatory protein complexes with the female-specific transformer (Tra) and an
SR protein, either 9G8 or SF2/ASF (374, 375, 612). Since both enhancer motifs, a
repeat element (RE) and a purine-rich element (PRE), differ significantly regarding their
purine content, it was suggested that the specificity of the Tra2 RNA binding affinity is
changed by cooperative interactions with different SR proteins thus allowing Tra2

binding to distinct enhancer sequences (374, 375, 598).

Two mammalian homologs of Drosophila Tra2, hTra2-a (147) and hTra2-p (38, 401,
535), have been identified sharing 75% identity (598). Both proteins are structurally
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related to classical SR proteins by containing a central RNA-binding domain flanked by
two RS domains. Conventional SELEX studies revealed that both proteins preferentially
bind to oligo-(A) or oligo-(GAA) sequences thereby overlapping with the RNA binding
specificity of SF2/ASF (599). However, a subsequent study using in vivo splicing assays
indicated that — in line with Tra2 binding to dsx enhancer elements containing a different
purine content — hTra2-f targets a highly degenerated RNA binding site (GHVVGANR,;
H=A/C/T, V=A/C/G, R=A/G, N=any nucleotide) (586). Binding of hTra2- was found to
activate inclusion of different exons e.g. in the SMN and hTra2-$ pre-mRNA (261, 586).
Due to their splicing activatory function, recent discussions suggested to consider
hTra2-a and hTra2-B as additional SR proteins (357, 363).

The distinctive feature of SR and SR-related proteins is represented by the RS domain
composed of a number of consecutive arginine-serine dipeptides (675). The length and
sequence of the RS domain is highly conserved for individual SR proteins (52). Since
SF2/ASF was found to directly interact with the U1 snRNP-specific protein U1-70K in an
RS domain-dependent manner (318, 659), it was suggested that SR proteins act in
enhancer-dependent splicing by stabilising spliceosomal components at the splice sites
via the RS domain. Consistently, RS dipeptide repeats were reported to be sufficient to
constitute an enhancer domain (96, 222, 224, 472, 692). In addition to protein-protein
interactions, the RS domain stabilises the interaction of the pre-mRNA-U snRNA duplex
formed during splice site recognition by U1 and U2 snRNP and during spliceosome
remodelling by U6 and U5 snRNA [(544-547), reviewed in (220)]. However, splice sites
of several constitutively as well as alternatively spliced pre-mRNA substrates were
found to be activated by SR proteins independent of the RS domain suggesting that the
requirement of the RS domain for SR protein function depends on the pre-mRNA target
(542, 604, 692).

The RS domain of SR proteins is extensively phosphorylated (503), which affects
enhancer-dependent as well as general functions of SR proteins in splicing [(479, 595,
659, 660), reviewed in (574)]. SR proteins are phosphorylated by the SR protein kinase
family (SRPK) (233, 331, 437, 633), the cdc2-like nuclear kinase family (Clk/Sty) (127,
439), DNA topoisomerase | (502), Akt (57), Akt2 (465), PKA C subunits (332) and
glycogen synthase kinase-3 (GSK3) (254). Due to activation of the kinases by various
signal transduction pathways, different intra- and extracellular stimuli can affect splicing
patterns by modulating SR protein phosphorylation [reviewed in (581)]. In addition,
modulating the extent of phosphorylation appears to be used to control the activity of
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SR proteins e.g. during adenovirus infection (301) and during early development of the

nematode Ascaris lumbricoides (513).

Phosphorylation of SR proteins has been reported to be essential to initiate
spliceosome assembly and to recruit U4/U6*U5 snRNP to the spliceosome in in vitro
formation assays (90, 410, 498). However, transesterification reactions within the fully
assembled spliceosome require the presence of dephosphorylated SR proteins (90,
410, 660), which is mediated by protein phosphatase-1 (PP1) and -2A (PP2A) (409,
410). Based on these results and the observation that hyper- as well as
hypophosphorylation of the RS domain inhibits SR protein-dependent constitutive
splicing (479), it was proposed that sequential phosphorylation and dephosphorylation

is required for SR proteins to function as general splicing factors (90).

Besides its relevance for constitutive splicing, phosphorylation appears also to be
involved in alternative splicing, because hyperphosphorylation induced by
overexpression of Clk/Sty kinase but also dephosphorylation induces a shift in splice
site selection (165, 301). The phosphorylation state of SR proteins influences alternative
splice site selection by affecting RNA binding specificity and protein-protein interactions
with spliceosomal components and regulatory proteins. Phosphorylation of mainly the
RS domain, but also of the remaining protein, enhances the RNA-independent
interaction of SF2/ASF with U1-70K (659). In addition, phosphorylation of the RS
domain of SF2/ASF reduces self-interaction and binding to SRp40 and Tra2a, whereas
binding to U2AF>® is not affected (660).

The RS domain has been suggested not to significantly determine RNA binding
specificity, because it had been shown that SF2/ASF and SC35 deletion mutants bind
sequence-specifically to RNA in the absence of the RS domain (596, 702). However,
since SRp40 containing an unphosphorylated RS domain bound to RNA, but failed to
select a specific sequence, whereas SRp40 carrying a phosphorylated RS domain
efficiently identified a high affinity RNA binding site in SELEX assays (595), it appears
that in the presence of the RS domain its phosphorylation is necessary for sequence
specific  RNA binding. Consistent with the results obtained for SRp40, the
unphosphorylated RS domain of SF2/ASF also induces non-sequence-specific RNA
binding, which is abrogated by phosphorylation of the RS domain (659). These results
led to the suggestion that the highly positive charge of the unphosphorylated RS domain

42



Introduction

resulted in an RNA-specific but sequence-independent binding of the SR protein

prevailing over sequence-specific binding by the two RNA binding domains (595).

The similar domain structure and the ability to complement splicing-deficient cellular
extracts indicated that SR proteins might fulfil redundant functions in general splicing.
Consistent with this hypothesis, the global pattern of gene expression was not found to
be dramatically altered upon tissue-specific depletion of SC35 in a mouse model (154)
or SF2/ASF from the chicken DT-40 cell line (346). However, the RNA binding
specificity of SR proteins and their distinct effects on alternative splicing implied that
they might also exert non-redundant functions. The existence of fundamental, non-
redundant functions of SR proteins were demonstrated in vivo by the finding that
knockout mice for the SR proteins SRp20 (288), SC35 (154, 634) and SF2/ASF (664)
showed an early embryonic lethal phenotype [reviewed in (425)]. From these
experiments it appears that, although inactivation of individual SR proteins may not
cause widespread defects, non-redundant functions of SR proteins crucially contribute

to alternative splicing patterns mediating essential processes during early development.

A.3.6.2 Heterogeneous nuclear ribonucleoparticle (hnRNP) proteins

Nascent pre-mRNA generated by RNAP Il associates with various proteins and
snRNPs. The term heterogeneous nuclear ribonucleoparticle (hnRNP) protein was
initially applied to proteins associated with high molecular weight RNA (heterogeneous
nuclear RNA) [reviewed in (163)]. The hnRNP protein family was further refined as
group of proteins efficiently crosslinking by ultraviolet (UV) irradiation to hnRNA in vivo
[reviewed in (396)]. Although hnRNP proteins are found generally associated with
hnRNA, their non-randomly distribution bound to RNA suggested sequence-specific
binding (403, 657). hnRNP proteins were implicated in various biological processes like
telomere biogenesis, transcription, polyadenylation, RNA stability, nucleocytoplasmic
RNA export, cytoplasmic RNA trafficking and translation [reviewed in (328)]. In addition,
several members of the hnRNP protein family exert regulatory functions in alternative

splicing [reviewed in (396)].

Due to their operational definition, hnRNP proteins constitute a structurally diverse
family, in which currently more than 30 hnRNP proteins and derivative isoforms are
grouped according to global protein identity (396). The most prominent structural

features of the hnRNP protein family are at least one RNA binding motif of the canonical
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RRM-, quasi (QJRRM- or hnRNP K-homology (KH)-type as well as auxiliary domains
enriched in glycine, tyrosine, arginine, glutamine or asparagine (G-rich, GY-rich, GYR-
rich, Q-rich, QN-rich or SRGY-rich regions) (Fig. I-12). Another striking characteristic is
the number of protein isoforms generated by alternative splicing and posttranslational
modification including phosphorylation (419, 620, 661), arginine methylation (255, 311,
361, 445, 455) and sumoylation (349, 624). Whereas phosphorylation of hnRNP
proteins has been related to an indirect influence on alternative splice site selection

(620), the exact role of methylation and modification by SUMO remains to be clarified.

Several members of the hnRNP protein family have been found to affect alternative
splice site selection. Binding of hnRNP proteins was reported to predominantly repress
splice site activation and exon recognition. Different models emerged for the
mechanism of hnRNP-mediated changes in splice site selection. In the simplest case,
binding of hnRNP proteins to splice sites or cis-regulatory enhancer sequences restricts
the access of spliceosomal components or positively acting splicing regulatory proteins
like it has been shown for the HIV-1 cis-regulatory element ESSV (157). The ability of
hnRNP proteins to bind RNA cooperatively led to a propagation model, in which hnRNP
proteins bind to one or more high-affinity binding sites and recruit additional hnRNP
proteins to flanking low-affinity binding sites thereby creating a zone of local repression
(693). Repression of splice site recognition frequently results in the activation of
alternative splice sites (667). In addition to the inhibitory impact on early spliceosome
assembly, polypyrimidine tract binding protein (PTB; hnRNP |) was reported to prevent
cross-exon communication required for exon-definition [(279), reviewed in (575)] and, in
another example, to block the transition from an exon-defining to an intron-defining
splicecosome complex (541). A further mechanism of hnRNP-mediated splicing
regulation is displayed by the interaction of hnRNP proteins bound at distant target
sites, which was suggested to loop out the intervening sequence thereby bringing
distant splice sites into proximity (56, 397, 448). Depending on whether or not an exon
is located in the looped out sequence, interaction between distant hnRNP proteins can
result in alternative splice site pairing or increased splicing of a constitutively spliced
exon contrasting the prevalent inhibitory effect of hnRNP proteins on exon recognition.
Additional evidence for a positive role of hnRNP proteins in splicing has been provided
by reports demonstrating 5’ ss activation mediated by hnRNP protein binding in the
neighbouring intron (200, 248, 271). However, so far no direct interaction between

hnRNP proteins and U1 snRNP-specific proteins has been detected.
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Fig. I-12: Domain organisation of selected members of the hnRNP protein family.

Members of the hnRNP protein family contain at least one RNA binding domain, but due to their
operational definition display high diversity in protein interaction domains and overall domain structure.

Domain positions were extracted from the Swiss-Prot database (www.uniprot.org) [NLS: nuclear

localisation signal; RGG: Arg-, Gly-rich sequence motif, RGG-box; RRM: RNA recognition motif; gRRM;
quasi RRM].

The H subgroup of hnRNP proteins consisting of hnRNP H, H’, F and 2H9 contains two
(2H9) or three (hnRNP H, H’ and F) copies of an RRM-related RNA binding domain
(quasi-RRM; gRRM) and two auxiliary domains one rich in glycine, tyrosine and arginine
(GYR-rich region) and the other glycine- and tyrosine-rich (GY-rich region) (Fig. I-12).
Members of this subgroup share a high similarity (e.g. 96% similarity between hnRNP H
and H’ and 78% similarity between hnRNP H and F). All hnRNP H proteins recognise
the consensus RNA motif DGGGD (where D is A, G, or U) (93, 521). Employing
different modes of action, hnRNP H proteins appear to exert contrary effects on splicing
regulation. Members of the hnRNP H group have been found to alter 5’ ss selection,
inhibit splicing and induce exon skipping (107, 466). For example, in the HIV-1 pre-
mRNA activation of 3’ ss A3 is inhibited by hnRNP H binding to ESS2p, which was
suggested to result from an interference with U2AF>® binding at the 3'ss (282).
Additionally, exonic binding of hnRNP H proteins has been shown to interfere with

splice site activation in several cellular pre-mRNAs (133, 497). In contrast, exonic as
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well as intronic binding of hnRNP H has been reported to promote usage of
neighbouring splice sites (94, 241). However, tethering of hnRNP H next to a 5’ ss by
the bacteriophage MS2 system activates 5’ ss usage of an HIV-1-derived minigene only
from the intronic position [S. Rosin, diploma thesis (500)]. Furthermore, it has been
shown that hnRNP H proteins can improve splicing of distant splice sites without
affecting U1 snRNP occupancy at the 5 ss, which was interpreted that hnRNP H
proteins are able to contribute to the generation of splice site-activating intron loops
(397). In tissue-specific splicing of the c-src pre-mRNA, hnRNP F and H were found to
engage in an enhancer complex with neural-specific (n)PTB inducing inclusion of the N1
exon, whereas in non-neuronal cells complex formation with PTB generates a silencer
complex causing exon skipping (113, 420). The assembly into regulatory complexes
oppositely affecting c-src pre-mRNA splicing indicates that the effect of hnRNP H
proteins on splicing may be directed by additional proteins within a splicing regulatory

complex.

Polypyrimidine tract binding protein (PTB/hnRNP I) has been identified as splicing
repressor in a number of alternatively spliced pre-mRNAs [reviewed in (575, 627)]. PTB
consists of four RNA binding domains of the RRM-type connected by linker sequences
and an N-terminal nuclear localisation signal (NLS) (Fig. I-12). Whereas RRM1 and
RRM4 adopt the canonical RRM structure, RRM2 and RRM3 are extended by an
additional B-strand [(128, 559), reviewed in (23)]. The RNA motif recognised by PTB
consists of polypyrimidine-rich sequences with a 4-9 nt core motif of nearly alternating
cytosines and uridines (13, 101, 470, 562). Consistent with the pyrimidine-rich RNA
binding sites, PTB-mediated inhibition of 3’ ss activation has been related to a
competition with U2AF for binding to the PPT (562), e.g. in exon 3 splicing of the a-TM
pre-mRNA (356). However, splicing regulatory PTB-binding sites are not necessarily
required to overlap 3’ ss elements. Like hnRNP H and hnRNP A1, PTB has been
suggested to loop out intervening introns by occupying distant binding sites (448), which
might promote alternative splice site usage or enhance constitutive splicing of enlarged
introns. Additionally, PTB has been described to inhibit splicing by interfering with the
communication between spliceosomal components either across the exon e.g. in the fas
pre-mRNA (279) or across the intron e.g. in the c-src pre-mRNA (541). In mammals,
tissue-specific paralogues of PTB are expressed in the brain [neuron-specific (n)PTB]
(395, 474) and in hematopoietic cells (ROD1) (666) facilitating differential splicing of

PTB-regulated pre-mRNAs in these tissues.
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In contrast to PTB and the hnRNP H subgroup, hnRNP Q is less well characterised.
hnRNP Q is alternatively spliced into three mRNA isoform (427). The longest isoform,
hnRNP Q3 encodes three RRM-type RNA binding domains, a bipartite NLS and an
RGG-box motif (Fig. I-12). In addition, an acidic region rich in glutamine and asparagine
is located in the C-terminus. hnRNP Q has been reported to bind to U-rich and AU-rich
sequences (55). The identification of hnRNP Q in purified spliceosomes indicated that it
might contribute to splicing regulation (441). This suggestion was substantiated by the
finding that depleting hnRNP Q and the structurally related hnRNP R from splicing
extracts reduced splicing efficiency of adenovirus- and chicken &-crystallin-derived pre-
mRNA substrates (427). Recently, the homolog of hnRNP Q and R in C. elegans,
HRP-2, was reported to regulate alternative exon inclusion in the unc-52 mRNA by
binding to intronic UCUAUC motifs (290). Contrasting its positive effect on splicing,
hnRNP Q isoforms have also been implicated as negative factors contributing to
skipping of exon 7 in the SMN2 pre-mRNA (109).

A.3.6.3 Combinatorial control of alternative splicing by splicing regulatory

proteins

Many alternative splicing events are regulated by a complex interplay of enhancers and
silencers, in which the activatory function of SR proteins is frequently counteracted by
members of the hnRNP family. Since both splicing regulatory families are ubiquitously
expressed in metazoans, cell-specific splice site selection was suggested to be
determined by the ratio of the members of both splicing regulatory protein families
varying widely between different tissues and cell lines (242, 676). Consistent with this
hypothesis, splice site selection is affected by the ratio of SR proteins and hnRNP A/B
proteins bound to the RNA substrate (674). However, recently also cell-specific splicing
regulatory factors have been identified (449, 641) indicating the possibility that the

contribution of cell-specific splicing regulatory proteins has been underestimated so far.

In addition to the general antagonism observed for SR proteins and hnRNP proteins,
counteracting effects have also been described between members of the SR protein
family, e.g. for SRp20 and SF2/ASF regulating splicing of the SRp20 pre-mRNA (287).
Furthermore, the SR-related protein SRrp86 was found to differentially modulate the
activity of other SR proteins by enhancing the effect of SRp20, but interfering with the
splicing regulatory function of SF2/ASF, SC35 and SRp55 (32), indicating that also SR-
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related proteins are able to antagonise the activity of classical SR proteins. Likewise,
with the CELF proteins (CUG-BP and ETR3-like factors) (334) also antagonists other
than SR proteins have been identified for hnRNP proteins. Changed ratios of both
proteins have been described to oppositely regulate splicing of the ¢cTNT and a-actinin
pre-mRNA (104, 227). Therefore, although a large number of examples are
documented, in which oppositely directed activities of SR proteins and hnRNP proteins
control splicing, additional regulatory networks exist within splicing regulatory protein

families and also with other regulatory factors.

A.4 Exploitation of cellular pre-mRNA splicing by HIV-1

Throughout viral gene expression, the cellular splicing machinery processes the HIV-1
pre-mRNA into mRNAs of the 1.8 kb class encoding regulatory and accessory proteins.
However, in the intermediate and late phase the viral mRNA isoform pattern shifts
towards intron-containing isoforms belonging to the 4 kb and 9 kb class indicating that
efficient intron removal decreases in the course of HIV-1 gene expression. The interplay
of splice sites and cis-acting splicing regulatory elements constitutes an essential

prerequisite for the temporally regulated viral mMRNA expression.

A.4.1 Cis-regulatory elements control splice site recognition in the HIV-1 pre-
mRNA

Depending on the viral isolate, at least four 5’ ss and eight 3’ ss are used for alternative
splicing of the HIV-1 pre-mRNA (Fig. I-13A). The high number of alternative mRNA
isoforms was initially related to the low similarity of most HIV-1 splice sites to the
consensus sequences. Early investigations using a subgenomic p-globin-derived
minigene revealed that only 5’ ss D1 and D4, displaying the highest similarity of the
HIV-1 splice sites to the consensus sequences, are as efficiently used as the
intrinsically strong B-globin control 5’ ss, whereas D2 and D3 were used two to three
times less efficiently (447). Analysing 3’ ss strength, the same study inferred from
inefficient usage of each HIV-1 3’ ss in the B-globin hybrid minigene that all viral 3’ ss
are weak. However, a number of cis-regulatory sequences affecting HIV-1 splice site

usage had been identified since then, which with a single exception are located in exons
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Fig. I-13: Intrinsic strength of HIV-1 splice sites and localisation of cis-acting splicing regulatory

elements.

(A) Distribution and intrinsic strength of 5’ ss (D1-D5) and 3’ ss (A1-A7) within the HIV-1 pre-mRNA.
Depending on the viral isolate, the pre-mRNA contains at least 12 splice sites participating in alternative
splicing. The nomenclature of the splice sites refers to (134, 373). The size of the label corresponds to
the intrinsic strength of the respective splice site, which was assessed using the HBond Score algorithm

(www.uni-duesseldorf.de/rna) for 5 ss and the MaxEntScore algorithm (http://genes.mit.edu/burgelab/

maxent/Xmaxentscan_scoreseq_acc.html) for 3’ ss. The position of exon 5 and the upstream located

alternative 3’ss cluster consisting of 3’ ss 4c, 4a, 4b and 5 is indicated (dark grey box). A1A and D1A
were identified in a cDNA screen of HIV-1 infected cells and appear to be preferentially involved in mRNA
stabilisation (373). However, the relevance of these splice sites for alternative splicing during viral gene
expression remains to be demonstrated. Splice site D5 has exclusively been reported for the HIV-1
isolate HXB2 (39).

(B) Location of cis-acting splicing regulatory elements within the HIV-1 pre-mRNA. The enlargement of
the 3 half of the pre-mRNA depicts the location of the known enhancer (green) and silencer elements
(red) regulating viral pre-mRNA splicing. Exon 5 is flanked by 5’ ss D4 and 3’ ss A5 and contains the
GAR ESE in the 5-half. The 3’ ss Adc, Adb and Ada cluster directly upstream of exon 5 [e: ESE (646),
e2: ESE2 (674), e3: ESE3 (579), eM: ESEM1/M2 (296), eV: ESEvif (172), G4: intronic guanosine-rich
silencer (172), GAR: GAR ESE (91, 295), i: ISS (603), s: ESS (94, 646), s2: ESS2 (11, 555), s2p: ESS2p
(282), s3: ESS3 (12, 556, 579), sV: ESSV (50, 380) (adapted from (588))].
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(Fig. 1-13B) [(11, 12, 50, 91, 172, 282, 295, 296, 380, 555, 556, 579, 603, 674),
reviewed in (587)]. A re-evaluation of HIV-1 splice site strength in the absence of cis-
regulatory elements revealed that A2 and A3 are intrinsically strong 3’ ss, whereas A1,
Adc, Ada, Adb, A5 and A7 are intrinsically weak (296). Incorporating the respective
downstream flanking exonic sequences into the minigene reporter demonstrated that
splicing at each HIV-1 3’ ss is profoundly controlled by the neighbouring cis-regulatory
elements (296). Based on these results, regulation of HIV-1 3’ ss usage emerged to rely
on the formation of distinct splicing regulatory complexes either enhancing intrinsically
weak 3’ ss or repressing intrinsically strong 3’ ss. The conservation of the intrinsic splice
site strength between HIV-1 isolates from different clades suggests that the particular

splice site strength is essential for efficient virus replication (587).

The cis-regulatory sequences controlling HIV-1 alternative splicing appear to act via
different mechanisms. All HIV-1 cis-regulatory sequences have been found to recruit
splicing regulatory proteins belonging either to the SR protein family (SF2/ASF, SC35,
SRp40, SRp75) or to the hnRNP protein family (hnRNP A/B, hnRNP H) (50, 91, 172,
282, 296, 603, 674). The impact of cis-regulatory elements on spliceosome assembly
has been investigated for ISS, ESS2, ESS3 and ESSV, which were found to interfere
with E or A complex formation (12, 157, 556, 603). The importance of regulated HIV-1
splice site usage was underlined by the observation that mutations within HIV-1 splicing
silencer elements ESS2 and ESSV reduce the production of infectious virus particles
[(380), reviewed in (587)]. Although the HIV-1 pre-mRNA is highly structured (46, 643,
648), only one cis-regulatory element located in the viral strain-specific exon 6D has
been described to modulate HIV-1 alternative splice site activation via altered RNA
secondary structure (280). Nevertheless, it has been proposed that mutations that
stabilise RNA stem loops sequestering splice sites D1 or A3 restrict splices site

accessibility and thus reduce splice site usage (2, 283).

Activation of the major 5 ss D1 is required for generation of all spliced HIV-1 mRNAs.
Contrasting the general proximity of HIV-1 splice sites and splicing regulatory elements,
it was suggested that neither upstream nor downstream sequences affect splicing at D1
(447). This proposal is consistent with the strong similarity of this 5’ ss to the consensus
sequence characterising D1 as intrinsically strong splice site. However, directly
neighbouring exonic and intronic sequences were omitted from the initial analysis of
overall D1 splice site strength (447). A recent study indicated that the downstream

located region might support D1 usage in an in vitro splicing assay (521). Nevertheless,
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in the same study splicing at D1 was not activated by the intron in the presence of the
downstream located splicing silencer element ESS2. Therefore, it remains to be

demonstrated whether the intron activates splicing at D1 during viral gene expression.

Within the central region of the HIV-1 pre-mRNA, the internal exon 5 is flanked by 5’ ss
D4 and 3’ ss A5. Upon activation of both splice sites, inclusion of exon 5 results in the
expression of nef-mRNA isoforms. Alternative usage of 3'ss Adc, Ada and A4b
immediately preceding A5 results in the inclusion of enlarged internal exons thereby
generating rev-mRNA isoforms. The unusual high frequency of 3’ ss used to provide
rev-mRNA isoforms underlines the importance of Rev for viral replication. Since Rev
represents an essential export factor for intron-containing HIV-1 mRNAs (388) and Nef
crucially downregulates the expression of cellular surface receptors and interferes with
signal transduction pathways [reviewed in (187, 491)], balanced expression of both
proteins is required for efficient HIV-1 replication. All 3’ ss immediately upstream of
exon 5 share a low similarity to the 3’ ss consensus motifs for BPS and PPT and their
usage depends on the presence of the downstream exon (296). Despite the similarity of
D4 to the consensus sequence, recognition of the 5 ss by U1 snRNP and splicing
depend on a guanosine-adenosine-rich (GAR) splicing enhancer located in the 5’-half of
exon 5 (295). Although the GAR enhancer was described to also activate an upstream
located heterologous 3’ ss in in vitro splicing assays (91), it is not clear whether in the
viral sequence context the GAR enhancer activates either the upstream or the

downstream flanking splice site or both.

A.4.2 Modulation of cellular splicing regulatory protein expression and activity
after HIV-1 infection

Considering the overall shift in the HIV-1 mRNA expression pattern to isoforms with
increasing intron-content, it appears conceivable that splice site activation by splicing
regulatory elements decreases during viral gene expression. Since most HIV-1 cis-
regulatory sequences recruit splicing regulatory factors to modulate splice site usage,
changes in the expression or functionality of splicing regulatory proteins might
contribute to the shift in viral pre-mRNA alternative splicing. Consistent with this
hypothesis, several investigations reported considerable infection-induced changes in
mMmRNA and protein expression of splicing regulators of the SR protein family, like
SF2/ASF and hTra2-B, as well as the hnRNP protein family, like hnRNP A1 and

51



Introduction

hnRNP H (1, 100, 161, 195, 383). Although the expression of SR proteins as well as
hnRNP proteins is not uniformly up- or downregulated and appears to vary depending
on the respective experimental system, virus-induced changes in the splicing factor

expression profile likely participate in the temporal control of HIV-1 pre-mRNA splicing.

Besides altering the expression of splicing regulatory proteins, HIV-1 gene expression
might also affect the functionality of splicing factors by influencing post-translational
modifications required for effector function. Virus-induced dephosphorylation of SR
proteins concomitant with changes in alternative splice site usage has been reported to
occur during infection with adenovirus, vaccinia virus or herpes simplex virus (HSV)
[(269, 301, 534), reviewed in (337)]. The HIV-1 regulatory protein Tat has been
described to interact with protein phosphatase-1 (PP1) (14), which is also involved in
SR protein dephosphorylation. Additionally, Tat was observed to redistribute SC35 from
nuclear speckles into the proximity of the nucleolus (195). Since the localisation of SR
proteins in nuclear speckles has previously been assigned to their phosphorylation
state, the interaction of Tat with PP1 might be envisioned to affect SR protein
functionality by modulating phosphorylation. Like Tat, also Nef was found to interact
with cellular proteins involved in phosphorylation cascades. A number of kinases
involved in different signal transduction pathways like e.g. Fyn, Lck and Src have been
shown to bind to Nef [reviewed in (205, 491)]. Eventually, these interactions might result
in the activation of the kinase Akt, which was shown to phosphorylate SR proteins
SF2/ASF, SRp40 and 9G8 (57, 465). Therefore, signal transduction pathways activated
by Nef might also result in the phosphorylation of SR proteins. Since phosphorylated as
well as dephosphorylated SR proteins are essential for pre-mRNA splicing, increasing
amounts of Tat and Nef might modify the composition of splicing regulatory complexes
formed on the HIV-1 pre-mRNA thereby contributing to the switch from the early into the

intermediate phase of viral gene expression.

A.5 Expression of intron-containing HIV-1 mRNAs

The shift from early to intermediate and late HIV-1 gene expression is hallmarked by the
appearance of intron-containing mRNAs of the 4 kb and 9 kb class encoding structural
proteins and enzymes but also providing the viral genome in the form of the completely

unspliced 9 kb mRNA. A prerequisite for the expression of intron-containing viral mMRNA
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is the inefficient recognition of the 3’ss in the HIV-1 pre-mRNA based on non-consensus
splice site sequences and cis-regulatory elements (296, 447, 578), which was assumed
to result in a slow splicing kinetic of the viral pre-mRNA thus increasing the half-life of
intron-containing viral mMRNAs within the nucleus compared to the presence of efficient
splice sites (103, 296). However, to ensure temporally regulated HIV-1 gene
expression, premature cytoplasmic appearance of intron-containing mRNA in the early
phase of viral gene expression is inhibited by a number of negatively acting elements
within the HIV-1 pre-mRNA referred to as instability (ins) elements or cis-repressive
sequences (CRS) (74, 121, 239, 382, 438, 499, 524, 526, 530). The viral regulatory
protein Rev expressed in the early phase binds to intron-containing viral mRNAs and
counteracts the inhibitory effects of ins- and CRS-elements and also of cellular mRNA
surveillance mechanisms, hence stabilising intron-containing HIV-1 mRNA (179, 386).
Rev binding facilitates the nuclear export of 4 kb and unspliced viral mMRNAs [(168, 179,
388), reviewed in (473)] by recruiting the cellular export factor Crm1 (chromosome

region maintenance-1; exportin-1) to intron-containing viral MRNAs (186, 443, 654).

A.5.1 Rev-mediated expression of intron-containing HIV-1 mRNAs

The translocation of RNA into the cytoplasm is mediated by nuclear export receptors
acting as molecular adaptors between the RNA cargo and nucleoporins lining the
nuclear pore [reviewed in (37)]. The bulk of intron-containing metazoan mRNAs become
export-competent by recruiting export factors via the exon junction complex (EJC),
which is formed coincident with the second catalytic step of the splicing reaction 20-
24 nt upstream of the generated exon-exon junction without RNA sequence specificity
(802, 344, 345, 688). The EJC core components elF4Alll, MLN51, Magoh and Y14
generate a dynamic platform for adaptor proteins functioning in RNA quality control,
export and translation [(25, 343, 605), reviewed in (342)]. Although several nuclear
export adaptors, e.g. Hpr1 and yeast Nab2, were implicated in mRNA export [reviewed
in (276, 304)], the nuclear protein Aly represents the best analysed example of a
nuclear export adaptor protein mediating EJC-dependent mRNA export. Aly is recruited
to the mRNA by interacting with the transiently associated EJC component UAP56 (370,
590), an ATP-dependent RNA helicase also involved in splicecosome assembly [(182,

548), reviewed in (543)]. In turn mRNA-bound Aly recognises the heterodimeric nuclear
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export factor TAP/Nxt1 (Nxf1/p15) (589, 592) thereby facilitating rapid and efficient
nuclear export of spliced mRNAs [(343, 369, 691), reviewed in (490)].

In contrast to spliced mMRNAs, export of unspliced RNAs lacking EJCs necessitates the
formation of an alternative platform to recruit nuclear export factors. Whereas simple
retroviruses, e.g. the Mason-Pfizer monkey virus (MPMV), employ a constitutive
transport element (CTE) (72, 171), an RNA sequence that is directly recognised by the
cellular export receptor TAP (231), the complex retrovirus HIV-1 encodes an export
adaptor, the regulatory protein Rev, in order to facilitate the nuclear export of intron-
containing viral mMRNA. Rev binds to the Rev-responsive element (RRE) (120, 138, 141,
250, 313, 389, 680), an RNA sequence located in the 3’-terminal intron of the viral pre-
mRNA defined by D4 and A7 (148, 239, 388, 499). The Rev-RRE interaction has been
shown to be essential for the expression of all intron-containing 4 kb and the genomic
HIV-1 mRNA (148, 178).

Based on thermodynamic calculations and biochemical probing, it was suggested that
the RRE forms a complex RNA secondary structure, which consists of four stem loops
(designated 1I-V) protruding from the long central stem | (105, 313, 388, 393). The
secondary structure of the RRE appears to be the major determinant for the interaction
of Rev with the RRE (450). Rev binds to the RRE via a domain rich in basic residues
located in the N-terminal half of the 116 aa protein (314, 681), which also serves as
NLS and is covered by an extended domain required for multimerisation (264, 330, 384,
471, 681). Binding of Rev to the RRE was reported to start within a high-affinity binding
site at the base of stem loop IIB (35, 251, 262, 389, 613). Further in vitro binding studies
revealed that distinct stoichiometric Rev-RRE complexes are formed suggesting that
starting from the high-affinity binding site multiple copies of Rev multimerise along the
RNA through cooperative protein-protein and protein-RNA interactions (250, 251, 313,
385, 393). Recently, monitoring the dynamic of Rev multimerisation on an RRE target
by single-molecule TIRF (Total Internal Reflection Fluorescence) microscopy revealed
that up to four individual Rev monomers bind subsequently and cooperatively to an
RRE target truncated within the central stem | (477). In fact, binding of a single Rev
monomer to the RRE has been found to be unable to mediate RNA export indicating

that at least dimerisation on the RRE target is essential for Rev function (384, 385).

In addition to the domains involved in multimerisation and RNA binding, the C-terminal

half of Rev contains a leucine-rich activation domain acting as NES (181, 384, 412).
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Due to the presence of both an NES and an NLS Rev constantly shuttles between the
cytoplasm and the nucleus (293, 294, 412). The activation domain of Rev is bound by
the karyopherin Crm1 (Exportin-1) (186, 443), a member of the importin-f superfamily
of nuclear transport receptors (577). Interaction of Rev with the RRE directs viral intron-
containing mRNAs to the Crm1-mediated export pathway (186, 194, 443, 654)

(Fig. 1-14). Crm1 recognises leucine-rich NES of a variety of cellular proteins acting also
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Fig. I-14: Interaction of Rev with the RRE directs intron-containing HIV-1 mRNAs to the CRM1-
mediated nuclear export pathway.

In the early phase of HIV-1 gene expression Rev is translated from completely spliced mRNA of the
1.8 kb class. The nuclear localisation signal of Rev is recognised by importin-p mediating Ran-GDP-
dependent nuclear import. After conversion of Ran-GDP into Ran-GTP the Rev import complex
dissociates. In the intermediate and late phase, Rev binds to an RNA secondary structure (RRE) located
in the 3’-terminal intron of the viral pre-mRNA. After at least dimerisation of Rev, the RNA-protein
complex is recognised by Crm1. Recruitment of Ran-GTP allows the translocation of the Rev-RNA export
complex through the nuclear pore complex (NPC). Several cofactors have been found to be additionally
involved in Rev-mediated RNA export. In the cytoplasm the cargo complex disassembles providing
intron-containing viral RNA for translation and virion assembly. Rev and cellular transport proteins are re-

imported into the nucleus thereby completing the Rev-mediated RNA export cycle [B: importin-, RRE:

Rev-recannnegive alementl
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as adaptor proteins in RNA export, like e.g. APRIL and pp32 (73), and thereby
translocates a subset of endogenous proteins and RNAs into the cytoplasm [(73, 525),
reviewed in (135, 272)]. Via the HIV-1 adaptor protein Rev, Crm1 indirectly binds to the
RRE and enables the translocation of viral intron-containing RNA through the NPC by
interacting with nuclear pore proteins (NUPs) (20, 443). The association of Rev and
Crm1 requires the presence of the GTP-bound form of Ran (186), a key GTPase
regulating importin- function. Consistent with the only low affinity of the Rev NES to
Crm1 (20), additional cofactors, e.g. elF-5A and RNA helicases DDX1 and DDX3, have
been found to be required for efficient translocation of the Rev-RRE complex into the
cytoplasm [reviewed in (249, 593)]. Recently, it was found that the N-terminal aa 9-14 of
Rev mediate the interaction with hnRNP A1, Q, K, R and U, which might allow Rev to be

additionally involved in diverse cellular processes (238).

Besides recognising the RRE, in vitro assays indicated that Rev binds to the packaging
signal (PSI) in the highly structured 5’-UTR of the HIV-1 pre-mRNA (198). The internal
loop A of stem loop 1 (SL1) located upstream of D1 within the PSI contains a highly
conserved purine-rich loop similar to the high-affinity Rev binding site of the RRE (225).
Mutation of loop A decreased binding of Rev to SL1 (198) and caused a replication
defect in vivo (226). So far, binding of Rev to SL1 in the 5-UTR has been shown to
stimulate the translation of reporter genes located downstream of the HIV-1 leader
in vitro (228) underlining the role of Rev in enhancing cytoplasmic utilisation of viral

MRNASs by associating them with the translation machinery [(136), reviewed in (229)].

In addition to Rev, the PSI is recognised by the viral protein precursor Gag via its
nucleocapsid component (8, 150, 208, 209). A previous report suggested that binding of
Gag to the unspliced mRNA might interfere with further processing of the RNA including
splicing [C.K. Damgaard, PhD thesis (142)] and thus support Rev to facilitate the
expression of completely unspliced HIV-1 RNA. However, the relevance of Gag binding

to the PSI for the expression of intron-containing viral mMRNA remains to be investigated.

Despite its molecular delineation, the subnuclear localisation of the Rev-RRE interaction
is largely unknown. The predominant subnuclear accumulation of Rev in nucleoli and
nuclear speckles characterised by the presence of the splicing factor SC35 (179, 384,
471) led to the suggestion that a specific localisation of Rev might be required for its
function as nuclear export receptor. The major function of the nucleolus has traditionally

been assigned to ribosomal RNA transcription and subunit assembly, but also several
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non-ribosomal processes like e.g. U6 snRNA processing have been found to occur
within the nucleolus [reviewed in (452, 467)]. However, controversial results were
obtained regarding the relevance of the nucleolar accumulation of Rev for its function in
RNA export. It has been shown that Rev multimerisation, which is required for Rev-
mediated RNA export, predominantly occurs in the nucleoli (139). In addition, mutations
of the nucleolar localisation signal (NoLS) in the Rev protein that resides within the NLS
but extends into the N-terminus reduced the efficiency of Rev-mediated mRNA export
(122, 626). Since also HIV-1 RNA localises to the nucleolus (416, 417), an interaction of
Rev and intron-containing viral RNA might occur within the nucleoli. However, the
finding that nucleolar degradation of viral RNA reduces viral replication (416) might
represent an only indirect effect of depleting the pool of nucleoplasmic intron-containing
viral mMRNAs available for nuclear export and thus does not necessarily indicate an
essential function of the nucleolus in viral RNA metabolism. The suggestion that
nucleolar localisation of Rev might not be essential for its function in RNA export is
underlined by the finding that redistributing Rev from the predominant nucleolar to a
more nucleoplasmic localisation by overexpressing Nap1 (nucleosome assembly
protein 1) enhanced Rev function (119). In view of these observations, the role of

nucleolar localisation of Rev remains to be conclusively determined.

In addition to its accumulation within nucleoli, Rev was found to associate with SC35-
containing nuclear speckles (137, 294). Nuclear speckles are thought to store splicing
factors, which are supplied to nearby active sites of transcription thus facilitating
cotranscriptional splicing [(421), reviewed in (340)]. Although nuclear speckles are
primarily considered as storage compartment, a gradient of intron-containing pre-mRNA
of several cellular genes from the periphery to the interior of nuclear speckles indicated
that introns remaining after cotranscriptional pre-mRNA processing might be removed
mainly at the periphery of but also within nuclear speckles (240, 285, 662, 663). Since it
was proposed that the HIV-1 pre-mRNA is not spliced cotranscriptionally and in addition
a partial colocalisation of a subgenomic env-mRNA with SC35-containing speckles was
observed after minigene transfection (176, 684), it is conceivable that intron-containing
viral pre-mRNAs reach nuclear speckles, where they might interact with Rev during the
intermediate and late phase of viral gene expression. This idea was supported by the
observation that Rev-deficiency of distinct transfected HIV-1 proviruses increases the
amount of intron-containing viral RNA localised at nuclear speckles (47, 118).

Accordingly, the interaction of Rev with the RRE might be envisioned to circumvent
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subsequent splicing of the viral pre-mRNA at the periphery of nuclear speckles by

targeting intron-containing viral mMRNAs to nuclear export.

A.5.2 Inhibitory elements interfere with the expression of intron-containing
HIV-1 mRNAs

The chronological order of HIV-1 mRNA expression requires that premature expression
of intron-containing viral transcripts is prevented in the early phase of viral gene
expression. Several negatively acting cis-regulatory elements within the gag-/pol- and
env-coding sequences of the HIV-1 pre-mRNA referred to as inhibitory sequences (ins),
inhibitory regions (IR) or cis-repressive sequences (CRS) have been found to interfere
with the expression of structural proteins and enzymes from intron-containing mRNA in
the absence of Rev (74, 121, 239, 382, 438, 499, 524, 526, 530) (Fig. I-15). HIV-1
inhibitory elements don’t share a common sequence motif, which is in accordance with
the observation that these elements affect different levels of gene expression. Whereas
an inhibitory element in the pol-coding region apparently impedes efficient translation
(121), cis-regulatory elements in the Gag-ORF (382) and within the RRE in the Env-
ORF (74) were found to impair nuclear export of the respective RNA. As a mechanism
for the reduced cytoplasmic appearance of reporter mRNA in the presence of inhibitory
elements, it was suggested that these inhibitory elements harbour retention signals
restricting intron-containing HIV-1 mRNA to the nucleus (74, 382). However, interacting
proteins or structures retaining inhibitory element-containing mRNA within the nucleus
remain to be identified. In addition to inhibitory elements influencing nucleocytoplasmic
RNA distribution, the p17 (MA)-encoding sequence of the gag inhibitory region (p17-ins)
(530) and the CRS element in the infegrase-encoding region (121) were described to
decrease the stability of reporter mMRNAs. Consistently, in the absence of Rev intron-
containing HIV-1 mRNAs exhibit a short nuclear half-life, whereas completely spliced

viral mMRNAs appear to be quite stable in the nucleus (386).

Further investigations regarding the stability of intron-containing HIV-1 mRNA
concentrated on the destabilising activity of the p17-ins element, which was attributed to
the high AU content existing throughout the Gag-/Pol-ORF (530). Substituting several
nucleotides of the AU-rich clusters thereby decreasing the AU content (526) or
optimising the Gag-ORF to the more GC-rich human codon usage (216) allowed

constitutive expression of Gag from subgenomic HIV-1 minigenes in the absence of Rev
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proteins and enzymes from intron-containing HIV-1 mRNA isoforms.

A R U5 Ver Vpu U3 R
pre-mRNA
p1 p2
[ p17 [ p24  [[p7][p6|
MA CA NC LI
r777] b6*
[ [pol p51/66* |  p3s
PR RT INT
-
gp120 | gp41 |
su ™
B
gene coding region position reference
gag p17 (MA) - p7 (NC) |287-1549 1 Hadzopoulou-Cladaras et al. (239)
711-2006 (IR1) 2 Maldarelli et al. (382)
330-15523 Schwartz et al. (530)
p17 (MA) 414-691 (INS-1) ® [ Schwartz et al. (530)
p24 (CA) n.d. Schneider et al. (524)
p7 (NC) n.d. Schwartz et al. (526)
pol p9 (PR) n.d. Schneider et al. (524)
p51 (RT) 2619-4551 (IR2) 2 |Maldarelli et al. (382)
n.d. Schneider et al. (524)
p38 (INT) 3703-4030 4 Cochrane et al. (121)
n.d. Schneider et al. (524)
env gp120 6376-6776 4 Rosen et al. (499)
gpé1 7383-7622 (RRE) 4 | Brighty and Rosenberg (74)
gp120 + gp41 complete Nasioulas et al. (438)
Fig. I-15: Distribution of cis-regulatory elements interfering with the expression of structural

(A) Nearly all regions of the Gag-, Pol- and Env-ORFs encoded by the HIV-1 pre-mRNA harbour cis-

acting elements (red striped boxes) counteracting the expression of the respective structural proteins and

enzymes (upper panel) [n.d.: not determined, R: repeat; RRE: Rev responsive element, U5: unique

5’ region; U3: unique 3’ region; p6*: extended linker protein p6 (LI) caused by ribosomal frameshift,

p51/66*: two isoforms of reverse transcriptase (RT) are proteolytically processed from the Gag-Pol

precursor protein, which either contain (p66) or lack (p51) the carboxy-terminal RNase H activity].

(B) Localisation of negatively acting cis-regulatory elements. Nucleotide numbering ! according to (645),

Zaccording to (5), ? starts with the first nucleotide of R, * according to (486).
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underlining the importance of AU-rich clusters for the inhibitory effect of the p17-ins

element.

AU-rich elements (ARE) already emerged as common cis-acting motifs regulating the
stability of a variety of cellular mRNAs [reviewed in (34, 308)]. AREs are frequently
found in the 3’-UTR of early response genes (ERGs), e.g. interferons and cytokines,
and are thought to function as binding sites for proteins cooperating or interfering with
cellular RNA degradation mechanisms. It has been suggested that destabilising proteins
binding to AREs in the 3’-UTR either deadenylate existing poly(A)-tails or interfere with
efficient polyadenylation and thus allow subsequent 3’-5’ exonucleolytic degradation by
a large multi-protein complex, the exosome [(428), reviewed in (267, 523)].
Alternatively, mRNA decapping induces rapid degradation by the 5’ exonucleases Rat1
and Xrn1 [reviewed in (464)] suggesting that ARE-containing mRNAs might be
degraded in 3'-5" as well as in §’-3’ direction. Despite its high AU-content the p17-ins
element lacks the characteristic pentanucleotide AUUUA found in classical AU-rich
elements (108). Since the p17-ins element failed to cause efficient degradation of a
subgenomic S-globin mRNA when compared to the ARE derived from the 3’-UTR of the
GM-CSF mRNA (418), the p17-ins element presumably also functionally differs from
classical AREs found in cellular mRNAs. This suggestion is supported by the finding
that proteins identified to bind the p17-ins element, i.e. hnRNP A1 (436), all members of
the subgroup of hnRNP H proteins (93, 521) and PABP1 (poly(A)-binding protein 1) (7),
are typically not observed to induce regulated mRNA turnover. Additionally, an
extended RNA target containing the p37-coding region of the Gag-ORF comprised of
the p17 (MA)- and the p24 (CA)-encoding sequence is recognised by a heterodimer
formed of p54nrb (nuclear RNA binding protein 54kDa) and PSF (PTB-associated
splicing factor) (696). However, binding of none of these proteins to their target
sequences in the Gag-ORF has conclusively been shown to account for the

destabilisation mediated by the p17-ins element on HIV-1 RNA so far.

In contrast to typical cellular AREs, the impact of the p17-ins element on RNA stability
strongly varies depending on the minigene used (382, 418, 530). Whereas a hybrid
tat/gag-mRNA was strongly destabilised by insertion of the ins-sequence (530), the
same element only marginally reduced RNA stability when situated downstream of an
efficiently spliced f-globin minigene (418) or did not affect RNA steady state levels as
part of the Gag-ORF inserted downstream of a CAT minigene (382). The reduced

influence of the p17-ins element on RNA stability in heterologous minigenes indicates
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that additional elements in the viral pre-mRNA might cooperate with the p17-ins element
to interfere with the expression of intron-containing viral RNA. A synergistic cooperation
of the p17-ins element has already been demonstrated with the RRE in a heterologous
S-globin minigene (418, 436). This functional synergy has been shown to facilitate Rev-
mediated expression of intron-containing reporter mRNAs, which otherwise fails using
S-globin-derived minigenes harbouring the RRE in the intron (103) or the terminal exon
(418). This finding was quite unexpected considering that the repressing effect of HIV-1
inhibitory elements on viral gene expression is rescued by the presence of Rev
revealing that the Rev-RRE interaction is able to counteract nuclear RNA retention and
degradation initiated by cis-regulatory elements within intron-containing HIV-1 mRNA.
The synergistic activity of the RRE and the p17-ins sequence on the expression of
intron-containing mMRNA has been attributed to an inhibitory influence of hnRNP A1 and
a non-specified 50 kDa protein bound to the p17-ins element on the removal of the
upstream situated f-globin intron (436). Impeding the splicing reaction might allow Rev
to interact with the RRE-containing mRNA thereby facilitating the expression of
unspliced reporter mRNA in the cytoplasm. However, it remains to be demonstrated
whether the p17-ins element cooperates with downstream located elements of the

HIV-1 pre-mRNA within the viral sequence context.

61



Introduction

A.6 Aim of this work

Efficient replication of HIV-1 is based on the temporally regulated expression of viral
genes. Tightly regulated gene expression is caused by a shift in the splicing pattern of
the common HIV-1 pre-mRNA resulting in mRNA isoforms with increasing intron
content. To achieve the chronological order of viral mRNA isoform expression the
cellular splicing machinery is exploited during early HIV-1 gene expression generating
extensively spliced viral mMRNAs, whereas in the late phase the splicing machinery is
bypassed by the viral pre-mRNA resulting in unspliced genomic RNA. To improve the
knowledge on the temporal regulation of HIV-1 gene expression it is a long-term goal to
identify the underlying cis-regulatory elements modulating alternative splice site usage
in the HIV-1 pre-mRNA from early to late gene expression. In the thesis presented here
one example for splicing regulation was analysed for early and late pre-RNA

processing, respectively.

For the investigation of splicing regulatory events in the early phase of viral gene
expression the work focused on the inclusion of the alternatively spliced internal exons
4c, 4a, 4b, and 5 into the 1.8 kb and 4 kb mRNA isoforms. Previously, a purine-rich
exonic splicing enhancer in the centrally located exon 5 of the HIV-1 pre-mRNA was
identified by our group (295). This work aims to determine whether the GAR ESE
activates the upstream located 3’ss as well as the downstream located 5’ss in the
presence of both flanking splice sites. In addition, the mechanism underlying splice site
activation by the GAR ESE and the contribution of the neighbouring exonic E42

sequence to internal exon recognition is going to be elucidated.

The second part of this thesis concentrated on the basis of disuse of 5’ ss D1 in the late
phase of viral gene expression leading to the generation of genomic HIV-1 mRNA. It will
be analysed whether splicing regulatory elements are located in the proximity of the
major 5’ ss D1. The contribution of the viral structural protein Gag to D1 efficiency will
be evaluated. Finally, it will be investigated whether the p17-inhibitory element located
downstream of D1 is involved in the regulation of splicing at this 5 ss and therefore

participates in the expression of genomic RNA.
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B. Materials and Methods
B.1 Materials

B.1.1 Chemicals, culture media and solvents

Unless otherwise noted, chemicals were supplied by Invitrogen, Merck, Riedel-de-Haen, Roth,

Sigma and Serva. The formation of media and solvents is denoted in the respective

experimental protocols or emanates from standard laboratory manuals (22, 512).

Cloning

Ampicillin

BigDye® Terminator v1.1 Cycle Seq. Kit
FastPlasmid™ Mini

LB-Broth (Lennox)

LB Agar (Lennox L Agar)

Plasmid Midi Kit

Plasmid Maxi Kit

Pwo DNA Polymerase

T4-DNA Ligase

Gel electrophoresis

1 kb DNA Ladder

Amberlite IRN-120L

LE Agarose

MetaPhor® Agarose

PageRuler™ Prestained Protein Ladder Plus
Prestained SDS-PAGE Standard, Low Range
PS microtest plate, 72-well, with lid

Rotiphorese Gel 30 (37.5:1 acrylamide/bisacrylamide)

Sieve GP Agarose (Genetic pure, low melting)

Protein purification

Ni-NTA agarose

Lysozym

DNase | recombinant, RNase-free

PMSF

Dialysis membrane tubing (6-8 kDa cut off)

Roche

Applied Biosystems

Eppendorf
Roth
Invitrogen
Qiagen
Qiagen
Roche
NEB

Invitrogen

Pharmacia plusone

Biozym
Biozym
Fermentas
Bio-Rad
Greiner
Roth

Biozym

Invitrogen
AppliChem
Roche
Sigma

Spectrapor

Cat.-No

Cat.-No.
Cat. No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.

Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.

Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.

Cat.-No

. 10835242001
4336772
0032007655
X964.2
22700-025
12145

12163
1644955
M0202S

15615-024
17-1326-01
840004
50180E
#SM1811
161-0305
654102
3029.1
850050

R901-01
A4972001
04716728001
P7626

. 132655
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Eukaryotic cell culture

DMEM

DPBS —-CaCl, —-MgCl,

FCS

PenStrep (10.000 U/mL penicillin, 10.000 pg/mL streptomycin)
0.05% Trypsin-EDTA

Geneticin G-418 Sulphate

Trypan Blue Stain 0.4%

Transfection
FuGENE® 6 Transfection Reagent
Lipofectamine™ 2000

Immunoblotting

CDP-Star

ECL™ Western Blotting Detection Reagents
Hyperfiim™ ECL

Immobilon-P

Luciferase Assay System
Protein Assay

Re-Blot Plus (Strong Antibody Stripping Solution)

RT-PCR

AmpliTag® DNA Polymerase

Aqua steril

DNase | recombinant, RNase-free
GeneAmp® dNTPs (2.5 mM each)

Primer p(dT)4s [Oligo-(dT)]

Platinum® Taq DNA Polymerase
Recombinant RNasin® Ribonuclease Inhibitor
SuperScript™
SuperScript™ I1l One-Step RT-PCR system

lll Reverse Transcriptase

RNA affinity chromatography

Calf Intestinal Alkaline Phosphatase
Adipic acid dihydrazide-Agarose

Nuclear extracts of 5x10° HelLa cells
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GIBCO
GIBCO
GIBCO
GIBCO
GIBCO
GIBCO
GIBCO

Roche

Invitrogen

Roche
Amersham
Amersham
Millipore
Promega
Bio-Rad

Chemicon

Applied Biosystems

Delta Select
Roche

Applied Biosystems

Roche
Invitrogen
Promega
Invitrogen

Invitrogen

Promega
Sigma
Cilbiotech S.A

Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.

Cat.-No.
Cat.-No.

Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.

Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.
Cat.-No.

Cat.-No.
Cat.-No.
Cat.-No.

41966
14190
10270-106
15140
25300
11811-031
15250-061

1815075
11668500

1685627
RPN2106
RPN3103K
IPVHO0010
E1501
500-0006
2504

N0808-0166
EPMO062F605
04716728001
N0808-0007
10814270001
10966-018
#N2511
18080-085
12574-026

M1821
A0802
CC-01-20-25
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Phosphatase inhibitor Cocktail 1 Sigma Cat.-No. P2850
Phosphatase inhibitor Cocktail 2 Sigma Cat.-No. P5726
R-Glycerophosphate disodium salt hydrate Sigma Cat.-No. G5422
(dissolved in ddH,O at 0.5M, stored at -20°C)

ProteinLoBind tubes (1.5 mL) Eppendorf Cat.-No. 0030108.116

Two-dimensional protein separation
Immobiline DryStrip pH 3-10, 7 cm Amersham Cat.-No. 17-6001-11
Immobiline DryStrip pH 3-11NL, 13 cm Amersham Cat.-No. 17-6003-75

Sample preparation for mass spectrometry

Formic acid (1 M in H,0) Fluka Cat.-No. 06473
ProteinLoBind tubes (0.5 mL) Eppendorf Cat.-No. 0030108.094
Trypsin (proteomics grade) Sigma Cat.-No. T6567
ZipTipc1s (standard bed) Millipore Cat.-No. ZTC 18S 008

Lab-on-a-chip analyses
Protein 230 Kit Agilent Cat.-No. 5067-1517
RNA 6000 Nano Kit Agilent Cat.-No. 5067-1511

B.1.2 Enzymes

Restriction enzymes were obtained from New England Biolabs (NEB), Fermentas (MBI),
Invitrogen, Promega and Roche. They were used as specified by the manufacturer using the

buffers provided. T7-RNA polymerase was expressed and purified in house (see B.2.2).

B.1.3 Celis

B.1.3.1 Prokaryotic cells

Recombinant plasmids were cloned in Escherichia coli (E. coli) strain DH5aF’IQ (Invitrogen).
Amplification of non-methylated plasmid DNA for cloning and restriction analyses employing
methylation-sensitive restriction endonucleases were performed in E. coli strain DM1 (GIBCO),
which lacks functional methylases. Recombinant T7-RNA polymerase was expressed and
purified from the E. coli strain BL21(DE3) (Invitrogen) tolerating high concentrations of

recombinant proteins.
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Genotypes of E. coli strains used:

DH5aF’IQ: F ¢$80/acZAM15 A(lacZYA-argF) U169 recA1 endA1 hsdR17 (r-, m+) phoA supE44 \°
thi1 gyrA96 relA1/F” proAB+ laclqZAM15 zzf::Tn5 [KmR]

DM1: F~ dam13::Tn9(Cm") dcm merB hsdR'M* gal1 gal2 ara lac thr leu ton" tsx” Su® A

BL21(DE3): E. coli B, F-, dcm, ompT, hsdS, (rsms), gal lon (\DE3)

B.1.3.2 Eukaryotic cells

The human cervix carcinoma cell line HeLa and derivative cell lines HelLa-T4" and HelLa-T4R5
were used for transfection experiments. HeLa-T4" cells express the membrane bound, human
CD4 receptor due to a stably integrated gene copy under control of the Moloney Murine
Sarcoma Virus LTR promoter (379). Transgenic cells were positively selected by application of
geneticin. HeLa-T4R5 cells contain stably integrated gene copies of the human CD4 and the
CCRS receptor (kindly provided by Dr. M. Schreiber, Bernhard-Nocht-Institut fir Tropenmedizin,

Hamburg) and were positively selected by supplementing geneticin and puromycin.

B.1.4 Oligonucleotides

Oligonucleotides were initially synthesized in house using an automatic DNA-Synthesizer
(Model 381 A, Applied Biosystems) by elimination of the terminal trityl group. Oligonucleotides
were disconnected from the column substrate with NH,OH (3 x 30 min) and were incubated at
55°C ON to remove protective groups. Oligonucleotides were purified by size exclusion
chromatography using NAP25 columns (Pharmacia) and eluted with TE buffer (10 mM Tris-HCI
pH 8, 1 mM EDTA). DNA concentration and purity of collected fractions was determined by
photometry at 260 nm and 280 nm (Ultrospec 11-4050, Pharmacia). Fractions with the highest
DNA concentration were pooled and the final DNA concentration determined.

Oligonucleotides numbered higher than #2289 and Cy5-labeled oligonucleotides for RT-PCR
analysis using automated laser fluorescence (A.L.F) were synthesised by Metabion
International AG (Martinsried) and purified by desalting. Lyophilised oligonucleotides were
reconstituted with sterile H,0 (Delta Select) to a stock concentration of 100 uM. Reconstituted

oligonucleotides were stored at -20°C.

B.1.4.1 Cloning primer

Endonuclease restriction sites are underlined:
#136(as): 5- GTCTAGGATCTACTGGAGGCCTTTCTTGCTCTCCTCT
#640(as): 5- CAATACTACTTCTTGTGGGTTGG
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#865(as):
#1493(s):

#1494 (as):
#1509(as):
#1510(as):
#1511(as):

#1512(s):
#1513(s):
#1544(s):

#1690(as):

#1721(s):

#1722(as):

#1737(s):
#1749(s):
#1750(s):

#1779(as):

#1807(s):
#1808(s):
#1809(s):

#1831(as):

#1832(s):
#1833(s):
#1842(s):
#1861(s):
#1864(s):

#1867(s):

#1991(as):

#2031(s):

#2032(as):

#2176(s):

#2177(s):

#2185(as):

#2249(s):

#2250(as):

#2289(s):
#2295(s):
#2297(s):
#2299(s):
#2353(s):

#2504(as):
#2505(as):

5- TCTGGTACCTTCGAAGCGCCACTGCTAGAGATT

5- ATCAGGCCTGAATTCGCGGTCGACATCGATAGAATGAGACGA

5- ATCCTGCAGTCAGCAGTTCTTGAA

5- ATCAGATCTTCCCTAGGAAGTTAGCCTGTCTCT

5- ATCGGATCCTTACAAAACTCTTGCCTT

5- ATCGGATCCTTAGTAATTTTGGCTGAC

5- ATCGCGCGCACGGCAAGA

5'- ATCACCGGTTCTATAAAA

5- CTTGAAAGCGAAAGTAAAGC

5- ATCGAGCTCTTAAGCGAAGTCGCCGCTAATTCCTGCCGTAGGAG

5- ATCGCGCGCACGGCAAGAGGCGAGGGGCTTGATCTGGTGAGTACGCCAAAAATTTTGA
5- ATCGAATTCAGGCCTCTCTCTCCTTCTAGCCTCCGCTAGTCAAAATTTTTGGCG

5'- ATCTCATGAAATGCAACCTATAAT

5- ATCGCGCGCTCGGCAAGAGGCGAGGGGCTTGATCTGGTGAGTACGCCAAAAATTTTGA
5- ATCGCGCGCTCTGCAAGAGGCGAGGGGCTTGATCTGGTGAGTACGCCAAAAATTTTGA
5'- ATCGAATTCAGGCCTCTCTCTCCTTCTAGCCTCCGCTAG

5- ATCGCGCGCACGGCAAGAGGCGAGGGGCTTGGACTGGTGAGTACGCCAAAAATTTTGA
5- ATCGCGCGCACGGCAAGAGGCGAGGGGCGGCAACTGGTGAGTACGCCAAAAATTTTGA
5- ATCGCGCGCACGGCAAGAGGCGAGGGGAGGCGGCTGGTGAGTACGCCAAAAATTTTGA
5'- AGAGCTAGCTATCTGTTTTAAAG

5- ATCGCGCGCACGGCAAGAGGCGAGGGGCGATAACTGGTGAGTACGCCAAAAATTTTGA
5- ATCGCGCGCACGGCAAGAGGCGAGGGGCTTGGGCTGGTGAGTACGCCAAAAATTTTGA
5'- ATCGCGCGCACGGCAAGAGGCGAGGGGCGACATCTGGTGAGTACGCCAAAAATTTTGA
5- ATCGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGGTGATTACGCCAAAAATTTTGA

5- ATCGCGCGCACGGCAAGAGGCGAGGGGCGATAACTGGTGAGTACGACAAAAATTTTGACTAGC

GGAGGCTAGA

5- ATCGCGCGCACGGCAAGAGGCGAGGGGCTTGATCTGGTGAGTACCCGCAAAATTTTGACTAGC

GGAGGCTAGA

5’- ATCGAGCTCTTCGTCGCTGTCTCCGCTTCTTCCCGCCGTAGGAGATCCC
5- GGTGCGAGAGCGTCA

5- ATCGTCGACGTAATTTTGGCTGAC

5- ATCGCGCGCTTAAGGAGTTTATATGGAAACCCTTACGAATTCTTGACTAAGGAGTTTATATGGAA

ACCCTTACGGGCTTGATCTGGTGAGTACGCCA

5- ATCGCGCGCTTAAGGAGTTTATATGGAAACCCTTACGAATTCTTGACTAAGGAGTTTATATGGAA

ACCCTTACGGGCGGCGACTGGTGAGTACGCCA

5'- ATCGTCGACCGCGAATTCAGGCCTCTCTCTCCTTCTAGCCTCCGCTAGTCAAAATTTTTGGCGT

ACTCACCAG

5- GGCGCCAGGGCCAGC

5- ATCGTCGACGTAGTTCTGGCTCAC

5- ATCGCGCGCACGGCAAGAGGCGAGTGCCGGCGACTGGTGAGTACGCCAAAAATTTTGA
5'- AAGCTGAAGCACATCGTATGGGCAAGCAGG

5’- AGCTGCAGCCCAGCCTTCAGACAGGATCAG

5'- CACCAAGGAGGCCCTAGACAAGATAGAGGA

5- GCCCCATGGCTGACTAATTTTTTT

5- CAGCTCGCCGCCGCTTAATACTGACGCTCT

5- CTTGCCGCCGGGCCTTAACCGAATTTTTTC
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#2506(as):
#2542(as):

#2555(s):

#2556(s):
#2557(s):
#2558(s):
#2559(s):
#2560(s):

#2561(s):

#2889(as):

#2890(as):

#2891(as):

#2892(as):

#2893(s):
#2907(s):

#2908(as):
#2909(as):
#3104(as):

#3105(as):
#3141(as):

B.1.4.2

#1158(as):

#1513(s):

#1542 (as):
#1543(as):

#1544(s):
#2353(s):

B.1.4.3

5- CCTGCTGGCCCACACTATATGTTTTAATTT

5'- ATCGAGCTCTTCGTCGCTGTCTCCGCTTCTTCCCGCCGTAGGAGATCCCTAAGGTTTTTGTCAT
GAAACAA

5’- ATCGAGCTCATCAGAACAGTCAGACTCATCAAGCTTCTCTATCAAAGAGGTAACATCTACATGTA
ATGCAAC

5’- ATCGAGCTCGCAGTAAGTAGTACA

5'- ATCGAGCTCGAGGTAACATCTACATGTAATGCAAC

5’- ATCGAGCTCGCAGTAAGACGTACATGTAATGCAAC

5'- ATCGAGCTCGTGGTATATAAAATTATTCATAATGATAGTAGGAGGCGCAGTAAGTAGTACA

5'- ATCGAGCTCGTGGTATATAAAATTATTCATAATGATAGTAGGAGGCGAGGTAACATCTACATGTA
ATGCAAC

5'- ATCGAGCTCGTGGTATATAAAATTATTCATAATGATAGTAGGAGGCGCAGTAAGACGTACATGTA
ATGCAAC

5'- ATCGAGCTCTTCGTCGCTGTCTCCGCTTCTTCCTGCCGTAGGAGATCCCTAAGGTTTTTGTCAT
GAAACAA

5'- ATCGAGCTCTTCGTCGCTGTCTCCGCTTCTTCCTGCCGTAGGAGATCCCCAAGGCTTTTGTCAT
GAAACAA

5'- ATCGAGCTCTTCGTCGCTGTCTCCGCTTCTTCCCGCCGTAGGAGATCCCCAAGGCTTTTGTCAT
GAAACAA

5'- ATCGAGCTCTTCGTCGCTGTCTCCGCTTCTTCCCGCCGTAGGAGATCCCCAAGGTTTTTGTCAT
GAAACAA

5'- ATCATCGATTGGAAGGGCTAATTT

5'- ATCGCGCGCTTATTCATAATGATAGTAGGAGGCCTGGTGAGTACGCCA

5'- ATCGAATTCAGGCCTGCCTCCTACTATCATTATGAATAATTTTATATACCACAGTACTCACCAGT
CGC

5'- ATCGAATTCAGGCCTCTCTATTCACTATAGAAAGTACAGCAAAAACTATTCTTGTACTCACCAGT
CGC

5- ATCGTCGACGGGATGGTTGTAGCT

5’- ATCGTCGACGGCTGGGCTGCAGCT

5- GATGCGCGCTTCAGCAAGCCGAGCCCCGCGTCGAGAGATCTC

Sequencing primer

5- GCCACTGTCTTCTGCTCTT

5’- ATCACCGGTTCTATAAAA

5- CACCTTCTTCTTCTATTCCTT

5’- CCCCCATCTCCACAA

5- CTTGAAAGCGAAAGTAAAGC

5- GCCCCATGGCTGACTAATTTTTTT

RT-PCR primer

Alternatively spliced RNA (ASR) of minigenes descending from SV leader SD1 SA5 env nef:

#1544(s):

#1543(as):
#1542(as):

68

5- CTTGAAAGCGAAAGTAAAGC
5’- CCCCCATCTCCACAA
5- CACCTTCTTCTTCTATTCCTT



Materials and Methods

Alternative primer pair for ASR published by Purcell and Martin (481):

#2576(as) [Odp.032]: 5- CCGCAGATCGTCCCAGATAAG
#2577(as) [Odp.084]: 5- TCATTGCCACTGTCTTCTGCTCT
#2578(s)  [Odp.045]: 5- CTGAGCCTGGGAGCTCTCTGGC

Total RNA (Total ASR) of the HIV-1 based minigene constructs (within nef-coding region):

#224(s): 5- TGGCCTGCTGTAAGGGAAAG
#225(as): 5'- CCAGTCCCCCCTTTTCTTTT

hGH-mRNA (amplicon covering exons 2-4):
#1274(s): 5- TTGACACCTACCAGGAGTTTGAAGAAG
#1273(as): 5- GATGCGGAGCAGCTCTAGGTTGGATTT

hGH-mRNA (amplicon covering exons 3-5):

#1225(s): 5’- CAACAGAAATCCAACCTAGAGCTGCT
#1224(as): 5- TCTTCCAGCCTCCCATCAGCGTTTGG

Primer for generation of Cy5-labeled size marker for A.L.F:

#1544-Cy5(s): 5’- CTTGAAAGCGAAAGTAAAGC

#2009(as): 5- CGTACTCACCAGTCG (amplicon size: 100 bp)
#2010(as) 5- CTTCTAGCCTCCGCT (amplicon size: 130 bp)
#2011(as) 5- CGAATTCAGGCCTCT (amplicon size: 150 bp)
#2012(as) 5-CCTTTCTTGCTCTCC (amplicon size: 200 bp)
#2013(as) 5- AGTCTAGGATCTACT (amplicon size: 220 bp)
#2014(as) 5- GGCTGACTTCCTGGA (amplicon size: 250 bp)
#2015(as) 5'- GGCAATGAAAGCAAC (amplicon size: 300 bp)
#2016(as) 5- CTTCTTCCTGCCGTA (amplicon size: 350 bp)
#2017(as) 5- GAAGCTTGATGAGTC (amplicon size: 400 bp)
#2019(as) 5- TATGGACCACACAAC (amplicon size: 500 bp)
#2020(as) 5- CTTCACTCTCATTGC (amplicon size: 600 bp)

Primer for generation of Cy5-labeled RT-PCR products for A.L.F:

#224-Cy5(s) [total ASR]:  5- Cy5-TGGCCTGCTGTAAGGGAAAG
#1225-Cy5(s) [hGHI: 5'- Cy5-CAACAGAAATCCAACCTAGAGCTGCT
#1544-Cy5(s) [ASR]: 5'- Cy5-CTTGAAAGCGAAAGTAAAGC

Primer pairs for PCR amplification of hnRNP H- and GAPDH-cDNA were kindly provided by
Prof. Dr. M. Caputi (Florida Atlantic University, USA).

hnRNP H
MC20.54(s): 5’- CAGAGAAGGCAGACCAAGTG
MC20.55(as): 5- TCCAACCCTGAGAAGAACTG
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GAPDH
#3153: 5’- ACCACAGTCCATGCCATCAC
#3154: 5- TCCACCACCCTGTTGCTGTA

B.1.4.4 shRNA

shRNAs targeting hnRNP proteins were kindly provided by Prof. Dr. M. Caputi (Florida Atlantic
University, USA).

Oligonucleotide for in vitro transcription of shRNA targeting hnRNP H (antisense T7-promoter is

doubly underlined):

MC66.20:
5- AAAGGATTGGGTGTTGAAGCATACTTCGGTATGCTTCAACACCCAATCCTATAGTGAGTCGTATTA

B.1.4.5 In vitro transcription primer

B.1.4.5.1 Annealing-Templates
Sequences of 5ss D1 and D4, respectively, are underlined. The T7-promoter sequence

complementary to the T7sense oligo (#2058) is doubly underlined.

#2058/#2503/#3070 (T7-promoter sense):
5'- TAATACGACTCACTATAGG

GAR ESE with downstream 5’ss D4

#1916(GAR ESE):

5- TGTACTACTTACTGCGAGCTCTTCGTCGCTGTCTCCGCTTCTTCCTGCCTATAGTGAGTCGTATTA
#1917(HIV#18):

5- TGTACTACTTACTGCGAGGCCTCCTACTATCATTATGAATAATTTTGCCTATAGTGAGTCGTATTA
#1918(SRp40-):

5- TGTACTACTTACTGCGAGCTCTTCGTCGCTAAATCCGCTTCTTCCTGCCTATAGTGAGTCGTATTA
#1919(SF2-):

5- TGTACTACTTACTGCGAGCTCTTAAGCGCTGTCTCCGCTAATTCCTGCCTATAGTGAGTCGTATTA
#1920(SF2-; SRp40-):

5- TGTACTACTTACTGCGAGCTCTTAAGCGAAGTCGCCGCTAATTCCTGCCTATAGTGAGTCGTATTA

GAR ESE with upstream intronic sequence

#2581(GAR ESE and 34 nt intron upstream):

5- GAGCTCTTCGTCGCTGTCTCCGCTTCTTCCTGCCGTAGGAGATCCCTAAGGCTTTTGTCATGACCTATAGTGA
GTCGTATTA

#2582(GAR ESE and 23 nt intron upstream; extended)

5- GAGCTCTTCGTCGCTGTCTCCGCTTCTTCCTGCCGTAGGAGATCCCTAAGGCCCTATAGTGAGTCGTATTA
#2583(GAR ESE and 17 nt intron upstream; short):

5- GAGCTCTTCGTCGCTGTCTCCGCTTCTTCCTGCCGTAGGAGATCCCCCTATAGTGAGTCGTATTA

70



Materials and Methods

#2596(GAR ESE-; extended):

5- GAGCTCTTAAGCGCTAAATCCGCTAATTCCTGCCGTAGGAGATCCCTAAGGCCCTATAGTGAGTCGTATTA
#2597(GAR ESE-; short):

5- GAGCTCTTAAGCGCTAAATCCGCTAATTCCTGCCGTAGGAGATCCCCCTATAGTGAGTCGTATTA
#2599(2xSF2-; extended):

5- GAGCTCTTAAGCGCTGTCTCCGCTAATTCCTGCCGTAGGAGATCCCTAAGGCCCTATAGTGAGTCGTATTA
#2600(2xSF2-; short):

5- GAGCTCTTAAGCGCTGTCTCCGCTAATTCCTGCCGTAGGAGATCCCCCTATAGTGAGTCGTATTA

D1 with upstream exonic sequence

#2247(D1 and 29 nt upstream exon):

5- TTGGCGTACTCACCAGTCGCCGCCCCTCGCCTCTTGCCGTGCGCGCCTATAGTGAGTCGTATTA
#2248(5'SR-):

5- TTGGCGTACTCACCAGATCAAGCCCCTCGCCTCTTGCCGTGCGCGCCTATAGTGAGTCGTATTA
#2392(-12T-10C):

5- TTGGCGTACTCACCAGTCGCCGGCACTCGCCTCTTGCCGTGCGCGCCTATAGTGAGTCGTATTA
#2393(12T-10C and 5'SR-):

5- TTGGCGTACTCACCAGATCAAGGCACTCGCCTCTTGCCGTGCGCGCCTATAGTGAGTCGTATTA

B.1.4.5.2 Primer for PCR-derived templates
The NL4-3 exon 5 sequence and mutants thereof were amplified including 17 nt or 23 nt intron

and 12 nt downstream exon using different primer combinations.

#2825(s) [short]:

5- TAATACGACTCACTATAGGGGGATCTCCTACGGC

#2826(s) [extended]:

5- TAATACGACTCACTATAGGGCCTTAGGGATCTCC

#2827(s) [extended, Adb AG-]:

5- TAATACGACTCACTATAGGGCCTTGGGGATCTCCTACGGCA

#2828(as) [full complementary 5’ss]:

5- TGTAATACTTACCTGTTTGATAGAGAAGCT
#2829(as) [D4]:

5- TGTACTACTTACTGC

#2830(as) [cs +1"]:

5- TGTACGTCTTACTGCTTTGATAGAGAA
#2831(as) [3U]:

5- TGTACTACTAACTGCTTTGATAGAG
#2980(as) [HIV#18 leader SDA4]:

5- TGTACTACTTACTGCGCCTCCTACTATCAT
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B.1.5 Recombinant plasmids

Sequences of all generated constructs were confirmed by DNA sequencing of substituted

subgenomic or PCR-amplified fragments.

B.1.5.1 HIV-1 derived minigene plasmids

The 2-intron minigene SV leader SD1 SA5 env nef contains the 5’-region of the proviral genome
starting from the repeat region (R) till the Gag translational start codon, which was joined by a
short artificial linker sequence with the 3’ part of the viral genome starting from the Sall
restriction site downstream of 3’ ss A3 — thereby omitting the immediately flanking ESS — until
the stop codon of the nef ORF. Translational start codons for Gag and the regulatory proteins
Tat and Rev were inactivated by point mutations.

For construction of the 2-intron minigene SV leader SD1 SA5 env nef the Sal I/Cel lI-fragment
of ZK SV SD1 PSI env nef containing a restriction site linker was substituted with the
Sal l/Cel ll-fragment of SV E/X tatrev™ (295) introducing the env-coding region deviating from
pNL4-3 (5). ZK SV SD1 PSl env nef was cloned by linking the SV40 pA site, the SV40
promoter and the pNL4-3 sequence of the Pstl/Stul-fragment of SV1.4E-PSl-tat(-)rev(-
)envCAT with a Stu I/Pst I-restricted PCR product introducing unique EcoR |, Sall and Clal
restriction sites upstream of the nef-coding region by using the 5’ primer #1493 and the
3’ primer #1494 with pNLA1 (591), a derivate of pNL4-3 (5), as template.

Plasmid containing the HIV-1 LTR promoter
The plasmid LTR leader SD1 SA5 env nef was generated by substituting the 349 bp
Cla l/Afl ll-fragment of SV leader SD1 SA5 env nef containing the SV40 early promoter with the

521 bp Cla I/Afl ll-restricted fragment of a PCR product generated by using primer pair
#2893/#865 with pLTR636RL as template (kindly provided by Dr. J. Krummheuer). Positive
clones were identified by restriction analysis revealing an additional Ava | restriction site, loss of

an Nco | restriction site and an increased fragment size.

Plasmid carrying mutations in the hnRNP H binding site upstream of D1

SV leader -12T-10C SD1 SA5 env nef was mutated at positions -12 from G to T and -10 from
G to C relative to the exon1/intron border thereby changing the consensus motif (AGGGG) for
hnRNP H binding to AGtGc. The potential 5’ ss generated by the -12G>T mutation was

expected not to be activated due to insufficient U1 snRNA complementarity (HBond Score: 4.50

[ver. 4.1]). Since the resulting plasmid is unaltered regarding size and endonuclease restriction
sites compared to SV leader SD1 SA5 env nef, the intermediate plasmid ZK SV leader SD1mut
SAS5 env nef was cloned by substituting the 85 bp BssH Il/EcoR |-fragment with the respective
387 bp fragment from SV1.3ASD3 ctat crev. Positive clones were identified by an additional
72



Materials and Methods

restriction site for each of the endonucleases Nco | and Afl Il. To generate SV leader -12T-10C
SD1 SAS env nef a PCR amplicon was generated using the mutagenic sense primer #2289 and
antisense primer #1722 without template. The PCR product was digested using endonucleases
BssH Il and EcoR | and substituted for the 387 bp fragment of ZK SV leader SD1mut
SAS5 env nef. Positive clones were identified by loss of the Ncol restriction site of the

intermediate plasmid and by size decrease compared to the parental construct.

Plasmids containing mutations in 5’ ss D1
SV leader 5U SA5 env nef was cloned by substituting the 387 bp BssH IlI/EcoRI-fragment of
ZK SV leader SD1mut SA5 env nef with the 85 bp BssH Il/EcoR I-restricted PCR amplicon

generated by using primer pair #1861/#1722 without template. Positive clones were identified

by the decreased fragment size compared to the parental plasmid ZK SV leader SD1mut SA5
env nef.

SV leader 5U ins(lliIB) SA5 env nef and SV leader 5U syn-ins(llIB) SA5 env nef were
generated by substituting the 94 bp BssH Il/Sal I-fragment of SV leader SD1 SA5 env nef with
the 475 bp BssH IlI/Sal |-restricted PCR product derived from using primer pair #1861/#136 with
templates SV leader SD1 ins(llIB) SA5 env nef and SV leader SD1 syn-ins(llIB) SA5 env nef,
respectively. Positive clones were selected by loss of an EcoR | restriction site in an
EcoR 1/Sac I-restriction analysis.

SV leader 5U ins(202) SA5 env nef and SV leader 5U syn-ins(202) SA5 env nef were
generated by substituting the 396 bp BssH II/Sal I-fragment of ZK SV leader SD1mut SA5 env
nef with the 281 bp BssH II/Sal I-fragment of the PCR product generated with sense primer
#1544 and either antisense primer #3104 using SV leader 5U ins(l1IB) SA5 env nef as template
or antisense primer #3105 using SV leader 5U syn-ins(lliB) SA5 env nef as template,
respectively. Positive clones were identified by decreased fragment size and loss of the Nco |

restriction site in the parental construct.

Plasmids containing substitutions in the upstream and downstream regions of 5’ ss D1

SV leader HIV#18 SD1 SAS5 env nef, SV leader SD1 HIV#18up SA5 env nef, and SV leader
SD1 HIV#18down env nef were cloned by substituting the 387 bp BssH Il/EcoR I-fragment of
the intermediate plasmid ZK SV leader SD1mut SA5 env nef with 85 bp BssH IlI/EcoR I-digested
PCR products amplified with SV leader SD1 SA5 env nef as template by using primer pair
#2907/#136 for SV leader HIV#18 SD1 SA5 env nef, primer pair #1544/#2908 for SV leader
SD1 HIV#18up SA5 env nef and primer pair #1544/#2909 for SV leader SD1 HIV#18down SA5

env nef. Positive clones were identified by loss of the Nco | restriction site of the intermediate

plasmid and decreased fragment size.
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Plasmids containing bacteriophage-derived stem loop sequences

Two consecutive stem loops of the bacteriophage PP7 were introduced upstream of D1 by
substituting the 94 bp BssH ll/Sal I-fragment with the 143 bp BssH ll/Sal I-fragment of a PCR
product amplified without template encoding both stem loops in the presence of parental (primer
pair #2177/#2185) or mutated SR protein binding sites at D1 (5’SR-) (primer pair #2176/#2185).
PCR-derived fragments were inserted into SV leader SD1 SA5 env nef generating SV leader
2xPP7 SD1 SA5 env nef (#2177/#2185) and SV leader 2xPP7 5°SR- SD1 SA5 env nef
(#2176/#2185). Replacing the BssH IlI/Sal I-fragment in the plasmid SV leader SD1 SA5 2xMS2
SD4 env nef yielded constructs SV leader 2xPP7 SD1 SA5 2xMS2 SD4 env nef
(#2177/#2185) and SV leader 2xPP7 5’SR- SD1 SA5 2xMS2 SD4 env nef (#2176/#2185).
Positive clones were identified by increased fragment size compared to the parental plasmids in

an EcoR I/Nco | restriction analysis.

Plasmids containing mutations in potential SR protein binding sites overlapping 5’ ss D1

Mutations were introduced into predicted SR protein binding sites overlapping D1 by replacing
the 387 bp BssH ll/EcoR I-fragment of ZK SV leader SD1mut SA5 env nef with the respective
85 bp BssH Il/EcoR I-fragment of PCR products generated without templates using primer pair
#1807/#1722 for SV leader SC35(1)- SD1 SAS5 env nef, #1808/#1722 for SV leader SC35(2)-
SD1 SAS env nef, #1809/#1722 for SV leader SRp40- SD1 SA5 env nef, #1832/#1722 for SV
leader SC35(1)- SC35(2)- SD1 SAS5 env nef, #1833/#1722 for SV leader SC35(1)- SRp40-
SD1 SA5 env nef, #1842/#1722 for SV leader SRp40- SC35(2)- SD1 SA5 env nef,
#1721/#1722 for SV leader 5’SR- SD1 SA5 env nef, #1864/#1779 for SV leader SC35(1)-
SRp40- SC35(2)- SRp55(2)- SC35(3)- SD1 SA5 env nef and #1867/#1779 for SV leader
SC35(1)- SC35(2)- SC35(3)- SD1 SA5 env nef. Positive clones were selected by loss of a
restriction site for each of the endonucleases, Nco | and Afl ll, and a decreased fragment size

compared to the parental plasmid.

Plasmids containing mutations of exonic SR protein binding sites far upstream of D1

SR protein binding sites predicted upstream of D1 were mutated by substituting the 387 bp
BssH ll/EcoR I-fragment of ZK SV leader SD1mut SA5 env nef with the 85 bp BssH Il/EcoR I-
fragment of the PCR amplicon derived with primer pair #1749/#1722 generating SV leader
(-28)SRp55- SD1 5'SR- SA5 env nef or primer pair #1750/#1722 producing SV leader
(-30)SF2- (-28)SRp55- (-25)SF2- SD1 5'SR- SAS5 env nef. Positive clones were identified by

loss of Nco | and Afl |l restriction sites and by a decreased fragment size.
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Plasmids containing regions of the p17-inhibitory element
Plasmids SV leader SD1 ins(llIB) SA5 env nef and SV leader SD1 syn-ins(llIB) SA5 env nef

were cloned from pc wtgag(llIB) and pc syngag(llIB), respectively (generously provided by Prof.

Dr. R. Wagner, Universitdt Regensburg) (216). The 13 bp Stu I/Sal I-fragment of the parental
construct SV leader SD1 SA5 env nef was replaced by Sal I-digested 394 bp PCR products
amplified using primer pair #2031/#2032 with pc wtgag(llIB) as template for SV leader SD1
ins(llIB) SA5 env nef and primer pair #2249/#2250 with pc syngag(llIB) as template for SV
leader SD1 syn-ins(lliIB) SA5 env nef. Positive clones were identified by loss of a Stul
restriction site and increased fragment size in a Stu I/Afl |l restriction analysis.

Hybrid syn-ins-/ins-sequences were generated by overlap PCR. The first PCR was performed
using a symmetrical 30 bp sense primer introducing the respective syn-ins-/ins-junction by
containing 15 nt complementary to the syn-ins- and 15 nt complementary to the ins-sequence
and the common antisense primer #136 with SV leader SD1 ins(llIB) SA5 env nef as template.
In a subsequent PCR reaction, PCR products from the first amplification were used as
antisense primer in combination with the common sense primer #1544 using SV leader SD1
syn-ins(l1IB) SA5 env nef as template. Sense primers #2295, #2297 and #2299 were used in
the first PCR to generate SV leader SD1 syn-ins102(llIB) SA5 env nef, SV leader SD1 syn-
ins202(111B) SAS5 env nef and SV leader SD1 syn-ins302(llIB) SA5 env nef, respectively. The
475 bp BssH ll/Sal I-digested PCR products were substituted for the 94 bp BssH II/Sal I-
fragment of SV leader SD1 SA5 env nef. Positive clones were identified in a Hind lll/ApaL |
restriction analyses by the gain of an additional Hind Ill restriction site and an increased plasmid
size compared to the parental construct.

Applying a similar cloning strategy, hybrid ins-/syn-ins-sequences were generated by overlap
PCRs. The first PCR was performed using the common sense primer #1544 and a symmetrical
30 bp antisense primer introducing the respective ins-/syn-ins junction by providing 15 bp
complementary to each sequence, ins and syn-ins, with SV leader SD1 ins(IlIB) SA5 env nef as
template. In the subsequent second PCR, products from the first PCR were used as primers in
combination with the common antisense primer #136 with SV leader SD1 syn-ins(l1IB) SAS env
nef as template. In the first PCR reaction antisense primers #2504, #2505 and #2506,
respectively, were used for generation of SV leader SD1 ins(24)syn-ins SA5 env nef, SV
leader SD1 ins(63)syn-ins SA5 env nef and SV leader SD1 ins(102)syn-ins SA5 env nef.
PCR products were digested with BssH Il and Sall and the resulting 475 bp fragments
substituted for the 94 bp BssH 1l/Sal I-fragment of SV leader SD1 SA5 env nef. Positive clones
were selected by loss of the EcoR | restriction site and increased fragment size compared to the
parental construct in an EcoR |I/Sac | restriction analysis.

To shorten the hybrid ins-/syn-ins-sequences to 202 nt, the 396 bp BssH Il/Sal I-fragment of ZK
SV leader SD1mut SA5 env nef was substituted with a 281 bp BssH 1l/Sal I-digested PCR
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product generated using sense primer #1544 and antisense primer #3104 with SV leader SD1
ins(11IB) SA5 env nef as template for SV leader SD1 ins(202) SA5 env nef, antisense primer
#3105 with SV leader SD1 ins(102)syn-ins SA5 env nef as template for SV leader SD1
ins(102)syn-ins(202) SAS5 env nef, antisense primer #3105 with SV leader SD1 ins(63)syn-ins
SA5 env nef as template for SV leader SD1 ins(63)syn-ins(202) SA5 env nef, antisense
primer #3105 with SV leader SD1 ins(24)syn-ins SA5 env nef as template for SV leader SD1
ins(24)-syn-ins(202) SA5 env nef and antisense primer #3105 with SV leader SD1 syn-
ins(llIB) SA5 env nef for SV leader SD1 syn-ins(202) SA5 env nef. Positive clones were
identified by loss of an EcoR | restriction site and a decreased plasmid size compared to the

parental construct in an EcoR 1I/Sac | restriction analysis.

Plasmids carrying mutation in the SL1 loop

The preliminary plasmid ZK SV mut-ups BssHIl leader SD1 SA5 env nef was cloned by
substituting the 307 bp Nco I/BssH ll-fragment of the 2-intron minigene SV leader SD1 SA5 env
nef with a 684 bp fragment originating from plasmid pT-Rbeta-c1-23,8 (kindly provided by
Dipl. Biol. L. Hartmann) thereby inserting an additional Pst | restriction site.

The SL1 loop A in the leader upstream of D1 was mutated in the plasmid SV leader GGGG
SD1 SA5 env nef by replacing the 684 bp Nco I/BssH ll-fragment of ZK SV mut-ups BssHII
leader SD1 SA5 env nef with a BssH Il/Nco I-restricted PCR insert generated using primers
#2353 and #3141 with template SV leader SD1 SA5 env nef.

The mutation of the SL1 loop A was combined with the most 5’-situated 202 nt of the p17-
inhibitory element or the codon-optimised sequence in the plasmids SV leader GGGG SD1
ins(202) SA5 env nef and SV leader GGGG SD1 syn-ins(202) SA5 env nef by substituting
the 709 bp BssH IlI/Nde I-fragment of SV leader GGGG SD1 SA5 env nef with the 896 bp
BssH ll/Nde |-fragment of SV leader SD1 ins(202) SAS env nef and SV leader SD1 syn-ins(202)
SA5 env nef, respectively. Positive clones were identified by increased fragment size in a

Sal I/Hind Il restriction analysis.

Plasmids containing mutations in 5’ ss D4

SV leader SD1 3U env nef contains a point mutation in the 5’ss D4 at position +3 from A to T.
The plasmid was cloned by substituting the 1247 bp Sac I/Nhe |-fragment of SV leaderSD1 SA5
env nef with the corresponding Sac I/Nhe |-fragment of SV E/X tatrev’ 3U (295) including the
point mutation in the 5’ss D4.

Mutant construct SV leader SD1 SA5 GTV env nef was generated by substituting the 1247 bp
Sac I/Nhe |-fragment of SV leader SD1 SA5 env nef with the corresponding Sac I/Nhe I-
fragment of SV E/X tat rev' GT V (295). Mutation of the cryptic 5’ ss 13 nt downstream of D4
from GT to GA was achieved by substituting the BspH I/Nde I-fragment of the parental construct
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SV leader SD1 SA5 env nef with the BspH I/Nde |-restricted PCR product amplified with primer
pair #1737/#640 using SV leader SD1 SA5 env nef as template producing SV leader SD1
SA5 GTV 15A env nef.

The construct SV leader SD1 SA5 cs+1'? env nef was generated by substituting the 1247 bp
Sac I/Nhe |-fragment of SV leader SD1 SAS5 env nef containing 5’ ss D4 for the respective
fragment of SV E/X tat rev cs+1'2. The plasmid was cloned by I. Meyer. In the plasmid
SV leader SD1 SA5 cs-2" env nef 5 ss D4 was substituted with the mutant 5 ss cs-2'" by
replacing the 397 bp Sac I/Nde I-fragment of ZK SV leader SD1mut SA5 env nef in a 2-insert
ligation applying the additional endonuclease BssH Il with an Sac I/Nde I-restricted PCR
product amplified with primer pair #2555/#1831 using SV leader SD1 SA5 env nef as substrate.
Substitution of D4 with 5’ ss cs-2'* or cs+1'%, respectively, was combined with deletion or
substitution of the E42 sequence with the HIV#18 control sequence in constructs
SV leader SD1 SA5 H- cs-2'* env nef, SV leader SD1 SA5 H- cs+1'? env nef, SV leader SD1
SA5 HIV#18 cs-2" env nef and SV leader SD1 SA5 HIV#18 cs+1'? env nef by substituting
the 397 bp Sac I/Nde |-fragment of ZK SV leader SD1mut SA5 env nef with PCR products
amplified with mutagenic sense primers #2557, #2558, #2560 and #2561, respectively, and the
common antisense primer #1831 using SV leader SD1 SA5 env nef as substrate. Constructs
were cloned using a 2-insert cloning strategy including the additional endonuclease BssH II.

Positive clones were selected by fragment sizes applying an EcoR 1/Sac | restriction analysis.

Plasmids containing mutations in 3’ ss A4a, A4b or A5

The 3’ ss clustering upstream of exon 5 were inactivated by point mutations within the
respective AG-dinucleotides. PCR products carrying mutated 3’ ss were generated by using the
common sense primer #1544 in combination with the antisense primers #1991, #2890, #2889,
#2891, #2542 and #2892 for generation of SV leader SD1 SA5- env nef, SV leader SD1
SA4b- SAS5 env nef, SV leader SD1 SA4a- SAS5 env nef, SV leader SD1 SA4b- SA5- env nef,
SV leader SD1 SA4a- SA5- env nef and SV leader SD1 SA4a- SA4b- SA5- env nef,
respectively. The 227 bp EcoR I/Sac I-fragment of each PCR product was substituted for the
respective fragment of the parental construct SV leader SD1 SA5 env nef in a 2-insert cloning
protocol using the additional endonuclease Nhe l. Positive clones were identified in an
EcoR I/Sac | restriction analysis showing the identical fragment pattern as the parental

construct.

Plasmids containing mutations in potential SR protein binding sites of the GAR ESE (exon 5)

For generation of mutant constructs SV leader SD1 SA5 SF2(1)- SF2(2)- SRp40- env nef, SV
leader SD1 SA5 SF2(1)- SRp40- SF2(2)- env nef, SV leader SD1 SA5 SRp40- SF2(2)- env
nef, SV leader SD1 SA5 SF2(1)- SRp40- env nef, SV leader SD1 SA5 SF2(1)- SF2(2)- env
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nef, SV leader SD1 SA5 SRp40 15- env nef, SV leader SD1 SA5 SF2(2)- env nef, SV leader
SD1 SA5 SF2(1)- env nef, SV leader SD1 SF2- SA5 env nef and SV leader SD1 SF2- SA5
ESE- env nef the 227 bp EcoR I/Sac I-fragment of SV leader SD1 SA5 env nef was substituted
with EcoR 1/Sac I-restricted PCR products amplified with the common sense primer #1544 and
mutagenic antisense primers #1690, #2598, #2000, #2067, #1903, #1660, #1987, #1988,
#2499 and #2501, respectively, using SV leader SD1 SA5 env nef as template. After a 2-insert
cloning procedure using the additional endonucleases Nhe |, positive clones were identified in

an EcoRI/Sac I-restriction analyses revealing identical fragment sizes as the parental construct.

Combinatorial mutations in the GAR ESE and in the 3’ ss cluster upstream of exon 5
The initially used mutation of the GAR ESE [SF2(1)- SF2(2)- SRp40-] was combined with the
inactivation of single or multiple 3’ ss by substituting the 227 bp EcoR I/Sac I-fragment of SV

leader SD1 SA5 env nef with the respective fragment of PCR products generated using the
common sense primer #1544 in combination with mutagenic antisense primers on templates
containing different mutations of the 3’ ss (Tab. 1I-1). Applying the identical cloning strategy, an
additional construct series was generated harbouring a triple mutation of the GAR ESE [SF1(1)-
SRp40- SF2(2)-] differing in the nucleotide substitutions inactivating the SRp40 binding site.
Constructs were cloned using a 2-insert protocol with the additional endonuclease Nhe |l

Positive clones were identified in an EcoR 1/Sac | restriction analysis.

Tab. II-1: Mutagenic antisense primers and PCR templates used for generation of constructs

carrying combinatorial mutations in the GAR ESE and in the 3’ ss cluster upstream of exon 5.

Cloned construct Primer | PCR template

SV leader SD1 SA4b- SA5 SF2(1)- SF2(2)- SRp40- env nef #1690 SV leader SD1 SA4b- SA5 env nef

SV leader SD1 SA4a- SA5- SF2(1)- SF2(2)- SRp40- env nef #2543 SV leader SD1 SA5 env nef

SV leader SD1 SA5- SF2(1)- SF2(2)- SRp40- env nef #2002 SV leader SD1 SA5 env nef
SV leader SD1 SA4a- SA4b- SA5- SF2(1)- SF2(2)- SRp40- #2002 SV leader SD1 SA4a- SA4b- SA5-
env nef env nef

SV leader SD1 SA4b- SA5 SF2(1)- SRp40- SF2(2)- env nef #2598 SV leader SD1 SA4b- SA5 env nef

SV leader SD1 SA4a- SA5- SF2(1)- SRp40- SF2(2)- env nef #3071 SV leader SD1 SA4a- SA5- env nef

SV leader SD1 SA5- SF2(1)- SRp40- SF2(2)- env nef #3071 SV leader SD1 SA5- env nef
SV leader SD1 SA4a- SA4b- SA5- SF2(1)- SRp40- SF2(2)- #3071 SV leader SD1 SA4a- SA4b- SA5-
env nef env nef
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Mutations in the E42 sequence
Substitution of the E42 sequence with the HIV#18 control in SV leader SD1 SA5 ESE HIV#18
env nef and deletion of the E42 sequence (AE42) in the mutant construct SV leader SD1 SAS

H- env nef was performed by substituting the 397 bp Sac |/Nde |-fragment of ZK
SV leader SD1mut SA5 env nef with Sac I/Nde I-restricted fragments of PCR products amplified
with sense primers #2559 or #2556, respectively, and the common antisense primer #1831
using SV leader SD1 SA5 env nef as substrate. Constructs were cloned using a 2-insert cloning
strategy including the additional endonuclease BssH Il. Positive clones were selected by

fragment sizes applying an EcoR 1/Sac | restriction analysis.

B.1.5.2 Plasmids for protein expression

Plasmids encoding the viral protein Gag

3-CCCC was generously provided by Prof. Dr. H.G. Krausslich (Universitatsklinikum
Heidelberg) (653). The plasmid encodes the complete Gag precursor protein (Pr55°%) and the
Protease subunit of the pol gene of the HIV-1 isolate BH10 (486). Gag-encoding transcripts are
expressed from the cytomegalovirus (CMV) immediate early promoter and are polyadenylated
using the polyadenylation signal of the bovine growth hormone (BGH). Efficient Rev-
independent nucleocytoplasmic export of the mRNA is mediated by four copies of a constitutive
RNA transport element (CTE) derived from Mason-Pfizer Monkey Virus (M-PMV) inserted
downstream of the gag/pol-encoding region (653).

CMV gag 3-CCCC was cloned by substituting the 128 bp Mfe I/Bgl lI-fragment of 3-CCCC with
an Mfe |/Bgl ll-digested PCR-amplicon derived by using sense primer #1513 and antisense
primer #1509 introducing a mutation of the heptameric frame shift region using plasmid 3-CCCC
as template.

CMV MAJ/CA 3-CCCC was generated by replacing the 1899 bp BssH Il/BamH I-fragment of
3-CCCC with a 1171 bp BssH ll/BamH I-restricted PCR product derived by using primer pair
#1512/#1510 employing 3-CCCC as template.

CMV MA 3-CCCC was cloned by substituting the 1899 bp BssH Il/BamH I-fragment of 3-CCCC
with an 478 bp BssH Il/BamH I-digested PCR amplicon generated using sense primer #1512

and antisense primer #1511 using 3-CCCC as template.

Plasmid encoding the viral protein Rev

SVcrev expresses the rev-cDNA derived from the HIV-1 isolate NL4-3 under control of the
SV40 early promoter and was cloned by replacing the EcoR I/ Xho I-fragment from pSVT7 with
the EcoR I/ Xho I-fragment from pUHcrev (519).
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Expression plasmid encoding fusion proteins
SV SD4/SA7 NLS-PP7 SC35pA encodes a fusion protein of the PP7 envelope protein and the
RS domain of SC35. The plasmid was cloned by Dr. C. Konermann [diploma thesis (320)].

Prokaryotic expression plasmid encoding recombinant T7 RNA polymerase
pQE-80L-T7RNAP was kindly provided by Prof. Dr. M. Caputi (Florida Atlantic University, USA).

The gene encoding the RNA polymerase of the bacteriophage T7 was subcloned into the

plasmid pQE-80L (Qiagen) generating plasmid pQE-80L-T7RNAP and is expressed with an N-

terminal 6xHis-tag. The ampicillin resistance gene is used for selection.

B.1.5.3 Plasmids for recombinant U1snRNA expression

The U1 snRNA expression plasmids pUCBU1 9T10G11C (190), and pUCBU1 6A (295)
harbouring mutations in the free 5’-end of the encoded U1 snRNA have already been described.
pUCBU1 6Apm was kindly provided by Dr. M. Freund.

B.1.5.4 Control plasmids

pSP73 (Promega) was used to adjust DNA amounts between samples during transfections for
RNA analyses.

pSVT7 (51) was employed to adjust DNA amounts in transfection experiments aiming on
protein analyses.

pGL3-control (Promega) was used in transient transfection experiments to normalise samples
regarding transfection efficiency. The plasmid encodes the firefly (Photinus pyralis) luciferase
gene under control of the SV40 early promoter.

pXGHS5 (536) was cotransfected to monitor transfection efficiency in semi-quantitative RNA
analyses. It expresses the human growth hormone (hGH) under the control of the mouse
metallothionein-1 promoter (mMT1), which is otherwise only expressed in cells of the anterior

pituitary.

B.1.6 Antibodies

Several antibodies targeting viral, spliceosome-associated or splicing-regulatory proteins were
used in working dilutions described in Tab. lI-2 and were detected applying appropriate

secondary antibodies as listed in Tab. 11-3.
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Tab. 1I-2: Primary antibodies

Target ; . Cat.-No. Clonality Working
subgroup T IR (Ref.-No.) | oSt | “(cione) | Dilution
HIV-1
Gag Prof. Dr. O. Adams (#18928) Hu polyclonal 1:200
1:1.000
CA DuPont NEA#9283 Ms monoclonal 1:500 (IF)
Advanced 1:5.000
MA Biotechnologies 13-103-100 Ms monoclonal 1:500 (IF)
Env Dade-Behring 87-133/026 Ms (237) 1:5000
Nef DuPont NEA#9302 Ms monoclonal 1:200
SR proteins SR proteins Zymed 33-9400 Ms (1H4) 1:1.000
(phospho-epitope) T
SF2/ASF Zymed 32-4500 Ms (96) 1:2.000
SF2/ASF Prof. Dr. A Krainer - Ms (AK-96) 1:500
SRp40 US Biological S5554-58 Rb polyclonal 1:500
hTra2- B Abcam ab31353 Rb polyclonal 1:300
SC35 Prof. Dr. M. Caputi mab532 Rb polyclonal 1:1500
gpor\’;’a\:rl?s hnRNP H Prof. Dr. D. L. Black AN113 Rb polyclonal 1:1.000
hnRNP A2/B1 Santa Cruz sc-32316 Ms (DP3B3) 1:200
Biotechnology
hnRNP A1 SEITE) Cnp sc10032 | Go | polyclonal | 1:200
Biotechnology
hnRNP A1 Sl R sc-56700 | Ms (9H10) 1:200
Biotechnology
Spliceosome- Santa Cruz .
associated U1-70K Biotechnology sc-9571 Go polyclonal 1:200
proteins
U2AF35 ptglab BC001923 Rb polyclonal 1:1.000
Prof. Dr. M. Hastings/ .
LAl Prof Dr. A. Krainer ; = L) L
SAP155 MBL Intl. Corporation D221-3 Ms monoclonal 1:5.000
SF1/mBBP Lifespan Biosciences | LS-C31720 Rb polyclonal 1:1.000
I
contro B-Actin Sigma-Aldrich A5316 Ms (AC-74) | 1:20.000

Unless otherwise noted working dilutions refer to immunoblotting [Rb: rabbit, Go: goat, Hu: human, IF:

immunofluorescence, Ms: mouse, Ref.-No.: reference number].
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Tab. 1I-3: Secondary antibodies

Epitope Ig species Provider Cat.-No. Host Conjugate ‘g’l?l::z'r?
Rb Sigma-Aldrich AB154 Go POD 1:2.500
Go Dianova 705-035-147 Dn POD 1:5.000
Hu Promega #S382B Go AP 1:2.000
Ms Amersham NA9310 Sh POD 1:1.000
Ms Jackson Immuoresearch Laboratories 115-166-003 Go Cy3 L (|2FO)O

Unless otherwise noted working dilutions refer to immunoblotting [AP: Alkaline Phosphatase, Dn: donkey,
Go: goat, Hu: human, IF: immunofluorescence, Ms: mouse, POD: horseradish Peroxidase, Rb: rabbit, Sh:

sheep].

B.1.7 Algorithms and databases

B.1.7.1 Evaluation of splice site strength

The intrinsic 5’ ss strength was predicted using the splicefinder algorithm (http://www.uni-

duesseldorf.de/rna/htmi/hbond_score.php) and the MaxEntScore algorithm for 5’ ss

[http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseg.html  (669)]. The intrinsic

strength of 3’ ss was evaluated applying the MaxEntScore algorithm for 3’ ss [http://genes.mit.

edu/burgelab/maxent/Xmaxentscan_scoreseq_acc.html (669)].

B.1.7.2 Prediction of SR protein binding sites

Binding of the SR proteins SF2/ASF, SRp40, SC35 and SRp55 to RNA sequences was
predicted using ESEfinder (ver. 2.0 and 3.0 as indicated) [http://rulai.cshl.edu/cgi-bin/tools/

ESE3/esefinder.cqgi?process=home) (97, 566)]. The program scores potential SR protein

binding sites based on their similarity to consensus binding sites generated by functional
SELEX analyses. SR protein specific threshold values mark scores above which binding of the
respective protein is suggested. For SR protein binding site predictions in this work default

threshold values were applied.

B.1.7.3 2D protein separation and identification

Isoelectric points (pl) of representative spliceosomal and splicing regulatory proteins in different

phosphorylation states were calculated on www.phosphosite.org using the algorithm from
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ExPASy's Compute pl/Mw program (http://www.expasy.org/tools/pi_tool.html) to define the pH-

range for isoelectric focussing in the first dimension of 2D gel electrophoresis. Spot identification
and matching analyses for 2D-separation was performed using ImageMaster 2D Platinum 6.0
(GE Healthcare).

Recording of MS spectra was performed using Analyst® QS software (AB SCIEX). Peptides
analysed by mass spectrometry were identified by comparison of the respective MS spectra

with the MASCOT database (MASCOT MS/MS ions search; www.matrixscience.com).
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B.2 Methods

Standard methods of molecular biology e.g. DNA restriction analyses, DNA separation by
agarose gel electrophoresis, DNA isolation from agarose gels and generation of transformation-
competent bacteria were performed according to the laboratory handbooks ‘Molecular Cloning’

(5612) and ‘Current Protocols in Molecular Biology’ (22).

B.2.1 Cloning

B.2.1.1 Polymerase-Chain-Reaction (PCR)

DNA fragments used for cloning of recombinant plasmids were amplified in a volume of 100 uL
using 2.5 U Pwo DNA Polymerase (Roche) and 100 ng DNA template in a reaction containing
10 mM Tris-HCI, pH 8.85, 26 mM KCI, 5 mM (NH4),SO4, 2 mM MgSO,, 200 uM desoxy-
nucleosidetriphosphates (dNTP) (Applied Biosystems), 200 nM sense and antisense primer,
respectively. DNA was amplified in a Robocycler Gradient 96 (Stratagene) using following
conditions: denaturation 1 x 94°C 3 min; amplification 30 x 94°C 30 sec, x°C 1 min (Annealing
temperature ranged between 52°C and 56°C depending on templates and primers used for
individual amplicons.), 72°C 1 min; final elongation 1 x 72°C 10 min. PCR products were
purified from the reaction by adding 1 vol. phenol (Roth) and 1 vol. chloroform/isoamyl alcohol
(24:1). After vortexing phases were separated by centrifugation (12.000 rpm, 5 min, Eppendorf
microcentrifuge) and the supernatant again extracted with 1 vol. chloroform/isoamyl alcohol
(24:1). After separation (12.000 rpm, 5 min, Eppendorf microcentrifuge), DNA in the aqueous
phase was precipitated with 0.1 vol. 4M LiCl and 2.5 vol ethanol (96%) at -80°C for 20 min. After
centrifugation (12.000 rpm, 15 min, Eppendorf microcentrifuge), DNA was washed with 200 L
ethanol [70% (v/v)] (12.000 rpm, 10 min, Eppendorf microcentrifuge), air-dried and resuspended
in 30 pL ddH,0.

B.2.1.2 Ligation

Plasmids and PCR products were digested with respective restriction enzymes using the buffers
provided by the manufacturer in a total reaction volume of 20 yL. The fragment pattern was
controlled in 1% LE agarose (Biozym) or 3% metaphor agarose gels for fragments smaller than
150 nt (Biozym) using TBE buffer (89 mM Tris borate, pH 8, 2 mM EDTA). Remaining DNA was
separated on 0.8% low melting sieve GP agarose (Biozym) using TB'/;E buffer (89 mM Tris
borate, pH 8, 0.2 mM EDTA). DNA fragments were visualised in “low melt‘ gels using long-wave
UV light (320 nm) and cut from the gel. Agarose containing isolated DNA fragments were melt
at 65°C. Ligation of DNA fragments was performed in 20 uL reactions containing a maximum
input of 3 uL DNA fragments in melted agarose, 400 U T4 DNA ligase (NEB), 50 mM Tris-HCI,
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pH 7.5, 10 mM MgCl,;, 10 mM DTT, 1 mM ATP and 25 pg/mL BSA. For 1-insert cloning 1 pL
plasmid backbone fragment and 2 pL insert fragment were applied, whereas for 2-insert cloning
0.5 pL plasmid backbone fragment, 1 uL longer and 1.5 pL shorter insert fragment were used.
DNA fragments were ligated at 37°C for 1 h. Usually, ligations were used for transformation of
E. coli without further incubation. Nevertheless, it was noticed that additional incubation at RT
ON increased ligation efficiency. Therefore, reactions ligating with low efficiency were subjected

to E.coli transformation after prolonged incubation.

B.2.1.3 Transformation

The E. coli strain DH5aF’1Q (Invitrogen) was used for plasmid amplification. For bacteria
transformation with ligated plasmids 5 uL of the ligation reaction were applied to chemically
competent bacteria. For transformation of bacteria with highly purified plasmids 0.5 ng DNA in
ddH,O were used. Cells were incubated with DNA for 20 min on ice. After heat shock for
1.5 min at 42°C followed by a short cooling period on ice, cells were transferred into 400 uL
SOC medium [2% (w/v) Bacto-Tryptone, 0.5% (w/v) yeast extract, 8.6 mM NaCl, 50 mM glucose
and 10 mM MgCl,, pH 7] and incubated for 1 h at 37°C and 220 rpm. Subsequently, the
complete bacteria suspension was plated on ampicillin-containing LB agar (100 pg/mL) and
propagated ON at 37°C.

B.2.1.4 Analytical plasmid DNA isolation

Single colonies were transferred into 5 mL LB medium containing ampicillin (100 ug/mL) and
were grown at least 16 h ON at 37 °C and 220 rpm. Isolation of plasmid DNA was performed
using a modified protocol of alkaline lysis. To this end, an 1 mL aliquot of the bacteria
suspension was pelleted by centrifugation for 1 min at RT applying 14.000 rpm (Eppendorf
microcentrifuge). The pellet was resuspended in 300 yL buffer 1 (50 mM Tris-HCI pH 7.5,
10 mM EDTA, 400 ug/mL RNase A). Cells were lysed by addition of 300 uL buffer 2 [0.2 M
NaOH, 1% (w/v) SDS] at RT for 5 min. The lysate was neutralised by addition of 300 pL buffer 3
(3 M KAc, pH 5.5). After centrifugation for 15 min using 14.000 rpom at 4°C DNA within the
supernatant was precipitated with 0.7 vol. isopropanol. After centrifugation for 30 min at
11.000 rpm and RT the pellet was washed with 200 yL ethanol [75% (v/v)], air-dried and
resuspended in TE buffer (pH 8). Positive clones were identified by restriction with appropriate
DNA endonucleases, which was controlled by gel electrophoresis using 1% LE agarose
(Biozym) or 3% metaphor agarose (Biozym) for DNA fragments smaller than 150 nt.

For immediate sequencing plasmid DNA was purified using silica-columns (FastPlasmid™ Mini,

Eppendorf).
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B.2.1.5 Preparative plasmid DNA isolation

200 mL ampicillin-containing LB medium (100 ug/mL) were inoculated with a single colony
derived from plated glycerol stocks (prepared from 700 uL overnight grown bacterial culture and
300 uL glycerol, stored at -80°C) or with 100 uL of a 5 mL preparatory culture and incubated ON
at 37°C and 220 rpm. Bacteria were pelleted by centrifugation for 5 min at 4.000 rpm
(Beckmann JS-21, JA14 Rotor) and resuspended in 10 mL buffer 1 (50 mM Tris-HCI pH 7.5,
10 mM EDTA, 400 pg/mL RNase A). Cells were lysed by addition of 10 mL buffer 2 [0.2 M
NaOH, 1% (w/v) SDS] and incubated for 5 min at RT. The lysate was neutralised by addition of
10 mL buffer 3 (3 M KAc, pH 5.5). After 15 min incubation on ice and centrifugation for 30 min at
10.000 rpm and 4°C (Beckmann JS-21, JA14 rotor) the supernatant was filtered through a
folded filter (Schleicher & Schilll, 595%., @150 mm) and plasmid DNA purified using silica-based
anion-exchange-columns (Plasmid DNA Maxi Kit, Qiagen) according to the manufacturer’s
instructions. After precipitation with 0.7 vol. isopropanol, followed by 30 min centrifugation at
10.000 rpm and a washing step with 75% ethanol, plasmid DNA was air-dried and resuspended
in 50-200 yL TE buffer (pH 8). DNA concentration was measured by spectral photometry at
260 nm and 280 nm and adjusted to 1 ug/uL with TE buffer (pH 8). The quality of the

preparation was confirmed by agarose gel electrophoresis.

B.2.1.6 DNA sequencing

To confirm mutations introduced into plasmids or to identify RT-PCR products after gel
electrophoretic separation, DNA was sequenced using the didesoxy method by Sanger et al.
(515). Sequencing reactions were performed in a volume of 20 uL containing 5 pmol primer,
4 uL BigDye v1.1 RR-24 reaction mix (includes DNA-polymerase, labelled and unlabelled
dNTPs and reaction buffer) and template-dependent DNA amounts (200-500 ng DNA for
plasmid and 50 ng for PCR product sequencing). Sequencing PCR was performed by 26 cycles
of denaturation (94°C, 0:30 min), annealing (55°C, 0:30 min) and elongation (60°C, 4:00 min).
Sequencing reactions were purified by ethanol/sodium acetate precipitation [0.3 mM sodium
acetate, pH 5.2, 78% (v/v) ethanol] for 15 min. After centrifugation at 14.000 rpm for 20 min the
pellet was washed with 250 pL 75% (v/v) ethanol. After a second centrifugation at 14.000 rpm
for 5 min the supernatant was removed, the pellet was air-dried and dissolved in 10 uL
formamide. Sequencing reactions were protected from light and stored at 4°C till separation on
an automated DNA sequencer (3130 Genetic Analyzer, Applied Biosystems).

Additional sequencing reactions were performed by the Analytical Core Facility of the Biological-
Medical Research Centre (BMFZ, HHUD).
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B.2.2 Expression and purification of recombinant T7 RNA polymerase

A glycerol stock of the E. coli strain BL21(DE3) transformed with the T7 RNA polymerase
expression plasmid pQE-80-L-T7RNAP was striked out on LB agar plates containing ampicillin
(100 pg/mL). A single colony was transferred into 2 mL ampicillin-containing LB medium
(100 pg/mL) and incubated for 2 h at 220 rpom and 37°C. The 2 mL preparatory culture was
transferred into 50 mL LB medium containing ampicillin (100 yg/mL) and incubated ON at
220 rpm and 37°C. 10 mL of the overnight culture were transferred into 500 mL LB medium
containing ampicillin (100 pg/mL) and propagated for 2-3 h at 220 rpm and 37°C until the optical
density at 600nm reached 0.6. Recombinant protein expression was induced by addition of
IPTG in a final concentration of 1 mM to the bacterial culture. 1 mL aliquots were taken prior to
and after IPTG supplementation to control the induction of T7 RNA polymerase expression
(Fig. lI-1). After another 4 h cultivation bacteria were harvested by centrifugation (4.000 g, 4°C,
4 min) and resuspended in 5 mL chilled LB medium. After centrifugation (4.000 g, 4°C, 4 min)
cells were resuspended in binding buffer (50 mM NaH,PO, pH 8, 300 mM NaCl, 10 mM
imidazole) (2-5 mL/g bacteria pellet). After addition of PMSF (Sigma) to a final concentration of
2 mM, 2 mg/mL lysozym (AppliChem) and 1000 U DNase |, RNase-free (Roche) bacteria were

incubated for 30 min on ice and subsequently sonicated for 4 x 10 sec. The bacteria suspension
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Fig. II-1: Control of T7 RNA polymerase expression and purification.

Bacteria sedimented from 1 mL aliquots prior to and after IPTG induction were lysed in 2x protein sample
buffer. Proteins were separated in a 10%-SDS-polyacrylamide gel and compared to the column flow-
through and 10 uL purified T7 RNA polymerase (E) corresponding to the input amount of 1 mL bacterial
culture. The gel was stained using a modified coomassie brilliant blue staining protocol (299) [FT: flow-

through, E: eluate].
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was cleared from cell debris by centrifugation at 35.000 rpm and 4°C for 30 min (Ultracentrifuge;
Beckmann). Recombinant T7 RNA polymerase was purified from the supernatant by affinity
chromatography of the His-tagged protein using Ni-NTA agarose (Invitrogen) in a C 26/40
chromatography column (GE Healthcare). Unspecifically bound proteins were removed from the
affinity column by washing with 10 vol. binding buffer (50 mM NaH,PO, pH 8, 300 mM NacCl,
10 mM imidazole) followed by 8 vol. washing buffer (50 mM NaH,PO, pH 8, 300 mM NaCl,
20 mM imidazole). T7 RNA polymerase was eluted from the affinity column with 3 vol. elution
buffer (50 mM NaH,PO, pH 8, 300 mM NaCl, 250 mM imidazole). Salt conditions of the eluted
enzyme solution were adjusted by dialysing against dialysis buffer [20 mM NaH,PO, pH 7.7,
100 mM NaCl, 1 mM EDTA, 1 mM DTT, 50% (v/v) glycerol] for 12-22 h. The purified enzyme
was stored at -20°C. An aliquot of purified T7 RNA polymerase, lysates of the bacteria culture
prior to and after induction with IPTG and the flow-through of the purification procedure were
analysed on 10% SDS-polyacrylamide gels to control expression of the T7 RNA polymerase

and purity of the enzyme preparation (Fig. 1l-1).

B.2.3 Eukaryotic cell culture

B.2.3.1 Maintenance of eukaryotic cells

Cells were cultivated at standard incubator conditions (humidified atmosphere, 5% CO,, 37°C).
Cells were maintained in T75 cell culture flasks (TRP) using Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) containing 4mM L-Glutamine and additionally supplemented with
10% fetal calf serum (FCS, GIBCO), 100 U/mL penicillin and 100 uyg/mL streptomycin
(PenStrep, GIBCO). HeLa-T4" and HelLa-T4R5 cells were positively selected by application of
100 pg/mL  Geneticin (GIBCO). In addition, HelLa-T4R5 cells were positively selected by
application of 3 pg/mL Puromycin (Sigma-Aldrich). Subconfluent cell monolayers were detached
for passaging or transfection after washing the cells twice with 5 mL PBSy (Dulbecco’s
Phospate Buffered Saline deficient in Ca** and Mg?®*, DPBS, Invitrogen) each by trypsinisation
with 1.3 mL Trypsin for 10 min at 37°C. The enzyme was inactivated by resuspending the cells

in 10 mL DMEM for passaging or PBSg.s for cell counting.

B.2.3.2 Transfection of eukaryotic cells using FuGene 6

The number of living cells was determined by negative staining using trypan blue [0.4% (w/v),
GIBCO] in a Neubauer counting chamber. For western blot analyses 3 x 10°cells and for RT-
PCR and immunofluorescence analyses 2 x 10° cells were seeded in 6-well plates (TRP) in
2 mL DMEM supplemented with 10% FCS lacking antibiotics. For immunofluorescence assays
cells were seeded on glass cover slips in 6-well plates. Transfection was performed after 24 h

using FUGENE® 6 transfection reagent (Roche) according to the protocol provided by the
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manufacturer. For Western Blot (B.2.5) and immunofluorescence analyses (B.2.4) the medium
was exchanged 24 h after transfection and transfected cells were harvested after 48 h. For RT-

PCR analyses (B.2.7) cells were harvested 30 h after transfection.

B.2.3.3 Viral infection

Infection experiments were performed by Dr. |. Hauber (Heinrich-Pette-Institut, Hamburg). Cell
cultures were maintained in RPMI 1640 medium containing 10% FCS (Pansystems GmbH) and
antibiotics (penicillin and streptomycin). Viral stocks were prepared by transfecting 293T cells
with the provirus expression vector pNL4-3 and expression confirmed by ELISA of culture
supernatant detecting the capsid protein (p24) (Innotest HIV p24 Antigen mAB; Innogenetics
N.V.). For HIV-1 infection 5x 10° PM1 cells (371), a CD4" Hut78-derived T cell clone, were
resuspended in 500 pL culture medium and incubated at 37°C for 3 h with 100 ng of the viral
stock. After infection cells were washed twice with PBSys and further cultured in 5 mL medium
for another 5 days. Subsequently, total RNA was prepared using Trizol reagent (Invitrogen)

according to the protocol provided by the manufacturer.

B.2.3.4 shRNA-mediated knockdown of hnRNP H expression

To determine the influence of hnRNP H expression on the splicing pattern of the 2-intron
construct, 3 x 10° HelLa-T4" cells were transiently cotransfected with 1 pg of the 2-intron
minigene SV leader SD1 SA5 env nef, 1 ug SVcrev or 1 ug pSP73, and 4 ug shRNA targeting
hnRNP H-mRNA using Lipofectamine™ 2000 (Invitrogen). The transfection medium was
changed against DMEM supplemented with 10% FCS 4 h post transfection. Cytoplasmic RNA
was isolated 54 h post transfection (B.2.6.3), resuspended in 10 yL DMDC-ddH,0O and stored at
-80°C until PCR analysis (B.2.7).

The prolonged cultivation time of transfected cells compared to general RT-PCR analysis
applied to transient minigene transfection experiments resulted from a preliminary experiment
monitoring the time course of hnRNP H knockdown after transfection of eukaryotic cells with
shRNA. To this end, 6 x 10° HeLa-T4" cells were seeded in 60 mm cell culture dishes (TRP)
24 h before transfection. Cells were transfected with 8 ug shRNA (generously provided by
Prof. Dr. M. Caputi) using Lipofectamine™ 2000 (Invitrogen) according to the protocol provided
by the manufacturer. The transfection medium was changed 4 h post transfection against
DMEM supplemented with 10% FCS. Total RNA was isolated 30, 36, 42, 48 and 54 h post
transfection, respectively, using the 3.5-fold upscaled phenol-chloroform based protocol (see
B.2.6.1), resuspended in 35 puL DMDC-ddH,O and stored at -80°C. RT-PCR analysis of
hnRNP H- and GAPDH-mRNA expression using primer pairs MC20.54/MC20.55 and
#3153/#3154, respectively, revealed that knockdown of hnRNP H-mRNA expression is already
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detectable 30 h post transfection, whereas the level of GAPDH-mRNA expression requires 54 h

to achieve the expression level of control cells (Fig. 11-2).
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Fig. 1I-2: Kinetic of hnRNP H-mRNA knockdown
(A) RT-PCR analysis of HeLa-T4" cells transfected with an shRNA targeting hRNP H-mRNA or mock-

transfected. RT-PCR was performed applying a two-step protocol priming reverse transcription with
oligo-(dT). PCR products were resolved in non-denaturating 6% polyacrylamide gels and stained with

ethidiumbromide [h p.t.: hours post transfection, RT: reverse transcription].

(B) Quantification of hnRNP H-mRNA expression from the experiment shown in (A). Expression of
hnRNP H-mRNA was normalised to GAPDH-mRNA expression. The amount of hnRNP H-mRNA

expressed 30 h after shRNA transfection in mock-transfected control cells was set as 100%.

B.2.3.5 Inhibition of SR protein phosphorylation

Two compounds were used for inhibition of SR protein phosphorylation. The benzothiazole
compound TGO003 [(Z)-1-(3-ethyl-5-methoxy-2,3-dihydro-benzothiazole-2-yliden)propan-2-on]
(kindly provided by Dr. C. Ehlers and Prof. Dr. J. Hauber, Heinrich-Pette-Institut, Hamburg) was
reported to abrogate phosphorylation of SF2/ASF through inhibition of the Clk1/Sty kinase

activity (431). In a second set of experiments, the substance Drug29 (by courtesy of

90



Materials and Methods

Prof. J. Tazi, IGM Montpellier, France) was tested for the ability to influence the SR protein
phosphorylation.

The respective SR protein kinase inhibitor was dissolved in DMSO. The compound TG003 was
pre-warmed to 37°C and diluted in pre-warmed DMEM to avoid precipitation. The compounds
were applied to the cell culture medium 3 h post transfection in final concentrations of 10 uM
and 50 yM for TG0O03 and 1 uM and 2.5 uM for Drug29 thereby introducing DMSO in a final
concentration of 0.5% (v/v). In addition, the medium of control cells was supplemented with only
DMSO in a final concentration of 0.5% (v/v). Kinase inhibitors and DMSO remained in the
medium until cells were harvested. 30 h post transfection phase contrast images were taken at
160-fold magnification using a Canon PowerShot A620 digital camera connected to a Nikon
TS1000 microscope. Subsequently, RNA was isolated using a phenol/chloroform-based
protocol (B.2.6.1) and analysed by RT-PCR (B.2.7.1).

B.2.4 Immunofluorescence

2 x 10° HeLa-T4" cells were seeded on glass cover slips in 6-well plates (TRP) and after 24 h
transfected with indicated Gag and MA expression plasmids. Protein expression from the
transfected plasmids was analysed 30 h post transfection. All washing and incubation steps
were performed in a vol. of 500 uL. Cells were washed in PBSys at RT for 5 min, fixed in
3% paraformaldehyde in PBSye for 20 min and subsequently washed in PBS e for 5 min. Cells
were permeabilised by incubation in 0.02% saponin (Calbiochem-Merck) in PBSges for 15 min.
Remaining binding sites were blocked with 2% normal goat serum (Dako) in permeabilisation
solution diluted 1:10 with PBSge for 20 min. The Gag precursor protein was detected using a
mouse monoclonal antibody targeting an epitope in the capsid subunit (#CA; DuPont). The
matrix protein was detected with a monoclonal antibody targeting the matrix subunit (#p17;
Advanced Biotechnologies). The respective primary antibody was diluted 1:500 in 1:10 PBS -
diluted blocking solution. After incubation with primary antibodies for 1 h cells were washed
three times 5 min each with 1:10 PBSgdiluted permeabilisation solution. As secondary
antibody Cy3-labelled goat anti-mouse I1gG (H+L) (Jackson Immunoresearch Laboratories) was
applied in a 1:200 dilution with 1:10 PBSgediluted blocking solution. After incubation in the dark
for 45 min immunostained cells were washed twice 5 min each with PBSgys. Cells were
additionally incubated in 4,6-diamidino-2-phenylindole (DAPI; Invitrogen) for 3 min. After a final
wash with PBSge for 5 min cover slips were mounted on microscope slides with FluoromountG
(Southern Biotechnology Associates) and stored at 4°C ON. Immunofluorescence was
visualised at 1.000-fold magnification using a Zeiss Axioscope equipped for epifluorescence.
Images were acquired using a CCD camera (Micromax, Princeton Instruments) coupled to the

Metaview Imaging System software (Universal Imaging Corp.).
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B.2.5 Western Blot Analysis

B.2.5.1 Cell harvesting

Adherent cells were scraped into the culture medium 48 h after transfection, shortly centrifuged,
washed with 1 mL PBS,, again centrifuged and resuspended in 500 yL PBS. From the cell
suspensions 70 uL aliquots were collected to determine protein concentration (see B.2.5.2) and
transfection efficiency (see B.2.5.3). Cell aliquots were solubilised by three cycles of freezing in
methanol/dry ice and thawing at 37°C. Cellular debris was sedimented and the supernatant
used for total protein and luciferase measurements.

Remaining cells were sedimented (1 min, 10.000 rpm, Eppendorf microcentrifuge) and cellular
proteins denaturated by 200 pL treatment buffer [2% (w/v) SDS, 65 mM Tris-HCI, pH 6.8, 10%
(v/v) glycerol, 10% (w/v) DTT], spiked with 0.05 vol. gel loading buffer [50% (v/v) glycerol,
0.25% (w/v) bromphenolblue, 0.25% (w/v) xylencyanol] and boiled for 10 min at 95°C. Aliquots
of identical transfection efficiency were normalised with pSVT7-transfected cell extract (,mock")

to identical protein amounts.

B.2.5.2 Determination of protein concentration

Protein concentration of cellular lysates was determined according to Bradford (70). The
method is based on the protein-mediated shift in the absorption maximum of an acid solution of
Coomassie Brilliant Blue G250 from 465 nm to 595 nm. The protein concentration for each
probe was measured in duplicates for two dilutions (1:10 and 1:20 in ddH,O). 50 yL of diluted
protein samples were supplemented with 200 yL diluted Bradford reagent (Bio-Rad,
Protein-Assay 1:5 dilution) in 96-well microtiter plates (Nunc). After incubating for 5 min
absorption was measured at 595 nm in an ELISA-Reader (SLT Rainbow, SLT Labinstruments)

using bovine serum albumin (BSA) as standard ranging from 0-100 yg/mL.

B.2.5.3 Normalisation of transfection efficiency using a Luciferase assay

The cotransfected plasmid pGL3-Control (Promega) encodes the firefly (Photinus pyralis)
luciferase gene under control of the SV40 early promoter. Luciferase catalyses the oxidation of
luciferin (Luciferase Assay System, Promega) to oxyluciferin. Emitted bioluminescence was
measured as relative light units (RLU) in a luminometer (Microlumat LB96P, EG&G Berthold).
The luciferase-assay was performed in duplicates using 5 and 10 pL cell extract in black 96-well
microtiter plates (Nunc) covered with 40 ug bovine serum albumin (BSA). Bioluminescence was
measured 2 sec after substrate injection over a period of 15 sec. On the basis of RLU data as

extent of transfection efficiency normalisation of western blot samples was performed.
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B.2.5.4 Sodium Dodecyl Sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE)

Protein separation was performed under denaturating conditions (335) as vertical flat bed gel
electrophoresis in discontinuous 0.1% SDS-10% polyacrylamide gels (Rotiphorese Gel 30,
Roth). Mini-gels were operated in 1 x SDS running buffer [0.8% (w/v) SDS, 0.2 M Tris-Base,
1.9 M glycine] for 1 h applying a current of 20 mA per gel. To monitor protein size and
subsequent blotting efficiency molecular weight markers (PageRuler™ Prestained Protein
Ladder Plus, Fermentas; Prestained SDS-PAGE Standard, Low Range, Bio-Rad).

B.2.5.5 Western Blot

Proteins were transferred from SDS-polyacrylamide gels to PVDF membranes (Millipore,
Immobilon-P) by electroblotting either in a tank blot system (Bio-Rad) in transfer buffer [200 mM
glycine, 25 mM Tris-Base, 20% (v/v) methanol] for 1 h using 150 mA and additional cooling or in
a semi-dry system (Biometra) for 1:30 h applying 0.8 mA/cm? membrane.

The membrane was blocked in TBS-T [20 mM Tris-HCI, pH7.5, 150 mM NaCl, 0.05% (v/v)
Tween-20] containing 10% (w/v) dry milk for 1 h at RT or ON at 4°C. Binding of the primary
antibody was performed for 1 h in TBS-T containing 5% dry milk. After washing the membrane
three times for 10 min each in TBS-T, the membrane was incubated with appropriate secondary
antibodies in TBS-T containing 5% dry milk for 30 min. The membrane was washed with TBS-T
three times 10 min each and twice shortly with TBS.

Antibody binding was visualised using the ECL system (Amersham) for peroxidase-conjugated
secondary antibodies, whereas the CDP Star system (Roche) was employed to detect alkaline
phosphatase-conjugated secondary antibodies. Both detection assays were used according to
the manufacturer’s protocol. Chemiluminescence was measured by exposure to ECL hyperfilm
(Amersham) or to the Lumi-Imager F1 operating a CCD camera (Roche).

For immunoblot reprobing antibodies were removed by incubating the membrane in Antibody
Stripping Solution (Chemicon) for 15 min. Membranes were washed twice 5 min each in
blocking solution [10% (w/v) dry milk in TBS-T] and either reprobed immediately or stored at
4°C.

B.2.6 RNA isolation

All solutions prepared for RNA-based protocols were generated using dimethyl-dicarbonate
(DMDC)-treated ddH.0.
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B.2.6.1 Phenol/chloroform-based isolation of total RNA

RNA from transfected cells was isolated by a phenol/chloroform-based protocol. Cells grown in
6-well culture plates were washed twice with 2 mL ice-cold PBS each and lysed by addition of
500 yL 1 x Sol. D [4 M guanidinium-isothiocyanat, 25 mM sodium citrate, pH 7, 0.5% (v/v)
sodium N-laurylsarcose]. The lysate was detached from the well using a cell scraper (Nunc) and
transferred to a 2 mL reaction tube. RNA was extracted by addition of 1.43% (v/v) B-mercapto-
ethanol, 0.1 vol. 2 M NaAc (pH 4), 1 vol. phenol (pH 4, Roth) and 0.2 vol. chloroform/isoamyl
alcohol (24:1). After vortexing for 15 sec, samples were cooled on ice for 15 min. After phase
separation (10.000 rpm, 4°C, 20 min, Eppendorf microcentrifuge) the aqueous phase was
transferred to a 1.5 mL reaction tube and RNA precipitated with 1 vol. isopropanol (4°C, ON).
RNA was sedimented by centrifugation (10.000 rpm, 4°C, 20 min, Eppendorf microcentrifuge),
washed twice with 200 pL ethanol [70% (v/v)] each, air-dried and resolved in 10 yL DMDC-
ddH,0. Until further analyses RNA was stored at -80°C.

B.2.6.2 Isolation of total RNA using anionic exchange columns

RNA of adherent cells was isolated using microspin columns containing a silica-matrix
(GenElute™ Mammalian Total RNA Kit, Sigma). Cells were washed twice with 2 mL PBS each
and lysed by addition of 250 uL lysis buffer per 6-well. The lysate was centrifuged through
filtration columns (14.000 rpm, 2 min, Eppendorf microcentrifuge). The flow-through was mixed
with 1 vol. ethanol (70%) and loaded on RNA binding columns by centrifugation (14.000 rpm,
15 sec, Eppendorf microcentrifuge). Column-bound RNA was washed with 500 yL wash
buffer 1, the column transferred to another reaction tube and subsequently washed with 500 pL
wash buffer 2 (14.000 rpm, 15 sec, Eppendorf microcentrifuge). A second washing step with
wash buffer 2 was performed for 2 min (14.000 rpm, Eppendorf microcentrifuge). RNA was
eluted from the column with 50 pyL elution buffer. After determining the concentration by

photometry at 260 nm and 280 nm RNA was stored at -80°C until further analyses.

B.2.6.3 Fractionation of cytoplasmic and nuclear RNA

Adherent cells grown in 6-well culture plates were washed twice with 2 mL ice-cold PBS each
and once with 2 mL hypotonic wash buffer (6 mM Tris-HCI pH 7.4, 2.5 mM MgCl,, 1.5 mM KCI).
Cells were lysed by addition of 0.4 mL hypotonic lysis buffer [1% (v/v) Triton® X-100, 1% (w/v)
sodium deoxycholate, 5 mM Tris-HCI pH 7.4, 2.5 mM MgCl,, 1.5 mM KCI]. After incubation on
ice for 10 min the cytoplasmic cell lysate was removed and cleared from cellular debris
(2.500 rpm, 4°C, 5 min, Eppendorf microcentrifuge). The supernatant was mixed with 1 vol.
heated 2 x Sol. D [8 M guanidinium-isothiocyanat, 50 mM sodium citrate, pH 7, 1% (v/v) sodium
N-laurylsarcose]. Nuclei were detached from the culture plate wells into 0.4 mL hypotonic wash

buffer using a cell scraper (Nunc), sedimented (2.500 rpm, 4°C, 5 min, Eppendorf
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microcentrifuge) and lysed in 100 pL 1 x Sol. D [4 M guanidinium-isothiocyanat, 25 mM sodium
citrate, pH7, 0.5% (v/v) sodium N-laurylsarcose]. RNA from both fractions was extracted

applying the phenol/chloroform-based protocol described in B.2.6.1.

B.2.7 RT-PCR

During this work the RT-PCR protocol was changed from a two-step assay performing reverse
transcription and subsequent PCR in separated reactions to a one-step assay performing both
reactions consecutively in the same reaction tube. The one-step assay increases the accuracy

of the RT-PCR by reducing the amount of pipetting steps.

B.2.7.1 Two-step RT-PCR

B.2.7.1.1 Reverse Transcription

Contaminating plasmid DNA in 2 uL of the isolated RNA was digested using 10 U recombinant,
RNase-free DNase | (Roche) in a 10 pL reaction at 37°C for 30 min. The enzyme was heat-
inactivated at 70°C for 5 min. 4.5 yL of DNase I-treated RNA were incubated with 1 pyL Oligo-
(dT)1s (Roche), 4 yL dNTPs (2.5 mM each, Applied Biosystems) and 3.5 yL DMDC-ddH,0O at
65°C for 5 min and subsequently cooled down on ice for at least 1 min. Reverse transcription
was performed after addition of 4 yL 5 x First Strand Buffer, 1 yL 0.1 M DTT, 1 uL (40 U)
RNAsin (Promega) and 1 uL (200 U) SuperScript™ Ill RNase H- Reverse Transcriptase
(Invitrogen) at 50°C for 1 h. As control for plasmid DNA removal an identical reaction omitting
only reverse transcriptase was prepared for each sample. The reaction was subsequently heat-
inactivated at 70°C for 15 min. cDNA was stored at -20°C until PCR amplification.

B.2.7.1.2 PCR

cDNA from 2 pyL of the Reverse Transcription assay was amplified in a 50 uL reaction
containing 10 mM Tris-HCI, pH 8.3, 50 mM KCI, 0.15 mM MgCI2, 0.001% (w/v) gelatin, 200 yM
dNTPs (Applied Biosystems), 200 nM of each respective primer and 1.25 U AmpliTaqg DNA-
Polymerase (Applied Biosystems) in 200 yL PCR reaction tubes (Biozym) in a Robocycler
Gradient 96 PCR cycler (Stratagene). To allow semi-quantitative PCR analysis, the exponential
phase of the PCR reaction was determined for each primer pair in preliminary experiments (see
Tab. lI-4).
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Tab. 1I-4: Amplicon sizes and PCR conditions

Target mRNA Primer amplicon length Annealing amplification
[bp] temperature [°C] cycles

ASR #1542-#1544 149-1011* 52 26-30

Total ASR (nef) #224/#225 256 52 28

hGH (exon 2-4) | #1274/#1273 161 56 25-28
(exon 3-5) | #1225/#1224 187 56 25-28

hnRNP H MC20.54/MC20.55 280 58 26

GAPDH #3153/#3154 520 60 26

*The amplicon length for mRNA expressed from 2-intron minigene depends on the splicing pattern of the

pre-mRNA and the size of the analysed minigene (see Appendix, Fig. VII-1).

B.2.7.2 One-Step RT-PCR
Remaining DNA in 2 uL of the RNA preparation was digested with 5 U recombinant, RNase-free

DNase | (Roche) in a 10 uL reaction at 37°C for 20 min. The enzyme was heat-inactivated at
70°C for 5 min. The reaction was diluted 1:10 with DMDC-ddH,0. 0.02 ug DNase I-treated RNA
was reverse transcribed (55°C, 30 min) using 0.2 yM of each antisense primer and 0.8 uL
SuperScript™ |ll/Tag-DNA polymerase mixture (Invitrogen) and subsequently amplified
according to the protocol provided by the manufacturer in a 20 pL reaction (initial denaturation:
94°C 3 min; amplicon-dependent number of amplification cycles: denaturation 94°C 30 sec,
annealing 52°C 1 min, elongation 68°C 1 min; final elongation: 68°C 10 min). Control reactions
were performed substituting the enzyme mixture with only PlatinumTaq DNA polymerase

(Invitrogen) to control for DNA contamination.

B.2.7.3 Native gel electrophoresis followed by EtBr staining

5-10 uyL cDNA were separated in non-denaturating gels containing 6% polyacrylamide using
1 x TBE as running buffer. Gels were run with 200V for 0:45h up to 1:30 h. After gel
electrophoretic separation DNA was stained with EtBr (4 ug/mL in 1 x TBE) for 10 min and
visualised by UV light excitation in the LumiA3 (Roche).
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B.2.7.4 Denaturating gel electrophoresis of fluorescently labelled cDNA

For generation of fluorescently labelled cDNA Cy5-labelled sense primers #1544 (ASR) and
#1225 (hGH) were applied in the PCR. Cy5-labelled primers and PCR products were protected
from light. PCR reactions were diluted in a range of 1:2 to 1:5 in ddH,0. 6 pL diluted cDNA were
mixed with 6 uL of sample buffer in 72-well PS microtest plates (Greiner), covered with a lid and
stored at 4°C in the dark. Prior to loading samples were heat-denatured in the microtest plate at
95°C for 5min and subsequently chilled on ice. Cy5-labelled cDNA was separated in
denaturating sequencing gels containing 7 M urea-4.5% polyacrylamide at a constant gel
temperature of 40°C using 0.6 x TBE as running buffer in an Automated Laser Fluorescence
DNA Sequencer (ALF, Pharmacia) controlled by ALFwin™ software (Pharmacia) measuring
laser-induced fluorescence (19). Gels were operated with 38 mA using a maximum voltage of
1500 V for 3-8 h depending on the amplicon size. Cy5-labelled cDNA is excited by a fixed laser
beam during electrophoresis. Emitted light is detected by photodetectors collecting Cy5-
mediated cDNA signals every 2.5 sec thereby generating electrophoretic trace data. Raw data

were analysed using P2 software (Pharmacia).

B.2.7.5 Isolation of cDNA from native polyacrylamide gels

cDNA bands identified in EtBr-stained polyacrylamide gels were cut from the gel under long
wave UV light (320 nm) and reduced into small pieces in a 1.5 mL reaction tube. DNA was
eluted by incubation in elution buffer [0.5 M NH4Ac, 0.1% (w/v) SDS, 1 mM EDTA] at 37°C ON.
After short centrifugation (12.000 g, 1 min, 4°C) the supernatant was transferred in another
1.5 mL reaction tube. Gel pieces were again mixed with 0.5 vol. elution buffer, which after
centrifugation were combined with the first supernatant. Remaining polyacrylamide gel pieces
were removed from the supernatant by filtration through glass fibre filters (GF/C filter,
Whatman). PCR products were precipitated by addition of 2 vol. ethanol (96%) on ice for
30 min. After centrifugation (12.000 g, 10 min, 4°C) the pellet was resuspended in 200 pL Tris-
EDTA (pH 8) and 25 uL 3 M NaAc (pH 5.2). PCR products were again precipitated by addition
of 2 vol. ethanol (96%) on ice for 30 min. After centrifugation (12.000 g, 10 min, 4°C) the
supernatant was removed and the DNA pellet washed with 200 pyL ethanol [70% (v/V)]
(12.000 g, 10 min, 4°C), air-dried and resuspended in 5 puL ddH.0. After determining the
concentration of the isolated cDNA by photometry, 50 ng cDNA were applied per 20 pL
sequencing (B.2.1.6).
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B.2.8 RNA affinity chromatography

B.2.8.1 In vitro transcription

B.2.8.1.1 Template length below 100 nt

Full-length oligonucleotides used for in vitro-transcription were purified by separating 100 L
oligonucleotides (100 uM) supplemented with 150 uyL 8M urea containing bromphenolblue in
15 % polyacrylamide gels (300 V, 2:30 h). DNA was detected by UV shadowing (320 nm) and
full-length oligonucleotides cut from the gel. Gel pieces were further cut into smaller pieces and
rotated in 600 uL elution buffer [0.5 M NH4Ac, 0.1% (w/v) SDS, 1 mM EDTA] at 4°C ON. Eluted
DNA was purified by phenol-chloroform extraction. After addition of 0.1 vol 3 M NaAc (pH 5),
1vol. phenol (pH4) and 0.2 vol. chloroform/isoamyl alcohol (24:1) and centrifugation
(13.000 rpm, 4°C, 5 min), DNA in the aqueous phase was precipitated with 1 mL ethanol (96%)
at -20°C for 5 min. DNA was sedimented (13.000 rpm, 30 min) and air-dried. DNA was resolved
in 52 yL DMDC-ddH-,0 and the concentration determined by photometry.

For in vitro-transcription 500 pmol of the respective sequence-specific primer and the T7 primer
were adjusted to a total volume of 500 uL with DMDC-ddH,O. Primers were denatured at 90°C

for 5 min and subsequently annealed by cooling down at RT for 5 min.

B.2.8.1.2 Template length above 100 nt

Templates exceeding 100 nt were amplified from plasmids by PCR using Pwo DNA polymerase
(Roche) containing proofreading activity. The T7 promoter sequence was incorporated at the
5’-end of the sense primer. Using minigene specific primers the target sequence was amplified
using a standard PCR protocol with 35 amplification cycles (B.2.1.1). PCR products were
purified using a silica-based spin-column protocol (Gel Extraction Kit, Qiagen). 250 ng dsDNA

template were used for in vitro transcription.

B.2.8.1.3 In vitro transcription

For in vitro transcription an 1 mL reaction containing 500 pmol pre-annealed oligonucleotides or
250 ng PCR products, 50 mM Tris-HCI, pH 7.5, 15 mM MgCl,, 5 mM DTT, 5 mM NTPs (pH 8,
Sigma), 2 mM spermidine and 60 yL T7 RNA polymerase (B.2.2), aliquoted into 500 uL and
incubated at 37°C for 5 h. RNA was precipitated by addition of 1 mL ethanol (96%) to each
aliquot and incubation at -80°C for 5 min. RNA was sedimented by centrifugation at 13.200 rpm
for 7 min at 4°C. To purify full-length transcripts, the RNA pellet was resolved in 200 yL 8 M
urea containing bromphenolblue and separated in 15% polyacrylamide gels (300 V, 2-3h). RNA
was detected by UV shadowing and the slowest migrating bands cut from the gel. Gel
fragments of both 500 pL aliquots were chopped into pieces, combined in a 15 mL falcon tube
and eluted by rotating in 3 mL elution buffer [0.5 M NH,Ac, 0.1% (w/v) SDS, 1 mM EDTA] at 4°C
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ON. RNA was isolated by addition of 0.1 vol 3 M NaAc (pH 5), 1 vol. phenol (pH 4) and 0.2 vol.
chloroform/isoamyl alcohol (24:1). After centrifugation (4.000 rpm, 4°C, 7 min, Eppendorf
5810 R), RNA in the aqueous phase was precipitated by addition of 6 mL ethanol (96%) at
-80°C for 5 min and subsequently seeded by centrifugation (4.000 rpm, 4°C, 45 min, Eppendorf
5810 R). RNA pellets were air-dried, resolved in 52-102 yL DMDC-ddH,O depending on the
pellet size and the RNA concentration photometrically determined. RNAs were stored at -80°C

until RNA affinity chromatography.

B.2.8.2 Protein isolation by RNA affinity chromatography
RNA affinity chromatography was performed by modification of a published procedure (92).

900-2000 pmol of invitro transcribed RNA were chemically activated in the dark in
ProteinLoBind reaction tubes (Eppendorf) in a 400 ul reaction for 1 h (0.1 M NaAc, pH 5, 5 mM
Na-m-JO,), precipitated with 0.2 vol. NaAc (1 M, pH 5) and 2.5 vol. ethanol (96%) at -80°C for
exactly 5 min and sedimented (13.200rpm, 4°C, 30 min). For each sample 125 yL Adipic acid
dihydrazide-Agarose suspension (Sigma) were washed four times with 0.1 M NaAc (pH 5)
(300 rpm, 4°C, 3 min) and after the last washing step adjusted to 1 mL with 0.1 M NaAc (pH 5).
Washed Adipic acid dihydrazide-Agarose beads were added given to the RNA precipitate and
bound ON at 4°C. Unbound RNA was removed by two washing steps each with 1 mL 2 M NaCl
(800 rpm, 2 min, Eppendorf microcentrifuge). Bound RNA was adjusted to the nuclear salt
concentration by washing three times with 1 mL buffer D each [20 mM HEPES-KOH, pH 7.6,
5% (v/v) glycerol, 0.1 M KCI, 0.2 mM EDTA, 0.5 mM dithiothreitol (DTT)]. HeLa cell nuclear
extract (Cilbiotech s.a., Belgium) was diluted with buffer D and rotated with the RNA-coupled
agarose beads for 20-30 min at 30°C or, alternatively, at 37°C. The activity of phosphatases
was inhibited by including Phosphatase inhibitor cocktails 1 and 2 (Sigma) in a concentration of
1 uL/500 g nuclear protein. Unbound proteins were removed from the reaction by washing five
times with 1 mL buffer D each containing 4mM MgCl, (800 rpm, 2 min, Eppendorf micro
centrifuge). After final washing, 12.5-60 pyL 2 x protein sample buffer [0.75 M Tris-HCI, pH 6.8,
20% (v/v) glycerol, 10% (v/v) B-mercapto-ethanol, 4% (w/v) SDS] were added to the bead pellet
depending on the amount of input RNA. Proteins were dissociated from the RNA by incubating
at 95°C for 10 min. Agarose beads were pelleted by centrifugation, the supernatant transferred

to another ProteinLoBind reaction tube (Eppendorf) and stored at -20°C until protein analyses.

B.2.8.3 In vitro dephosphorylation of HeLa nuclear extract

Proteins of HelLa nuclear extracts [Cilbiotech s.a., Belgium; prepared as described by Dignam et
al. (153)] were dephosphorylated by Calf Intestinal Alkaline Phosphatase (CIP) treatment. For
the nuclear extract a protein concentration of 7.3 uyg/uL was quantified by Bradford-assay

(B.2.5.2). To determine the CIP activity needed to efficiently dephosphorylate HelLa nuclear
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extract proteins, dephosphorylation was performed in a preliminary experiment using either
18 U or 36 U CIP (Promega) per mg HelLa nuclear proteins in 250 pL reactions containing buffer
conditions as indicated by the phosphatase supplier. To assess the degree of
dephosphorylation achieved by phosphatase treatment, Ser/Thr-phosphatases were inhibited in
a control reaction by addition of R-glycerophosphate to the reaction in a final concentration of
20 mM. Reactions were incubated at 37°C for 30 min. Control reactions were incubated in
parallel in the absence of CIP and R-glycerophosphate to confirm that dephosphorylation was
performed by CIP. Dephosphorylation of nuclear proteins was analysed by immunoblotting and
detection with antibodies against a common phospho-epitope of SR proteins (Zymed; clone
1H4), SF2/ASF (Zymed; clone 96) and SRp40 (U.S. Biological) (Fig. II-3). In addition, the effect
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Fig. lI-3: Immunoblot analysis of HelLa nuclear proteins dephosphorylated in vitro applying
different amounts of CIP activity.

CIP- or mock-treated HelLa nuclear proteins were separated in 10% SDS-polyacrylamide gels and after
blotting probed with indicated primary antibodies recognising phosphorylated (SR-P, SRp40 and hTra2-8)
or non-phosphorylated epitopes (SF2/ASF, U2AF® and U2AF>).
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of CIP-mediated dephosphorylation on U2AF® and U2AF* was analysed using a monoclonal
antibody recognising U2AF®® (generously provided by Prof. M. Hastings and Prof. A. Krainer,
Cold Spring Harbor Laboratory, USA) and a polyclonal antibody recognising U2AF* (ptglab).
Immunoblotting analysis revealed that dephosphorylation is incomplete using 18 U CIP/mg
HelLa nuclear extract. Therefore, for RNA affinity chromatography HelLa nuclear extracts were

dephosphorylated using 36 U CIP/mg HeLa nuclear proteins.

B.2.8.4 2D gel electrophoresis

For each target sequence triplicate reactions containing 2000 pmol RNA each were subjected to
RNA affinity chromatography as described (B.2.8.2). Proteins were eluted from the RNA by
rotating each agarose bead pellet after the final wash with 125 uL 66% glacetic acid and 33 mM
MgCl, for 30 min up to 1 h (173). Agarose beads were centrifuged at 800 rpm for 2 min and the
supernatant transferred into another ProteinLoBind tube (Eppendorf). Bead pellets were again
rotated with 125 L elution mix for 30 min up to 1 h and the supernatant after centrifugation
(13.200 rpm, 2 min) combined with the first supernatant. Proteins contained in the supernatant
were precipitated with 5 vol. acetone at -20°C ON. After centrifugation (12.000 rpm, 30 min,
4°C), proteins were washed five times with acetone:ddH,0 (5:1) and air-dried. Protein pellets
were stored at -20°C until isoelectric focusing.

For isoelectric focusing triplicate protein pellets were solubilised in 42 uL thiourea/urea sample
buffer [7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 2.5% (w/v) DTT, 0.5% (v/v) IPG buffer (pH 3-
10), 0.002% (w/v) bromphenol blue] each by rocking at RT for 2 h. Triplicate samples were
pooled after a short centrifugation resulting in a sample volume of 126 uL required to rehydrate
7 cm |IPG-strips. Proteins samples were passively loaded on immobilised pH gradients (IPG-
strip pH 3-10, Amersham) by rehydration of the dried gel matrix with the protein solution ON.
Proteins were focused in the pH gradients using an Ettan Il IPGphor (Amersham) using a
250V step for 1 h, a 4.000 V gradient for 1 h and a 4.000 V step for 7.5 h. Focused protein
containing IPG strips were stored at -20°C at least ON.

Separation in the second dimension was performed by SDS-PAGE using a polyacrylamide
concentration of 10%. SDS was removed from the gels by washing three times in dH.O.
Proteins were stained using a modified coomassie brilliant blue staining solution ON (299). 2D-
gels were digitalised using a Hewlett Packard scanner directed by LabScan software
(Amersham). Protein spots were detected and analysed using ImageMaster 2D Platinum 6.0

software (GE Healthcare)
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B.2.9 Protein sequencing by mass spectrometry

B.2.9.1 In gel digestion and sample preparation

Bands containing proteins to be identified were cut from the SDS polyacrylamide gels, cutted
into approximately 1 mm? pieces and transferred into a 0.5 mL reaction tube (Protein-Low-Bind
reaction tube, Eppendorf). To remove salts, which could interfere with peptide ionisation, gel
pieces were agitated four times in 100 uyL freshly prepared 25 mM ammonium hydrogen
carbonate buffer/50% acetonitrile each, first for 10 min and then three times for 30 min at RT.
Gel pieces were completely dehydrated by incubation in acetonitrile (100%) for 30 min and after
removal of the acetonitrile dried in a vacuum centrifuge (DNA110 SpeedVac®, Thermo
Scientific). Gel pieces were rehydrated in trypsin solution (0.1 pg/puL [Sigma] in 25 mM
ammonium carbonate buffer, pH 8), excessive trypsin solution removed and overlaid with
25 mM ammonium carbonate buffer. Proteins were in gel digested for 12-16 h at 37°C.

The supernatant of the in gel digestion was collected in a second reaction tube (ProteinLoBind
reaction tube, Eppendorf). Gel pieces were rocked in 2 vol. ddH,O for 5 min. After sonication for
5 min the supernatant was removed and combined with the supernatant extracted before.
Afterwards gel pieces were three times agitated in 1 vol. elution buffer (50% acetonitrile, 5%
formic acid) each for 30 min at RT and all supernatants pooled with the supernatants collected
before. In the final elution gel pieces were agitated with 1 vol. acetonitrile (100%) for 30 min and
the supernatant was also combined with the protein supernatant eluted before. Eluted proteins
were lyophilised in a vacuum centrifuge (DNA110 SpeedVac®, Thermo Scientific) and stored at

-20°C until mass spectrometry analyses.

B.2.9.2 Mass spectrometry

Eluted proteins were dissolved in 5 uL 4% methanol/1% formic acid, desalted and concentrated
by ZipTipcis reversed-phase purification (Millipore). The C18-resin of the ZipTipcis pipette tip
was wetted three times with 60% methanol/1% formic acid and equilibrated three times with 4%
methanol/1% formic acid. Proteins were loaded on the ZipTip resin by 10 x aspirating and
dispensing the sample. Proteins bound to the C18-resin were washed four times with a total
volume of 30 pL 4% methanol/1% formic acid and eluted in 5 yL 60% methanol/1% formic acid.
Mass spectrometry was performed by Dr. W. Bouschen and Dr. N. Wiethélter using an ESI-
Quadrupole-TOF (QSTAR XL; Applied Biosystems) at the Analytical Core Facility of the
Biological-Medical Research Centre (BMFZ, HHUD).
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B.2.10 Microfluidics analyses using Lab-on-a-chip assays

B.2.10.1 Protein analyses

Prior to preparative separation proteins isolated by RNA affinity chromatography (see B.2.8)
were analysed by capillary gel electrophoresis using the Protein 230 Chip Assay (Agilent). The
capillaries of the analysis chips were loaded with gel matrix and the protein ladder as described
by the manufacturer. For each protein sample 4 uL were denatured at 95°C for 5 min using 2 pL
of DTT-containing sample buffer. Denatured proteins were diluted in ddH,O to a final volume of
90 uL. Triplicates of 6 uL each were analysed for each protein sample on the Bioanalyzer 2100
system (Agilent). Data acquisition and analyses was performed using Bioanalyzer 2100 Expert
Software (ver. B.02.05.S1360) applying standard running conditions provided for the Protein 230

chip assay.

B.2.10.2 RNA analyses

Routinely, the quality of RNA samples used for RT-PCR analyses was analysed by native
capillary gel electrophoresis using the RNA 6000 Nano Chip Assay (Agilent). Prior to chip
loading 3 yL of each column-purified RNA sample were denatured at 70°C for 2 min and
immediately cooled down on ice to avoid secondary structure formation. 1 yL of each RNA
sample was loaded on the chip prepared according to the manufacturer’'s protocol and
separated using the Bioanalyzer 2100 system (Agilent). Data acquisition was performed using
Bioanalyzer 2100 Expert Software (ver. B.02.05.S1360) applying standard running conditions
provided for the RNA 6000 Nano chip assay. An algorithm implemented into the Bioanalyzer
Software classifies each sample based on the complete electrophoretic trace data by
calculating an RNA integrity number (RIN) ranging from 1 to 10, with 1 representing the most
degraded and 10 representing the most intact RNA. Samples yielding RIN-values of at least 8.5
were considered as high-quality RNA and used for RT-PCR analyses.
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C. Results

Efficient replication of HIV-1 depends on temporally changes in the expression of
distinct viral protein subsets during the early and late phase of viral gene expression.
Since the viral genome is transcribed as a single pre-mRNA, all viral proteins are
encoded by the same pre-mRNA with partly overlapping open reading frames (ORFs).
The chronological expression of distinct protein subsets originates from changes in the

splicing pattern of this viral pre-mRNA.

During early gene expression extensive splicing of the viral pre-mRNA generates
several transcript isoforms encoding the regulatory proteins Rev and Nef by including
one of the alternative exons 4c, 4a, 4b or 5 into the mRNA. These exons differ in the
3’ ss used for their generation but share usage of the downstream located 5’ ss D4.
Activation of the splice sites flanking these exons, however, requires splicing enhancer
elements within its shortest isoform, i.e. exon 5 (295, 296). Research from our group
analysing the splice site-dependent Rev-mediated HIV-1 glycoprotein expression from a
subgenomic 1-intron-env-expression construct identified the GAR splicing enhancer
(gquanosine-adenosine-rich exonic splicing enhancer; GAR ESE) in exon 5 supporting
U1 snRNA binding at the downstream 5’ ss D4 (295). A follow-up study including results
of this thesis revealed that the GAR ESE also activates an upstream located
heterologous 3’ss in invitro splicing assays (91). The first part of this thesis
characterises the effect of the GAR enhancer on the inclusion of the internal HIV-1
exons in the presence of their authentic upstream 3’ ss as well as their downstream
5’ ss. Inclusion of the internal exons was investigated in vivo in a transient cell culture
transfection system. To dissect the mechanism of the splicing enhancer function in vitro

RNA-protein binding studies were employed.

During late viral gene expression the mRNA pool is shifted towards isoforms with
increasing intron content due to progressive changes in the splicing pattern of the
primary transcript. Finally, disuse of all viral pre-mRNA splice sites results in the
expression of unspliced RNA, which serves both, as template for translation of structural
proteins and enzymes and also as viral genome, which is encapsidated into budding
virus particles. Since inactivating internal 3‘ss is not sufficient for the expression of
unspliced RNA — as revealed in the first part of this thesis — the hypothesis was derived

that splicing of introns upstream of exon 5 might be regulated by the efficiency of 5’ ss
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D1. Therefore, in the second part of this thesis it was investigated whether splicing at

D1 is also effected by regulatory elements surrounding D1.

This thesis has in part been published in peer reviewed journals (Freund et al. 2003;

Caputi et al. 2004, Asang et al. 2008) and presented at symposia (s. G.3 Publications).
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C.1 Splice site activation of the alternative exons 4c, 4a, 4b, and 5 during

early and intermediate HIV-1 gene expression

Previous research in our group identified a purine-rich exonic splicing enhancer
(Guanosine-Adenosine-rich exonic splicing enhancer, GAR ESE) in the 5’ region of
HIV-1 exon 5 (295). Because at that time splice site activation by the enhancer had
been tested only in the presence of either a single 3’ ss or 5’ ss (91), the first part of this
thesis examined whether the GAR ESE could simultaneously activate both, the 3’ ss

and 5’ ss flanking the GAR containing exons.

In order to analyse the impact of the GAR enhancer on splicing of the central
alternatively used exons 4c, 4a, 4b and 5 of the HIV-1 pre-mRNA in a transient
transfection model in vivo, a subgenomic minigene was constructed that contains the
GAR ESE encoding exon 5 as internal exon and also the upstream located 3’ ss A4c,
Ada and A4b (SV leader SD1 SAS env nef, Fig. llI-1A).

To allow simultaneous detection of all differentially spliced mRNA isoforms in a
multiplex RT-PCR assay, the 5’ region of the proviral genome of the viral isolate NL4-3
was shortened by deletion of the 5’-half of the genome encoding the structural proteins
and enzymes (Fig. llI-1A). Thereby, 5 ss D2 and D3 as well as 3’ ss A1, A2, and A3
were removed, so that the minigene with the resulting splice sites constitutes an HIV-1
3-exon-2-intron splicing reporter. To rule out any side-effects on transcription and

splicing of the reporter construct due to the autoregulatory functions of the viral proteins

Fig. lll-1: Generation of a 3-exon-2-intron minigene construct to investigate alternative splicing

regulation of the HIV-1 pre-mRNA.

(A) The alternative splicing reporter minigene SV leader SD1 SA5 env nef was generated by deletion of
gag-/pol-, vif- and vpr-encoding sequences in the 5’ region of the proviral genome of the laboratory strain
NL4-3 (upper panel). The deletion simultaneously eliminates a number of splice sites (middle panel)
thereby generating the 3-exon-2-intron architecture in the minigene (lower panel). The HIV-1 LTR
promoter in the alternative splicing reporter minigene SV leader SD1 SA5 env nef was replaced by the
Tat-independent SV40 early promoter (SV40). The previously identified GAR enhancer is situated in the
centrally located exon 5 of the alternative splicing reporter construct. Positions of primers used for RT-
PCR are indicated by arrows. The enlargement of the internal exon 5 illustrates the position of the GAR
ESE in the 5-half of the exon preceded by the four alternatively used 3’ ss 4c, 4a, 4b and 5 [LTR: Long
Terminal Repeat, SV40: Simian Virus 40, GAR: guanosine-adenosine-rich enhancer, RRE: Rev-

responsive element].
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Fig. lll-1: continued.

(B) RT-PCR analysis of HeLa-T4" cells transfected with
the 2-intron minigene containing either the HIV-1 LTR or
the SV40 early promoter. 2 x 10° cells were transiently
transfected with 1 ug SV leader SD1 SA5 env nef (SV,
lane 1) or 1 uyg LTR SD1 SA5 env nef (LTR, lanes 2-4).
Cells the
cotransfected with 10 ng or 1000 ng SVctat expressing
HIV-1 Tat (lanes 3 and 4). All cells were additionally
cotransfected with 1 yg pXGH5 expressing the hGH-
mRNA to
Transfected DNA amounts were equalised using pSP73.
Total RNA was isolated 30 h post transfection. mRNA

was reverse transcribed using oligo(dT) as primer. PCR

transfected  with LTR-minigene were

monitor equal transfection efficiency.

was performed in the linear amplification range using
primers #1542-#1544 for amplification of alternatively
spliced reporter RNA and primers #1224 and #1225 for
amplification of hGH-mRNA. PCR products were
resolved on 6% polyacrylamide gels and stained with
The
alternatively spliced mRNA isoforms is depicted on the
right [ASR: alternatively spliced reporter RNA, hGH:

human Growth Hormone, us: unspliced].

ethidium bromide. exon/intron  structure of
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Tat and Rev, which are encoded within the 3’ region of the viral genome and thus within
this splicing reporter, their translational start codons were inactivated by point
mutations. Efficient transcription by the HIV-1 promoter, however, requires trans-
activation by Tat. Since it was intended to develop a reporter construct, whose
expression is independent of cotransfected expression plasmids, it was evaluated
whether the HIV-1 LTR promoter could be substituted with a Tat-independent promoter
without changing the minigene splicing pattern. Therefore, two minigene constructs
were generated, which are controlled either by the Tat-dependent HIV-1 LTR promoter
or by the Tat-independent promoter of the early transcriptional unit of Simian Virus 40
(SV40 early promoter). In addition, the polyadenylation signal in the non-coding region
of the 3-LTR was substituted with the early polyadenylation signal originating from
SV40. The minigene construct and mutants thereof were used for transient transfections

of eukaryotic cells under non-replicative conditions.

Since it has been described that promoter strength can affect splice site selection
[(292), reviewed in (322)], the splicing pattern of the minigene construct under control of
the SV40 promoter was compared to that of the minigene construct driven by the LTR
promoter. As expected, in the absence of Tat only marginal expression of LTR-driven
minigene transcripts was observed (Fig. lll-1B, lane 2). Cotransfection with 10 ng Tat
expression vector, however, induced expression of the LTR-controlled minigene
construct (Fig. lll-1B, lane 3). Besides a low amount of unspliced RNA (us) transcript
isoforms with only the proximal intron spliced (4.7) and the proximal and distal intron
spliced (1.4a.7/1.5.7) were observed. For inclusion of the internal exons 3’ ss 4a and 5
were used. RNA expression from the minigene construct could further be increased by
raising the amount of Tat expression vector to 1000 ng (Fig. 1lI-1B, cf. lane 3 and 4).
The splicing pattern of the minigene under transcriptional control of the SV40 promoter
was identical to that of the LTR-controlled minigene in the presence of 10 ng Tat
expression vector (Fig. llI-1B, lane 1). Therefore, the minigene construct under control
of the SV40 promoter constitutes a reliable reporter to analyse processing events of

HIV-1 primary transcripts.

It was reported that from 3’ ss Adc, Ada, Adb and A5, clustered upstream of the exonic
GAR ESE, A5 is most frequently used for generation of viral mRNAs (232, 481, 495). To
examine, if the reporter construct resembles the unbalanced ratio of 3’ ss activation of
full-length HIV-1 pre-mRNA during infection, the splicing pattern of the transfected
minigene construct was compared to that of NL4-3 infected PM1 cells by RT-PCR.
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Since additional splice sites in the 5’ region of the viral genome, lacking in the minigene
construct, caused a more complex splicing pattern of the pre-mRNA than in the
minigene construct, RT-PCR products were labelled with the fluorochrome Cy5,
resolved under denaturating conditions and detected by automated laser fluorescence
(ALF). Analysing the splicing pattern of viral mRNA isoforms in infected PM1 cells
confirmed that activation of A5 is preferred for inclusion of the internal exons into

mMRNA, whereas A4a is less frequently used (Fig. llI-2A).
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Fig. lll-2: The 3-exon-2-intron minigene includes the internal exons 4a and 5 in transient

transfection experiments like viral pre-mRNA during infection.

RT-PCR analysis of PM1 cells infected with the viral isolate NL4-3 (A) compared to the mRNA
expression pattern of HelLa-T4" cells transiently transfected with the 2-intron minigene construct
SV leader SD1 SA5 env nef (B). Cy5-labeled RT-PCR products were separated on denaturating urea-
polyacrylamide gels and detected by Automated Laser Fluorescence (ALF). RT-PCR products are shown
as processed fluorescence curve data of the electrophoretic separation. Exon junctions of spliced
mRNAs are indicated by numbering above the respective lanes. The asterisk marks a low amount RNA
signal, which was identified as unspecific signal by sequencing. The ratio of exon 5 to 4a inclusion in

mRNAs with single internal exon recognition is indicated above the respective peaks.
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Usage of 3’ ss A4c and A4b was not observed under these experimental settings. In
addition to RNA isoforms containing only one internal exon, RNA isoforms additionally
including either the non-coding leader exon 2 or 3 as second exon were observed.
Since both exons had been deleted in the minigene construct, these RNA isoforms were
absent in the splicing pattern of cells transfected with the minigene (Fig. 11I-2B). Due to
the position of the RT-PCR primers unspliced RNA in virus infected cells generates a
considerably longer RT-PCR product than unspliced minigene RNA. As a result of its
length it is discriminated in the RT-PCR amplification and therefore not displayed in this
experimental setting. Nevertheless, it was ascertained, that the preferred usage of 3' ss
A5 for inclusion of the internal exons compared to usage of Ad4a matched between
transcripts expressed from the minigene or the viral genome. Thus, the minigene
reflects viral splice site usage and depicts a model for splice site regulation of the

internal exons 4c, 4a, 4b and 5.

C.1.1 Characterisation of the GAR ESE within exon 5

C.1.1.1 The GAR enhancer is essential for inclusion of exon 5 into early mRNA

isoforms.

In the GAR ESE sequence two binding sites for the SR proteins SF2/ASF and one for
SRp40 and SRp55, respectively, were predicted using an algorithm based on
experimental SELEX data (ESEfinder, ver. 2.0; [http://rulai.cshl.edu/tools/ESE2/ (97)])
(Fig. 1I-3A and B). Purified SF2/ASF2 as well as SRp40 were able to rescue in vitro

splicing of a GAR ESE-dependent heterologous dsx-substrate in splicing-deficient HeLa

S100 extract, whereas the enhancer did not respond to SRp55 (91). To investigate,
which function the GAR ESE exerts in the recognition of the internal exon of the 3-exon-

2-intron minigene, a combination of point mutations was inserted into the GAR ESE of

Fig. lll-3: The GAR ESE is essential for inclusion of the central exon 5 into the mRNA expressed

from the 3-exon-2-intron minigene construct.

(A) Scheme of the alternative splicing reporter SV leader SD1 SA5 env nef. The internal exon 5 is
enlarged to illustrate the location of the predicted binding sites for the SR proteins SF2/ASF and SRp40.
A cluster of four 3’ ss precedes the internal exon allowing the alternative generation of upstream

extended exon isoforms 4c, 4a, and 4b. Positions of primers used in RT-PCR are indicated by arrows.

110



Results

SV leader SD1
SAS5 env nef

298

1.4a.7

220
201

1.5.7

154
134

1.7

As R 24L1 (#1542-#1544)

22
20
154
134

|

vvvvvvvvvvvvvvvvvv

24L1 (#1224+#1225)

mut
1 2 3 4

Fig. llI-3: continued.
(B) The ESEfinder algorithm predicts two SF2/ASF, an SRp40, and an SRp55 binding site in the 5’-half

of exon 5 (GAR ESE, upper panel). Since SRp55 could not rescue splicing in an in vitro splicing assay,
only binding sites for SF2/ASF and SRp40 were analysed regarding their influence on splicing of the
alternative splicing reporter. Inactivation of the SR proteins binding sites generates the ESE- mutant

(mut, lower panel).

(C) RT-PCR assay of total RNA isolated from HelLa-T4" cells transiently transfected with 1 ug of the
parental reporter construct SV leader SD1 SAS env nef (GAR; lanes 1-2) or the mutant SV leader SD1
SA5 SF2(1)- SF2(2-) SRp40- env nef (mut; lanes 3-4). Cells were cotransfected with 1 ug pXGHS5 to
control equal transfection efficiency (hGH) and RNA isolated 30 h post transfection. DNase I-treated RNA
was subjected to 2-step RT-PCR using two antisense primers to allow amplification of cDNA from
unspliced and spliced RNAs in a multiplex PCR assay. The exponential phase of amplification was
determined in a pioneer experiment. The exon/intron structure of alternative mRNA isoforms is indicated
at the right. Asterisks mark heteroduplex PCR products as revealed by DNA sequencing [ASR:
alternatively spliced reporter RNA; hGH: human Growth Hormone, RT: reverse transcription, us:

unspliced].
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the reporter construct predicted to specifically inactivate the putative binding sites for
SF2/ASF and SRp40. HelLa-T4" cells were transiently transfected with the respective
minigene constructs and the splicing pattern was analysed by multiplex RT-PCR of total
RNA.

Inactivation of the predicted binding sites for SF2/ASF and SRp40 strongly reduced the
recognition of the internal exon 5 (1.5.7) (Fig. llI-3C, lane 4). In addition, an mRNA
isoform was observed, in which the internal exon was skipped (1.7). Concomitantly with
the changes in exon recognition expression of completely unspliced RNA (us) and RNA

spliced only at the distal intron (4.7) increased.

Since mutating the GAR ESE decreases the activity of the flanking splice sites thereby
increasing the expression of alternatively spliced mRNAs as well as unspliced mRNA,

the enhancer is essential for efficient recognition of the centrally located exon 5.

To confirm that SF2/ASF binding to the GAR ESE was indeed reduced due to the
mutation introduced into the minigene construct, binding of SF2/ASF to the NL4-3 GAR
ESE and mutant enhancer sequences was analysed. /n vitro transcribed RNA was used
to capture GAR ESE bound SF2/ASF, which was subsequently detected by
immunoblotting. SF2/ASF bound strongly to the GAR ESE RNA sequence, whereas it
bound in a considerably lower amount to a control sequence derived from the viral
genome (HIV#18) (Fig. lll-4B, cf. lane 1 and 2), which has previously been shown to be
unable to activate the downstream located 5 ss D4 (91). Mutation of the GAR ESE’s
SRp40 binding site reduced SF2/ASF binding only slightly, whereas mutation of both
SF2/ASF binding sites strongly decreased SF2/ASF binding. Nevertheless, only
combining SF2/ASF and SRp40 binding site mutations reduced SF2/ASF binding to the
level of the control sequence. The presence of U1-70K, a protein component of the
U1 snRNP, was only detected using the GAR ESE sequence and was unaffected by
mutation of the SRp40 binding site, whereas it was nearly abrogated by mutation of the
two SF2/ASF or all three analysed SR protein binding sites (Fig. IlI-4B, middle panel, cf.
lanes 1 and 3 with lanes 4 and 5). Both RNA sequences that efficiently bound U1-70K
showed the strongest SF2/ASF binding suggesting a threshold level of SF2/ASF to be
necessary for U1 snRNP binding to the 5’ ss.

Although binding of SF2/ASF to the GAR ESE was reduced after mutations of the

enhancer sequence, the relative amounts of SF2/ASF binding in vitro did not exactly
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Fig. lll-4: Mutations of the GAR
ESE reduce binding of SF2/ASF
and U1-70K.
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correspond with the predictions derived from the ESEfinder algorithm. Therefore, the
GAR ESE sequence and mutations used to examine SF2/ASF binding were reanalysed
regarding their predicted SR protein binding sites by using a more recent version of the
ESEfinder algorithm containing an additional score matrix (IgM-BRCA1) for the
prediction of SF2/ASF binding sites [ESEfinder, ver. 3.0 (http://rulai.cshl.edu/cgi-
bin/tools/ESE3/esefinder.cqi?process=home) (97, 566)]. Analysis of the GAR ESE with
the improved ESEfinder algorithm predicted an additional SF2/ASF binding site
overlapping the proximal SF2/ASF binding site [SF2(1)] (Fig. llI-4C). Assuming that

overlapping binding sites can not be occupied at the same time, but increase the

probability of SR protein binding at the respective sequence, experimentally assessed
SF2/ASF binding to the GAR ESE and mutations thereof revealed a higher correlation

to the predictions derived from the updated version of the ESEfinder.

C.1.1.2 Individual SR protein binding sites of the GAR ESE synergistically

increase recognition of the alternative exons 4a and 5.

Although purified SF2/ASF2 as well as SRp40 rescued splicing of a GAR ESE-
dependent heterologous 3’ ss in splicing-deficient HeLa S100 extract in vitro, mutation
of the putative SRp40 binding site in previous in vitro as well as in vivo experiments
reduced the activation of 5’ ss D4 only slightly (91). However, mutating both SF2/ASF
binding sites strongly reduced activation of D4 as well as the heterologous 3’ ss.
Therefore, the contribution of the individual binding sites for the SR proteins SF2/ASF
and SRp40 to the enhancer function in the 2-intron minigene was further examined by
single and combinatorial mutations of the SR protein binding sites. The point mutations
that were used in previous experiments to inactivate the SRp40 binding site in
combination with mutations of both SF2/ASF binding sites of the GAR ESE could not be
used for the single inactivation of the SRp40 binding site, since this mutation also
inactivated both neighbouring predicted SF2/ASF binding sites. Therefore, another
mutation specifically inactivating the SRp40 binding site was analysed. None of the
mutations in the SR protein binding sites of the GAR ESE in the 2-intron minigene
construct were predicted to generate additional SR protein binding sites according to
the ESEfinder algorithm initially (ver. 2.0) used. The splicing pattern of the minigene
constructs was again analysed after transient transfection of HeLa-T4" cells by multiplex
RT-PCR (Fig. llI-5).
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Fig. llI-5: Binding sites of the GAR ESE for the SR proteins SF2/ASF and SRp40 synergistically

activate exon recognition.

(A) Schematic representation of GAR ESE mutations introduced into the HIV-1 2-intron minigene.
Positions of RT-PCR primers are indicated by arrows. The enlargement illustrates the organisation of the
alternative 3’ ss cluster upstream of exon 5 and the mutations introduced in the GAR enhancer [RRE:

Rev-responsive element, SV40: SV40 early promoter, p(A): SV40 polyadenylation signal].
(B) Summary of SR protein binding site mutations in the GAR ESE used in this assay.
(C) RT-PCR analysis of the parental minigene and GAR ESE mutants. HeLa-T4" cells were transiently

transfected with the construct SV leader SD1 SA5 env nef or mutant derivatives [numbering according to
(B)] and pXGH5. Total RNA was subjected to RT-PCR with the primers indicated in (A) (ASR) or with
primers specific for hGH-mRNA as control for transfection efficiency (hGH). Asterisks mark heteroduplex
PCR products as revealed by sequencing emerging due to non-denaturating separation conditions [ASR:

alternatively spliced reporter RNA, hGH: human Growth Hormone, us: unspliced].

(D) Quantification of internal exon recognition after SR protein binding site mutations. PCR products were
Cy5-labelled, separated on denaturating gels and detected by ALF. Exon recognition was quantified as
percentage of doubly spliced mRNA using either Ada or A5 relative to total mRNA (sum of spliced and
unspliced mRNA isoforms) in each sample. Error bars indicate standard deviation from the mean of three

independent experiments.

(E) Quantification of 3’ ss usage in doubly spliced mRNA. Raw data resulting from the experiments

shown in (D) were analysed regarding 3’ ss selectivity depicted as ratio of 1.5.7- to 1.4a.7-mRNA.
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Simultaneous mutation of all three predicted SR protein binding sites completely
abrogated internal exon 4a and 5 recognition (Fig. llI-5C, cf. lanes 2 and E). This result
demonstrated, that the function of the GAR ESE extends beyond the sole backup of
exon 5 recognition and thereby is likewise important for the inclusion of the internal
exon 4a. The strongest effect after mutation of a single SR protein binding site was
exerted by loss of the proximal SF2/ASF binding site [SF2(1)], reducing exon inclusion
from 88% to 49% and concomitantly causing exon skipping (Fig. IlI-5C and D, lane 8).
Mutating either the distal SF2/ASF [SF2(2)] or the SRp40 binding site only led to a slight
decrease in exon recognition of about 10% (Fig. llI-5C and D, lane 6 and 7).
Combinatorial mutations of two of the SR proteins, however, dramatically reduced exon
recognition to inclusion rates below 14% independent of which site had been mutated
(Fig. 1I-5C and D, lanes 3-5). Together these results show that each of the GAR ESE
SR protein binding sites analysed here contributes to exon recognition with the proximal
SF2/ASF binding site having the highest impact on exon recognition. Furthermore, it
can be concluded that any two of the SR protein binding sites synergistically mediate
exon recognition (Fig. IlI-5C and D, cf. 3-5 with 6-8), whereas the presence of the third

leads to an only additive effect on exon recognition (Fig. IlI-5C and D, cf. 6-8 with 1).

C.1.1.3 The proximal SF2/ASF binding site specifically contributes to A5 usage.

Analysing the ratio of exon 5 to exon 4a inclusion, a dominant influence of the GAR
ESE’s proximal SF2/ASF binding site [SF(1)] on the efficiency of exon 5 recognition was
observed. Irrespective of the overall exon inclusion efficiency, mutation of SF2(1) led to
a decrease in exon 5 and a concomitant increase in exon 4a recognition (Fig. I1I-5C and
E, cf. lane 1 and 8). In contrast, mutation of the distal SF2/ASF or SRp40 binding site
not only maintained the dominant usage of A5 but even slightly increased A5 over Ada
usage suggesting that the distal SR protein binding sites might preferentially activate
Ada (Fig. llI-5C and E, cf. lane 1, 6 and 7). However, combining the mutations of the
proximal SF2/ASF with one distal SR protein binding site augmented the preferential
activation of A5 rather than causing an intermediate ratio of 3’ ss activation (Fig. 11I-5C
and E, cf. lane 4, 5 and 8). This indicates that besides its general enhancing role in
internal exon recognition only the proximal SF2/ASF binding site confers selective
activation of 3’ ss A5. From these results it is concluded that the HIV-1 exon 5 GAR

ESE fulfils a dual role in the regulation of alternative splicing by (i) ensuring exon
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recognition of the alternative exons 5 and 4a and by (ii) determining the ratio of internal

exon recognition in favour of exon 5.

C.1.1.4 All SR protein binding sites of the GAR ESE are required to efficiently

activate A5 for the generation of intron-containing vpu/env-mRNAs.

While the early phase of HIV-1 gene expression is marked by complete intron removal
from the viral pre-mRNA, in the intermediate phase splicing at 5’ ss D4 is constrained by
the interaction of the viral regulatory protein Rev with the RRE. This regulation results in
the group of 4 kb mRNA isoforms differentially spliced in their 5’ region but unspliced at
the distal intron between 5 ss D4 and 3’ ss A7. For these intron-containing mRNA
isoforms an even more frequent usage of A5 compared to 4a was observed than in
completely spliced 2 kb mRNAs (481). To investigate whether the GAR ESE also
influences the ratio of internal 3’ ss activation in the 4 kb mRNA class the splicing
pattern of minigene constructs harbouring various mutations of the GAR ESE was

analysed in the presence of Rev (Fig. IlI-6). Simultaneous mutation of all three SR

vpu/env-mRNA
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Fig. llI-6: All three SR protein binding sites of the GAR ESE are required to activate the 3’ ss

cluster for generation of intron-containing vpu/env-mRNA.

RT-PCR analysis of total RNA from Hela-T4" cells transiently transfected with the parental 2-intron
minigene or derivatives thereof carrying mutations of single SR protein binding sites (cf. Fig. 5A). Cells
were cotransfected with SVcrev expressing the viral regulatory protein Rev and pXGHS5. Cy5-labeled
PCR products were separated and analysed by ALF as described in Fig. lll-2. PCR products are shown
as processed fluorescence curve data. The distinct isoforms of alternatively spliced mRNA are indicated

at the top. The asterisk marks an unspecific signal identified by sequencing [us: unspliced].
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protein binding sites of the GAR enhancer abolished expression of vpu/env-mRNA (data
not shown). Since individual SR protein binding sites of the GAR ESE were found to
contribute differentially to its enhancer function in completely spliced mRNA, this
dependency was also examined in vpu/env-mRNAs with constructs carrying mutations
in either one of the SR protein binding sites. Mutation of the SF2(2) or the SRp40
binding site reduced vpu/env-mRNA expression about two-fold [Fig. I1l-6, SRp40- and
SF2(2)-], whereas mutating SF2(1) was already sufficient to eliminate its expression
[Fig. llI-6, SF2(1)-]. In contrast, the amount of unspliced mRNA remained unchanged for
mutation of the SRp40 binding site and even increased after mutation of any SF2/ASF
binding site like it had been observed after mutation of the GAR ESE in the absence of
Rev (cf. C.1.1.1).

These results indicate that the individual SR protein binding sites of the GAR ESE
maintain their relative impact on 3’ ss activation also for processing of intron-containing
vpu/env-mRNA. Moreover, GAR ESE dependency may be stronger than in completely
spliced mRNA, since any single SR protein binding site mutation clearly reduced

vpu/env-mRNA expression.

C.1.1.5 A predicted third SF2/ASF binding site covering the intron/exon 5 border

ensures preferential activation of AS5.

Extending the bioinformatical analyses of SR protein binding sites [ESEfinder, ver. 3.0
(http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home) (97, 566)] into the
intron upstream of exon 5 predicted a third SF2/ASF binding site overlapping 3’ ss A5

[SF2(3)] (Fig. llI-7A). To investigate whether this putative site additionally contributes to
3’ ss selection, SF2(3) was mutated at position +2 of exon 5 (A to C). Within the context
of the wild-type GAR ESE this mutation abrogated the preferential selection of A5 as
evidenced by an equal activation of A5 and A4a (Fig. llI-7B and C, lane 2). Although this
mutation was introduced at position +2 of the exon, which does not constitute a known
functional element of the 3’ ss, changes in that position are suggested to effect the

intrinsic strength of the 3’ ss A5 (MaxEntScore [http://genes.mit.edu/burgelab/maxent/

Xmaxentscan_scoreseq_acc.html (669)]). To rule out that the decreased A5 usage is

due to the slightly reduced intrinsic strength of this 3' ss (MaxEntScore decreases from
2.65 to 2.30), the influence of SF2(3) on the splicing pattern was analysed in presence
of the GAR ESE mutation (ESE-). To this end, the originally tested triple GAR ESE
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Fig. lll-7: An additional SF2/ASF binding site covering the intron/exon 5 border specifically
activates A5.

(A) An additional SF2/ASF binding site is predicted upstream of the GAR ESE by the ESEfinder
algorithm (ver. 3.0) (97, 566).

(B) RT-PCR analysis of total RNA isolated from HelLa-T4" cells transfected with the parental 2-intron
minigene or derivatives carrying SR protein binding site mutations. 2 x 10° cells were transiently
transfected with 1 ug SV leader SD1 SAS env nef (lane 1), SV leader SD1 SF2- SA5 env nef (lane 2), SV
leader SD1 SA5 SF2(1)- SF2(2)- SRp40- env nef (lane 3) or SV leader SD1 SF2- SA5 ESE- env nef
(lane 4) and 1 ug pXGH5 to monitor transfection efficiency. RNA isolation and RT-PCR was performed as
described in Fig. lll-1B. The exon/intron structure of alternatively spliced RNA isoforms is depicted at the
right [ASR: alternatively spliced reporter RNA, hGH: human Growth Hormone, us: unspliced].

(C) Quantification of 3’ ss usage in doubly spliced mMRNA. 3’ ss selectivity is shown as ratio of doubly
spliced 1.5.7- to 1.4a.7-mRNA. Error bars indicate standard deviation from the mean of three
independent experiments [n.d.: not detected].

(D) Quantification of exon inclusion. Raw data resulting from the transfection experiments shown in (C)

were analysed regarding the amount of doubly spliced mRNA relative to total reporter mMRNA isoforms in

each sample. Error bars represent standard deviation.
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mutation was used that still facilitated residual exon recognition and led to an increased
ratio of Ad4a to A5 usage (Fig. llI-3, and Fig. lll-7B, lane 3) allowing the detection of
increasing as well as decreasing amounts of exon inclusion. If the reduced exon 5
inclusion was caused by the decreased intrinsic strength of A5, the additional mutation
of SF2(3) had been expected to lead to an increased 3’ ss 4a use. However, mutating
SF2(3) in this context completely abolished exon recognition (Fig. I1I-7B and D, lane 4)
indicating that SF2(3) is also part of the GAR ESE complex regulating splicing at the
3’ ss cluster preceding exon 5 and fulfils a non-redundant function to the proximal
SF2/ASF binding site of the GAR ESE.

C.1.1.6 The GAR ESE is essential for activation of each of the competing 3’ ss

clustering upstream of exon 5.

So far efficient activation of 3’ ss A4dc and Ad4b could not be detected in the 2-intron
minigene, although their usage had already been described by others (232, 481, 493).
Since it had been reported that inactivation of individual 3’ ss of the cluster can lead to
compensatory increases in the use of alternative 3’ ss (481, 493, 594), it was rather
unexpected that neither A4c nor A4b was activated in the minigene after reduced A4a
and A5 usage due to mutation of the GAR ESE. This raised the question whether 3’ ss
A4c and A4b are also activated by the GAR ESE. If this were the case mutating the
enhancer would inactivate these 3’ ss as well. Alternatively, 3’ ss A4c and A4b could be
too weak to be used under this experimental settings and might require a more specific
activation. To test whether in the minigene 3'ss Ad4c and A4b can be basically
activated, individual or combinatorial mutations of the AG-dinucleotides of 3’ ss A4a,
A4b, and A5 were introduced into the minigene (Fig. llI-8A). RT-PCR analysis of
transiently transfected HelLa-T4" cells revealed that inactivation of 3’ ss A5, which is
predominantly used in the wild-type construct, led to a compensatory increase in 3’ ss
Ada use (Fig. IlI-8B, lane 2). Interestingly, inactivating A4b, although not used in this
experimental setting, completely abolished activation of Ada, resulting in the exclusive
activation of A5 (Fig. IlI-8B, lane 3), which had already been described (493, 594). This
suggested the downstream region of 3’ ss A4a to be crucial for activation of this 3’ ss.
Mutation of A4a left the strong activation of A5 unchanged, but considerably activated
A4b (Fig. IlI-8B, lane 4). Efficient activation of 3’ ss A4c could only be initiated through

concomitant inactivation of at least 3’ ss A5 and A4b (Fig. IlI-8B, lane 5), whereas
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Mutationally induced changes of the intrinsic strength are denoted below the respective 3'ss. 2 x 10°
cells were transiently transfected with 1 uyg SV leader SD1 SA5 env nef (lane 1), SV leader SD1 SA5-
env nef (lane 2), SV leader SD1 SA4b- SA5 env nef (lane 3), SV leader SD1 SA4a- SA5 env nef (lane 4),
SV leader SD1 SA4b- SA5- env nef (lane 5), SV leader SD1 SA4a- SA5- env nef (lane 6) or SV leader
SD1 SAda- SA4b- SA5- env nef (lane 7) and 1 ug pXGH5 to control equal transfection efficiency. RNA
isolation and RT-PCR were performed as described in Fig. lll-1B. Predominantly used 3’ ss are
highlighted in grey. Asterisks mark heteroduplex PCR products identified by sequencing. Mutant
minigenes resulting in activation of mainly one 3’ ss (lanes highlighted in yellow) were chosen to be
analysed in combination with mutation of the GAR ESE (Fig. I1I-9) [ASR: alternatively spliced reporter
RNA, hGH: human Growth Hormone].
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exclusive use of 3’ ss A4c could only be achieved following additional mutation of 3’ ss
4a (Fig. llI-8B, lane 7). Sole activation of 3’ ss A4b could only be detected following
inactivation of 3’ ss A5 and A4a (Fig. 11l-8B, lane 6).

These results demonstrate that basically all 3’ ss of the cluster are fully functional in the
minigene construct, but obviously, strongly compete with each other. Therefore,
inactivation of the 3’ ss predominantly used in the wild-type construct did not lead to a
more equal activation of the non-mutated splice sites, but resulted in one predominantly

used alternative 3’ ss.

To determine if all 3’ ss of the cluster depend on the GAR ESE the splicing pattern of
the minigenes with prevalent activation of an individual 3’ ss was compared using two
different mutations of the GAR ESE. First, the effect of the triple mutation of the GAR
ESE on activation of the respective 3’ ss was analysed, which reduced but still allowed
residual exon recognition using A4a and A5 (cf. Fig. Ill-3C, lane 4). RT-PCR analysis of
transiently transfected HelLa-T4" cells showed that each respective 3’ ss of the cluster
responded to this mutation of the GAR ESE with reduced exon recognition and
concomitant exon skipping (Fig. llI-9A, lane 5-8). Nevertheless, the relative amount of
mMRNA isoforms including the respective internal exon decreased more pronounced for
the isoform using A4a, whereas those using A4b and A4c responded to an intermediate
degree. A5 showed the lowest reduction in exon recognition after mutation of the GAR
ESE suggesting that activation of A4a depends on the GAR ESE the most compared to
the other 3’ ss of the cluster (Fig. 11I-9C, cf. 7 with 5, 6, and 8).

To investigate whether all 3’ ss critically depend on the GAR ESE for their activation the
GAR ESE mutation, which completely abrogated exon recognition in the presence of all
3’ ss of the cluster (Fig. llI-5C, lane 2), was introduced into the mutant minigenes using
mainly one 3‘ss. Inactivation of the GAR ESE completely abolished exon recognition
mediated by each individual 3’ ss of the cluster and increased the amount of skipped
mRNA (Fig. IlI-9B, lanes 9-12).

These findings indicate, that all four 3’ ss strongly compete with each other and that all
critically depend on the GAR ESE for their activation albeit to a different degree. The
extent, however, appears not to correlate with the predicted intrinsic strength of the

3’ ss.
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(A) RT-PCR analysis of total RNA from HelLa-T4" cells transiently transfected with 2-intron minigenes

carrying mutations in the 3’ ss in combination with the GAR ESE (lanes 1-4) or mutated enhancer

sequences (lanes 5-12). Efficient internal exon inclusion is marked by dark grey highlighting, less efficient

exon inclusion by light grey highlighting. Exclusive exon skipping is denoted without colouring.

(B) Quantification of alternatively spliced mRNA isoforms. Internal exon inclusion (1.x.7) is denoted in

light grey, exon skipping (1.7) is represented in dark grey bars. The amount of the respective mRNA

isoform was calculated relative to the total mMRNA amount in each sample. Error bars represent standard

deviation derived from the mean of three independent experiments.
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C.1.2 The GAR ESE - a key player in a network of regulatory elements across
exon 5.

Activation of alternatively used splice sites is frequently regulated by interactions of
multiple elements [reviewed in (564)]. To elucidate if the GAR ESE is embedded in a
regulatory network it was analysed whether the intrinsic strength of the downstream

5’ ss and additional sequences in exon 5 contribute to internal exon recognition.

C.1.21 GAR ESE mediated 3’ss selectivity is augmented by an efficient

downstream 5’ ss

It has previously been shown that besides activating splicing at the upstream 3’ ss the
GAR ESE also recruits U1 snRNP to the downstream 5’ ss D4 (91). Since U1 snRNP
has been shown to assist exon recognition in general (260), the role of cross-exon
interactions between U1 snRNP bound at D4 and the 3’ ss cluster in the preferential
activation of A5 was studied. To this end, it was investigated, if increasing U1 snRNP
binding is able to shift back the mutationally induced preferential activation of A4da
towards the dominant A5 usage observed in the wild-type minigene construct.
Preferential activation of A4a was again achieved by introducing the triple SR protein
binding site mutation into the GAR ESE, which still facilitated residual exon recognition
(Fig. llI-3C, lane 4). Cotransfection of an expression plasmid coding for an U1 snRNA
with full complementarity to D4 solely increased recognition of the internal exon 4a but

failed to restore preferential 3’ ss A5 usage (Fig. IlI-10B, C, and D, cf. 2 and 4). This

Fig. llI-10: U1 snRNP binding at 5’ ss D4 augments exon recognition in general thereby promoting
GAR ESE-mediated 3’ ss selectivity.

(A) Complementarity of the parental 5’ ss D4 (left) and the 3U mutant (right) to the free 5’-end of the
endogenous U1 snRNA (grey) or recombinant U1 snRNAs optimised for higher complementarity (blue).
Cotransfection of the U1 snRNA expression plasmid pUCBU1 6A (6A) harbouring a compensatory
mutation reconstitutes the base pairing of the mutated 5’ ss 3U, whereas plasmids pUCBU1 9T10G11C
(9T 10G 11C) or pUCBU1 6Apm (6Apm) extend the base pairing to neighbouring. Hydrogen bonds are
represented by vertical bars. Exonic nucleotides of the 5’ ss are denoted in capital, intronic nucleotides in

lower case letters.

(B) RT-PCR analysis of total RNA isolated from HelLa-T4" cells transiently cotransfected with the 2-intron
minigenes SV leader SD1 SA5 env nef (lane 1, D4 GAR), SV leader SD1 SA5 SF2(1) SF2(2) SRp40
env nef (lane 2 and 4, D4 mut) or SV leader SD1 SA5 3U env nef (lane 3, 5 and 6, 3U GAR) (left),

U1 snRNA expression plasmids as indicated and pXGH5 to monitor transfection efficiency. A schematic
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Fig. llI-10: continued.

overview of the RT-PCR results (right) demonstrates that increasing U1 snRNA complementarity solely
augments GAR ESE-mediated 3’ ss selectivity. RNA isolation and RT-PCR were performed as described
in Fig. llI-1B. The exon/intron structure of the alternatively spliced mRNAs (ASR) is indicated at the right.

(C) Quantification of 3’ ss selectivity in doubly spliced mRNA. 3’ ss selectivity was calculated as ratio of
1.5.7- to 1.4a.7-mRNA. Error bars represent standard deviation from the mean of three independent

experiments.

(D) Quantification of exon inclusion. Raw data from the experiments in (C) were analysed regarding the
percentage of doubly spliced mRNA relative to total mMRNA isoforms per sample. Error bars indicate

standard deviation.
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indicates that increased RNA duplex formation between U1 snRNA and D4 only
advanced overall exon recognition, whereas preferential A5 selection was ensured by
the GAR ESE. As a control the effect of increasing U1 snRNP binding stability on the
ratio of A5 to A4a usage was also analysed in the presence of the wild-type GAR ESE.
Because exon recognition already predominates in the parental minigene construct
containing the GAR ESE and D4 and cannot be increased by providing higher
complementarity of the 5’ ss to the U1 snRNA [C. Konermann, diploma thesis (320)], D4
was first inactivated by introducing a point mutation at position +3 from A to U (Fig. lll-
10A, 3U). This mutation has been shown to lower the complementarity of D4 to
U1 snRNA thereby abrogating U1 snRNP binding, and can be rescued upon
cotransfection of a corresponding U1 snRNA expression plasmid carrying a
compensatory mutation (295, 373). Inactivating D4 (+3A>U) eliminated internal exon
recognition in the 2-intron minigene construct (Fig. I1I-10B and D, lane 3). As expected,
cotransfecting plasmids expressing compensatory (high or full 5’ ss complementarity)
U1 snRNAs rescued internal exon recognition (Fig. IlI-10B and D, 5 and 6). However,
as seen before with the mutated GAR ESE, increasing U1 snRNP binding solely
augmented activation of the 3’ ss selected by the SR protein binding sites of the GAR
ESE (Fig. lI-10B, cf. 1 with 5 and 6). This confirms that 3’ ss selection is exclusively
determined by the GAR enhancer, whereas U1 snRNP binding at the downstream 5’ ss

supports the overall level of 3’ ss selectivity through cross-exon interactions.

Although increased U1 snRNP binding did not account for 3’ ss selectivity, it generally
supported GAR ESE-mediated 3’ ss activation (Fig. IlI-10B and D, cf. 2 with 4 and 5
with 6). Substituting D4 with a weaker 5 ss of intermediate complementarity to
endogenous U1 snRNA showed no effect on 3’ss selection and general exon
recognition (Fig. llI-11B, lane 2). Surprisingly, introducing a low complementarity 5’ ss
activated the previously described cryptic 5 ss 13 nt downstream of D4 (438)
(Fig. 11A), leading to inclusion of an additional intronic sequence into exons 4a and 5
(Fig. l11-11B, lane 3). Introduction of this weak 5’ ss resulted in a moderate decrease in
3’ ss selectivity (Fig. llI-11C, 3). This demonstrates that the degree of GAR enhancer-
mediated 3’ ss selectivity depends on the stability of U1 snRNP binding at the

downstream 5’ ss.

Taken together these results show that specific 3’ ss selection is conferred by the GAR
ESE, rather than by U1 snRNP binding stability. Nevertheless, U1 snRNP binding at
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5 ss D4 augments activation of the 3’ss cluster and thereby enhances the 3’ ss

selecting mechanism presumably through cross-exon interactions.
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Fig. lll-11: Lowering the complementarity between U1 snRNA and 5 ss D4 decreases the 3’ ss
selection by the GAR ESE.

(A) Sequence comparison of 5’ ss D4 and mutants thereof including the downstream flanking sequence.
Mutated nucleotides are shown in red. Nucleotides complementary to the endogenous U1 snRNA are
highlighted in grey. Hydrogen bonds are indicated as vertical bars. The number of hydrogen bonds that
can be formed between each 5’ ss and the U1 snRNA is given in brackets. In all minigenes a cryptic 5’ ss

(438) is located downstream of D4 displaying discontinuous complementarity to U1 snRNA.

(B) Decreasing U1 snRNP binding stability reduces 3’ ss selectivity. HeLa-T4" cells were transfected with
the 2-intron minigene reporter carrying the wild-type 5 ss D4 (lane 1, SV leader SD1 SA5 env nef) or
mutant 5’ ss with reduced complementarity to the endogenous U1 snRNA (lane 2, SV leader SD1
SA5 cs-2'* env nef; lane 3, SV leader SD1 SA5 cs+1' env nef) as depicted in (A). The exon/intron
structure of the alternatively spliced mRNA isoforms is indicated at the right. Asterisks mark the inclusion
of 13 nt intronic sequence downstream of exon 5 due to activation of the cryptic 5’ ss downstream of D4
as confirmed by cDNA sequencing). RT-PCR analysis of hGH-mRNA controlled equal transfection
efficiency.

(C) Quantification of 3’ ss selectivity in doubly spliced mRNA calculated as ratio of 1.5.7- to 1.4a.7-

mRNA. Error bars represent standard deviation from the mean of three independent experiments.

(D) Quantification of exon inclusion. Raw data from the experiments in (C) were analysed regarding the
percentage of doubly spliced mRNA relative to total mMRNA isoforms per sample. Error bars indicate
standard deviation.
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C.1.2.2 Binding of U1 snRNP at D4 is necessary to activate the 3’ ss cluster in
Rev-dependent, intron-containing mRNAs

To examine the role of U1 snRNP binding at D4 on activation of the 3’ ss cluster in the
intermediate and late phase of viral gene expression 5’ ss D4 was compared with two
mutations in absence of its splicing function: 3U abolishing U1 snRNP binding and
GTV 15A restitution of U1 snRNP binding but suppressing splicing at D4 due to a
mutation of the canonical GT-dinucleotide (Fig. llI-12A). The 3U-mutation led to
complete loss of Rev-dependent vpu/env-mRNA, whereas the amount of unspliced
mRNA remained unchanged, demonstrating that none of the 3’ss in the cluster
upstream of exon 5 had been activated (Fig. IlI-12B, cf. 3U vs. D4). To confirm that lack
of detectability of the vpu/env-mRNA was caused by loss of U1 snRNP binding at D4,
U1 snRNP binding was reconstituted by substituting D4 with a splicing inactive
U1 snRNP binding site (GTV) (295). The GTV sequence possesses full
complementarity to the 5 end of the U1 snRNA except for position +1, which was
mutated from G to C to prevent splicing. After introducing the GTV sequence, again
splicing from the cryptic 5 ss 13 nt downstream of the inactivated 5’ ss (438) was
observed (data not shown). To exclude splicing of the downstream intron, this cryptic
5 ss was additionally inactivated (Fig. lll-12A, GTV 15A). Restitution of U1 snRNP
binding rescued the expression of vpu/env-mRNA to the same extent as observed for
D4 (Fig. II-12B, cf. GTV 15A vs. D4). From this experiment it was concluded that
U1 snRNP binding at D4 is needed for 3’ ss activation for generation of Rev-dependent

vpu/env-mRNAs in the intermediate and late phase of viral gene expression.

C.1.2.3 The 3’ region of exon 5 contains an additional splicing enhancer.

The finding that U1 snRNP bound to the downstream 5’ ss of exon 5 takes part in the
GAR ESE-mediated 3’ ss activation raised the question of whether the exonic sequence
located between the enhancer and D4, termed E42, might also be involved in the
formation of the cross-exon interactions. To investigate the impact of the E42 sequence
on exon recognition the splicing pattern of the 2-intron minigene construct was analysed
after either substituting the E42 sequence with an HIV-1 control sequence of identical
length, which did not support U1 snRNP binding at D4 (HIV#18) (91), or deleting E42
(AE42) (Fig. II-13A). RT-PCR analysis of transiently transfected HelLa-T4" cells

revealed that substituting the E42 sequence completely abolished internal exon
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Fig. llI-12: U1 snRNP binding at D4 is essential for activation of the 3’ ss cluster generating intron-

containing vpu/env-mRNAs.

(A) Complementarity of parental 5 ss D4 and mutants thereof to endogenous U1 snRNA included in the
U1 snRNP. Exonic nucleotides are depicted in capital letters; the exon/intron border is depicted by a
slash. Nucleotides complementary to U1 snRNA are highlighted in grey. Hydrogen bonds are illustrated
by vertical bars. Nucleotide substitutions in mutated 5’ ss are shown in red. The star marks the additional
mutation of the cryptic 5’ ss 13 nt downstream of D4 (438) (+15 T>A, numbering relative to position +1 in
D4).

(B) RT-PCR analysis of total RNA from HelLa-T4" cells transfected with the 2-intron reporter construct
carrying wild-type D4 (D4), a mutant unable to stably bind endogenous U1 snRNA (3U) or a splicing-
deficient U1 snRNP binding site with the additional mutation of the cryptic 5’ ss downstream (GTV 15A).
Cells were cotransfected with 1 pg SVcrev, an expression plasmid for the viral regulatory protein Reyv,
allowing the export of intron-containing reporter mRNA into the cytoplasm, and with 1 ug pXGH5. RT-
PCR was performed using Cy5-labelled sense primer #1544, separated on denaturating gels and
detected by Automated Laser Fluorescence (ALF) as described in Fig. 1ll-2. RT-PCR products are shown
as processed fluorescence curve data of the electrophoretic separation. The exon/intron structure of
alternatively spliced mRNA isoforms is depicted above the lanes. The asterisk marks an RT-PCR signal,

which was identified as unspecific signal by DNA sequencing.
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Fig. lll-13: The E42 sequence exerts an additional enhancer function ensuring recognition of the
internal exons 4a and 5.

(A) Composition of splicing regulatory elements in the central exon 5 of the 2-intron minigene reporter
and mutant constructs. The E42 fragment in 3’ region of exon 5 has either been substituted for a control
HIV-1 sequence (HIV#18) or deleted (AE42).

(B) RT-PCR analysis of total RNA isolated from HelLa-T4" cells transfected with the parental 2-intron
minigene or E42-mutants as illustrated in (A). 2 x 10° cells were transiently transfected with 1 ug SV
leader SD1 SAS env nef (E42, lane 1), SV leader SD1 SA5 HIV#18 SD4 env nef (HIV#18, lane 2) or SV
leader SD1 SA5 H- SD4 env nef (AE42) and 1 ug pXGH5 to control equal transfection efficiency. RNA
isolation and RT-PCR was performed as described in Fig. llI-1B. [ASR: alternatively spliced reporter
RNA, hGH: human Growth Hormone, us: unspliced].

(C) Quantification of D4 activation. The sum of doubly and singly spliced RNA using D4 (4.7 + 1.4a.7 +
1.5.7) was calculated relative to total mRNA per sample. Error bars indicate standard deviation from the
mean of three independent experiments [n.d.: not detected].

(D) Quantification of exon inclusion. Raw data originating from the experiments in (C) were analysed
regarding the percentage of doubly spliced mMRNA using A5, A4a or A4c relative to total mMRNA isoforms
per sample. Error bars represent standard deviation.
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recognition (MRNAs isoforms 1.4a.7 and 1.5.7) and, unexpectedly, also activation of D4
resulting in the loss of singly spliced RNA (4.7) (Fig. 11I-13B, C and D, cf. lanes 1 and 2).
Additionally, the lack of internal exon recognition — as previously observed (cf. 1.1.1) —
not only led to appearance of the 1.7 mRNA but also increased the amount of unspliced
RNA. This demonstrates that although E42 is insufficient to activate D4 by itself (91),
this sequence is essential to connect the activating effect of the GAR ESE to the 5’ ss.
On the other hand D4 was still activated in the absence of E42, while exon recognition
was nearly abolished resulting in the identification of mostly unspliced and singly spliced
RNA using either splice site pair D1/A7 (1.7) or D4/A7 (4.7) (Fig. IlI-13B, C and D,
lane 3). This shows that the GAR ESE in proximity to the 5’ ss exclusively restored the
enhancing function on D4, whereas internal exon recognition was only slightly
recovered by use of A4c, the most upstream 3’ ss of the cluster. Therefore, the GAR
ESE when positioned directly upstream of D4 enhances splicing at this 5’ ss but failed
to efficiently activate any of the 3’ ss simultaneously. Although inhibitory elements in the
substituted sequence or exon length constraints cannot be ruled out formally, it was
reasoned from these experiments that in addition to the GAR enhancer the E42
sequence is essential for establishing cross-exon interactions necessary for 5 ss

activation and efficient exon recognition in completely spliced mRNAs.
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C.1.3 The mechanism of GAR ESE enhancer function

To elucidate the molecular mechanism of GAR ESE-mediated 3’ ss cluster activation, it
was investigated whether the enhancer promotes 3’ ss selectivity and exon recognition
by stabilising spliceosomal proteins. To this end, the GAR ESE-dependent binding of
nuclear proteins to in vitro transcribed RNA consisting of the sequence upstream of

3’ ss A5 as well as the enhancer sequence located downstream was examined.

C.1.3.1 The GAR ESE stabilises binding of U2AF® at 3’ ss AS5.

In one of the earliest complexes committed to the splicing pathway, the ATP-
independent E complex, the 65kDa subunit of U2AF (U2AF®) recognises the
polypyrimidine tract (PPT) (677, 679), whereas the 35 kDa subunit (U2AF>®) binds to
the downstream located AG-dinucleotide (408, 656, 697). A number of splicing
enhancers have been shown to increase splicing efficiency by stabilising the U2AF
heterodimer or one of its subunits at the 3’ ss (223, 604, 638, 700). However, since
other studies had reported contradictory results (234, 297, 352), enhancers might be
classified by the mechanistic interactions they exert. To examine whether the GAR ESE
promotes 3’ ss activation by stabilising the U2AF heterodimer at 3’ ss A5, which was
predominantly used in the in vivo splicing assays (cf. Fig. IlI-2), binding of both subunits,
U2AF® and U2AF*, to 3’ ss A5 was compared in vitro in the presence of the GAR ESE
and mutations thereof using RNA affinity chromatography (Fig. lll-14A). For this
purpose, mutations were selected, which either eliminated exon inclusion (ESE-) or
severely diminished exon inclusion concomitantly shifting the ratio of 3’ ss selection

from A5 to Ada (2xSF2-) in the in vivo splicing assay (cf. Fig. lI-5).

Immunoblot analyses of U2AF binding to in vitro transcribed RNA containing the GAR
ESE flanked by the AG-dinucleotide of 3’ ss A5 and the preceding PPT up to but
excluding the most proximal BPS (594) revealed that binding of U2AF®° decreased after
inactivation of the GAR ESE (Fig. 11l-14B, cf. lane 4 with lane 5) and also after mutation
of two SF2/ASF binding sites of the GAR ESE (Fig. 1l1I-14B, lane 6). In addition, binding
of U2AF>® was abrogated by each of the mutations (Fig. Ill-14B, cf. lane 4 with lanes 5
and 6). These findings demonstrated that the GAR ESE stabilises binding of the U2AF

heterodimer to the 3’ ss in the presence of a minimal PPT.
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(B) Immunoblot analyses of proteins isolated from HelLa nuclear extract by RNA affinity chromatography
using RNA targets described in (A). For each sample 2000 pmol RNA were immobilised and incubated
with 60% Hela nuclear extract at 30°C for 20 min in the presence of phosphatase inhibitors. Proteins
were eluted from the bead matrix by heating to 95°C in SDS-sample buffer. 4% of the isolated proteins
were separated in SDS-polyacrylamide gels and subjected to immunoblotting using antibodies against
U2AF®® (generously provided by Prof. Dr. M. Hastings and Prof. Dr. A. Krainer, Cold Spring Harbor
Laboratory, USA), U2AF® (ptglab), SF2/ASF (Zymed), and SRp40 (US Biological). A negative control of
the binding reaction was performed lacking RNA thereby confirming that protein binding in the samples

occurs at the target RNA. HelLa nuclear extract (6 pg) was used as positive control (NE).
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Since the PPT of 3’ ss A5 is dispersed by a number of purines, it was tested whether
additional pyrimidines upstream of the AG-dinucleotide of 3’ ss A4b, which at the same
time represent the most proximal BPS of 3’ ss A5, contribute to U2AF heterodimer
binding. Extending the RNA target at its 5 end by only six nucleotides thereby
introducing four additional pyrimidines, revealed that the amount of U2AF® bound to the
extended RNA targets was unaffected by inactivation as well as mutation of only two
SF2/ASF binding sites of the GAR ESE (Fig. llI-14B, lanes 1-3) indicating that the
additional pyrimidines strengthen the interaction between U2AF®® and the RNA target.
However, binding of U2AF*® unexpectedly increased after mutation of the GAR ESE
(Fig. I1-14B, cf. lane 1 with lanes 2 and 3). Since the increase in U2AF* binding to
extended RNA targets after mutations of the GAR ESE contrasted the decrease of
U2AF*® bound to RNA targets carrying the same GAR ESE mutations but lacking the
PPT extension, it is likely that the GAR ESE does not directly influence U2AF>® binding.
Instead, increasing amounts of U2AF>® at constant U2AF® binding might hint to an
increase of U2AF heterodimers recognising the 3’ ss A5 of the RNA target. This result
suggested that the GAR ESE stabilises monomeric U2AF® at sufficient long PPTs and
that mutations of the GAR ESE are compensated by increasing the proportion of U2AF
heterodimers bound to the RNA target. This hypothesis is in agreement with previous
findings that recombinant U2AF*® binds with only low intrinsic binding affinity to an AG-
dinucleotide containing RNA substrate (408). In contrast, U2AF® is able to efficiently
bind to polypyrimidine-rich RNA in the absence of U2AF*°. However, dimerisation of
both subunits strongly increases the binding affinity of the U2AF heterodimer to RNA
(506). Therefore, this result suggested that the GAR ESE stabilises U2AF® at the PPT

upstream of 3’ ss A5 in the absence of U2AF>°.

Since the GAR ESE-mediated changes in the binding of both U2AF subunits observed
in vitro are not correlating with the respective levels of exon recognition in the in vivo
splicing assays, the GAR ESE-mediated stabilisation of U2AF®> monomers might be
involved in 3’ ss selection rather than exon recognition. Therefore, this result indicated
that the GAR ESE promotes general 3’ ss activation by a mechanism distinct from
U2AF stabilisation.
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C.1.3.2 The GAR ESE does not stabilise spliceosomal components SF1/mBBP
and SAP155.

Since U2AF® bound equally strong to RNA targets containing the BPS and the
GAR ESE or mutations thereof, it was questioned whether addition of the BPS switches
the protein stabilised by the GAR ESE from U2AF® in short RNA targets to SF1/mBBP,
which recognises the BPS in the early E’ (307) and E complex (4, 44) (Fig. I-8B) or even
to U2 snRNP, which is already loosely associated in the E complex (145, 414, 488). To
elucidate whether assembly of the early BPS-dependent E complex at A5 is promoted
by the GAR ESE in the extended RNA targets, binding of SF1/mBBP and SAP155, a
component of U2 snRNP, to BPS-containing RNA targets was monitored by
immunoblotting of proteins isolated by RNA affinity chromatography (Fig. 1lI-15). Both
proteins, however, bound only very inefficiently to the target RNAs compared to the
control protein hnRNP A1 (Fig. Ill-15, lower panel). Although other 3’ ss had been
reported to assemble into the E complex in the absence of the upstream 5’ ss, from this
result it was concluded that under the experimental conditions used here the GAR ESE
does neither promote binding of SF1/mBBP nor U2 snRNP to RNA targets containing
the most proximal BPS of 3’ ss A5.

Fig. lll-15: Binding of SF1/mBBP and SAP155 BPS A5

to RNA substrates containing the most GAR ESE- 2xSF2- - NE
proximal BPS of 3’ ss A5 is unaffected by the

GAR ESE. SF1/mBBP o

Immunoblot analysis of proteins isolated by RNA

affinity chromatography. RNA targets containing
the BPS upstream of 3’ ss A5 and the GAR ESE SAP155 - = -
or mutants thereof (RNA sequences cf. Fig. lll-
14A) were subjected to RNA affinity
chromatography as described in Fig. lI-14B. hnRNP A1 B — -—

PD10E

Immunoblots were probed using antibodies
against SF1/mBBP (Lifespan), SAP155 (MBL), 1 2 3 4 5
and hnRNP A1 (Y-15, SCBT). Equal amounts of

HelLa nuclear extract (6 uyg) were loaded as

positive control. Two SF1/mBBP isoforms of
67 kDa and 75 kDa are expressed in HelLa cells,
which are both able to bind to U2AF® (484).
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Therefore, the GAR ESE does not switch from U2AF stabilisation in RNA targets
containing a minimal PPT to stabilisation of SF1/mBBP or U2 snRNP in the BPS-
containing RNA model substrates. However, this result does not rule out a GAR ESE-
mediated stabilisation of SF1/mBBP or U2 snRNP binding to additional alternative BPS

upstream of the one most proximal to 3’ ss A5 in the 2-intron minigene.

C.1.3.3 The GAR ESE promotes binding of the splicing regulatory protein
hTra2-p.

Since GAR ESE-mediated exon recognition observed in the minigene splicing assays
in vivo could not be attributed to the stabilisation of early spliceosomal components
U2AF, SF1/mBBP and SAP155, a more general approach was applied to screen for
candidate proteins mediating GAR ESE-dependent exon recognition. To first obtain an
overview of proteins bound to RNA targets used for analyses of GAR ESE-mediated
stabilisation of early spliceosomal components, proteins isolated by RNA affinity
chromatography were subjected to capillary gel electrophoresis and detected by
fluorescence (Fig. 111-16). The electropherograms of proteins bound to the RNA target
containing the BPS and PPT upstream and the GAR ESE located downstream of 3’ ss
A5 revealed that a large number of proteins bound to the RNA with the most prominent
protein signals detected at sizes of 39 kDa, 50 kDa, 107 kDa, and 122 kDa, respectively
(Fig. llI-16, upper panel, BPS A5 GAR ESE). Although the dense protein pattern in the
separation range from 14-230 kDa and the \variability of the individual
electropherograms hindered the detection of individual protein peaks, slight differences
were observed in response to inactivation of the GAR ESE e.g. in the separation range
from 55-65 kDa (Fig. Ill-16, lower panel, BPS A5 ESE-). However, the fluorescent
detection of the protein samples containing a variety of high abundant proteins might be
too sensitive to analyse differences in the binding pattern of low abundant proteins
eventually resulting in a biased identification of high abundant proteins in capillary gel

electrophoresis.

In order to identify also low abundant proteins which, dependent on the GAR ESE, bind
more strongly to the RNA, proteins isolated by RNA affinity chromatography were
separated by SDS-PAGE (Fig. llI-17A). As seen before in the fluorescence-detected
capillary gel electrophoresis, coomassie stained-gels revealed only little differences in
the protein binding pattern after mutation of the GAR ESE (Fig. IlI-17A, cf. lane 2 with
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Fig. llI-16: Analysis of GAR ESE-dependent protein binding to 3’ ss A5-containing RNA targets by

capillary gel electrophoresis.

Proteins isolated from HelLa nuclear extracts by RNA affinity chromatography as described in Fig. l1I-14B

were separated by denaturating capillary gel electrophoresis and detected by fluorescence using a

microfluid lab-on-a-chip system (Bioanalyzer 2100, Agilent). 4 uL of the isolated proteins were denatured

with 2 yL DTT-containing sample buffer at 95°C, diluted in ddH,0 to a final volume of 90 uL, and

analysed in triplicates of 6 yL on a protein chip covering a separation range from 14-230 kDa (Protein

230 Kit, Agilent). Fluorescent curve data of triplicate measurements were aligned for each probe.
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Fig. llI-17: Identification of proteins stabilised at the 3’ ss cluster by the GAR ESE.

(A) Coomassie staining of proteins isolated by RNA affinity chromatography using RNA targets described
in Fig. [lI-14A. An RNA target containing the HIV-1 § ss D1 and the neighbouring exonic and intronic
sequence was used as control (RNA control, lane 1). Half the amount of proteins isolated using
2000 pmol RNA was separated in a 10% SDS-polyacrylamide gel. Numbered bands were isolated from
the gel and proteins were digested by trypsin. Resulting peptides were analysed using mass
spectrometry (Dr. W. Bouschen, BMFZ, HHUD).

(B) Immunoblot analyses of protein samples described in (A) using antibodies against hnRNP A2/B1

(SCBT) (upper panel) and hTra2-p (Abcam) (lower panel).
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lanes 3 and 4). Nevertheless, besides minor differences in band size and differences in
band intensity between short and BPS-containing RNA targets, one faint coomassie gel
band was observed to reduce intensity after mutation of the GAR ESE (Fig. llI-17A,
band 2, cf. lanes 2 and 3) and was therefore suggested to contain proteins that might be
involved in GAR ESE-mediated regulation of 3’ ss activation. This band might have
been hidden in the capillary gel electrophoresis by surrounding high abundant proteins.
Sequencing of proteins purified from the coomassie gel band (Fig. IlI-17A, band 2, lane
2) by mass spectrometry identified the splicing regulatory proteins hnRNP A2/B1 and
hTra2-p. Verification of protein binding by immunoblotting revealed that hnRNP A2/B1
binding to the RNA was only stabilised by the GAR ESE in short RNA targets, whereas
addition of the BPS and extended PPT, respectively, abrogates GAR ESE-mediated
stabilisation of hnRNP A2/B1 (Fig. IlI-17B, upper panel, cf. lanes 1 and 4) suggesting
that hnRNP A2/B1 is not involved in GAR ESE-mediated 3’ ss activation in vivo. In
contrast, enhancer-dependent binding of hTra2-p to short but also to extended RNA
targets was confirmed by immunoblotting. hTra2-f bound strongly to GAR ESE-
containing RNA target sequences in the presence of the minimal PPT (Fig. llI-17B,
lower panel, lane 4). Inactivation and also mutation of only two SF2/ASF binding sites of
the GAR ESE in RNA target sequences lacking the BPS completely abolished hTra2-p
binding (Fig. IlI-17B, lower panel, lanes 5 and 6). Since the purine-rich consensus
sequence found in a number of hTra2-pB-regulated mRNAs (GAARGARR) (586) largely
coincides with the GAR ESE sequence and also the intron/exon 5 border, the
immunoblot results pointed to a direct binding of hTra2- to the GAR ESE-containing
5’-half of exon 5. Nevertheless, binding of hTra2-f still increased in the presence of the
additional pyrimidines in the extended RNA target (BPS A5) (Fig. 1lI-17B, cf. lanes 1 and
4). This Increase might be caused either by an additional hTra2-f binding site
generated by addition of the BPS or by stabilisation of exon 5-bound hTra2-f via an yet
unidentified factor binding to the BPS. Mutating the GAR ESE in BPS-containing RNA
targets did not abolish but severely reduced hTra2-f binding (Fig. IlI-17B, lower panel,
lanes 2 and 3) underlining the potential binding of hTra2-p to the GAR ESE and the
stabilisation of hTra2-p to BPS-containing RNA targets. Since binding of hTra2-p to
BPS-containing RNA targets in the presence of the wild-type GAR ESE or mutations
thereof correlated with the GAR ESE-mediated exon recognition in vivo, it was
suggested from these results that, in addition to SF2/ASF and SRp40, hTra2-p is
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another splicing regulatory factor involved in GAR ESE-mediated exon recognition. The
more prominent reduction of hTra2-B binding in response to inactivation of the GAR
ESE (ESE-) compared to mutation of only two SF2/ASF binding sites (2xSF2-) might
reflect the loss of exon inclusion caused by this mutation in the in vivo-splicing assays
(cf. Fig. l11-5). This result points to a threshold level of hTra2-f binding to be necessary

for internal exon inclusion.

C.1.3.4 Identification of additional proteins stabilised by the GAR ESE

The binding pattern of hTra2-B to intron/exon 5 RNA targets indicated that besides
SF2/ASF and SRp40 additional proteins might contribute to the GAR enhancer function
and also revealed enhanced binding of hTra2-B in the presence of the PPT/BPS
extension. Therefore, it was aimed (i) to identify additional proteins binding to the RNA
dependent on the GAR ESE sequence and (ii) to analyse whether proteins other than
U2AF® and SF1/mBBP bind to the PPT/BPS sequence in extended RNA targets, which
might further stabilise hTra2-f binding to the RNA and thereby promote exon
recognition. To this end, proteins isolated by RNA affinity chromatography as performed
before were separated by two-dimensional gel electrophoresis to detect differences
hidden till this point in the vast numbers of proteins bound to the respective RNA

sequences (Fig. llI-16 and Fig. llI-17A).

To identify proteins binding GAR ESE-dependent to the RNA, proteins isolated by RNA
affinity chromatography using short RNA targets containing the minimal PPT upstream
and the GAR ESE downstream of the 3’ ss A5 (Fig. lll-18A, A5 GAR ESE) were

compared to the proteins isolated using RNA targets of identical length carrying

Fig. 111-18: Analyses of RNA affinity purified proteins by 2D-gel electrophoresis.

Triplicates of RNA affinity chromatography reactions including phosphatase inhibitors were performed for
RNA targets excluding (A) or including the BPS upstream of 3’ ss A5 (B) as depicted in Fig. IlI-14A.
Entire protein preparations were passively loaded onto IPG strips pH 3-10 (Amersham) and after
isoelectric focusing (Ettan IPGphor Ill) mounted on 10% SDS-polyacrylamide minigels for separation in
the second dimension. Proteins were visualised by sensitive coomassie blue staining using a protocol
appropriate for subsequent mass spectrometry analyses (299). As control for RNA specific protein
binding affinity chromatography reactions were also performed in the absence of RNA (see Appendix,
Fig. VII-2).
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Fig. 111-18: continued.

(A) Identification of proteins binding GAR ESE-dependent to 3'ss A5 and the downstream enhancer
sequence (short RNA targets). The sketch illustrates SF2/ASF and SRp40 binding to the GAR ESE and
the questioned enhancer-mediated binding of potential splicing regulatory proteins. Protein spots derived
from the RNA target containing the parental GAR ESE (A5 GAR ESE, reference) were compared to the
protein spots resulting from RNA affinity chromatography of the respective RNA targets containing either
mutations in the SF2/ASF binding sites and in the SRp40 binding site (A5 ESE-) or only in two SF2/ASF
binding sites (A5 2xSF2-).

(B) Analysis of proteins binding GAR ESE-mediated to RNA targets carrying an extended PPT (extended
RNA targets). Protein spots identified after RNA affinity chromatography of RNA targets additionally
containing a PPT extension and the most proximal BPS A5 (BPS A5 GAR ESE, reference) were first
compared to protein spots derived for the corresponding RNA target lacking the 5’-extension (Fig. llI-18A,
A5 GAR ESE) yielding 41 protein isoforms binding to the RNA target dependent on the 5’-extension. To
determine, which of these proteins bind GAR ESE-mediated to the 5-extension, protein spots were in a
second analysis compared to their respective positional counterparts in 2D-gels derived from RNA affinity

chromatography of extended RNA targets carrying mutations in the GAR ESE.
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mutations in the GAR ESE (Fig. llI-18A, A5 ESE-). To further refine the subgroup of
proteins contributing to exon recognition, the simultaneous mutation of two SF2/ASF
binding sites of the GAR ESE was used as control to eliminate proteins which might be
involved in 3’ ss selection, but which still allow low levels of exon recognition and
therefore interfere with the detection of proteins essentially mediating exon recognition
(Fig. 1I-18A, A5 2xSF2-). Proteins were first separated according to their isoelectric

point (pl) using an immobilised pH gradient and in the second dimension according to

their size (Fig. llI-18A). Since calculated pl-values (www.phosphosite.org) for
representative splicing regulatory proteins were found to extend into the alkaline region,
a broad pH-gradient ranging from pH 3-10 was chosen for isoelectric focusing in the first
dimension. Nevertheless, binding of vast numbers of protein isoforms with alkaline pl-
values to the RNA targets impaired their differentiation into individual proteins spots

resulting in an only suboptimal separation resolution in the alkaline area.

After dividing the protein population binding to the RNA target containing the minimal
PPT into 468 protein isoforms represented by individual protein spots, comparison with
protein isoforms identified to bind to the RNA target carrying a triple mutation in the
GAR ESE (ESE-) revealed 39 proteins lacking a matching protein spot after inactivation
of the GAR ESE (Fig. llI-18A). Comparison of these proteins with 35 protein isoforms,
which remained unmatched after mutation of two SF2/ASF binding sites (2xSF2-),
showed that only 17 of the 39 proteins absent after inactivation of the GAR ESE were

specific for this mutation (Tab. Ill-1). These proteins were considered as candidate

Protein isoforms
Change
A5 BPS A5
Absent ESE-/2xSF2- 19 13
Unchanged
2xSF2- 7 7
Absent ESE-
Reduced 3 2
2xSF2-
Unchanged
ESE- 13 8
Absent 2xSF2-
Reduced
ESE- 3 1
Tab. lll-1: Report of protein
Unchanged
Reduced ESE- 2xSF2- 2 - isoforms  binding  GAR ESE-
Reduced 2xSF2- UnthSaE?ed 7 ) mediated to RNA targets carrying
the minimal PPT (A5) or to the BPS
Reduced ESE-/2xSF2- 1 1
of extended RNA targets (BPS A5).
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Fig. llI-19: Depiction of protein isoforms hypothesised to regulate exon recognition bound to BPS-

lacking and BPS—containing RNA targets isolated for identification by mass spectrometry.

Protein spots reduced in volume or absent in 2D-SDS-polyacrylamide gels derived from mutant enhancer

sequences (cf. Fig. IlI-18) were isolated from reference gels derived from parental GAR ESE-containing
RNA targets in the absence [(A), A5 GAR ESE] or presence of the most proximal BPS [(B), BPS A5 GAR
ESE] and analysed by ESI-Quad-TOF mass spectrometry. Schemes of the respective RNA targets are

depicted on the right. Spots isolated for MS analyses are encircled in green. Spot numbers (red) were

assigned by ImageMaster 2D Platinum 6.0 software (GE Healthcare) during gel analyses.
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proteins contributing to GAR ESE-mediated exon recognition. Besides the complete
loss of protein binding also reduced binding of regulatory proteins might decrease exon
recognition. After inactivation of the GAR ESE using the triple mutation (ESE-), 22
protein isoforms binding at least 2.5-fold less to the RNA target were found specific for
the inactivation of the GAR enhancer. Proteins characterised by specifically abrogated
or diminished binding to the RNA after inactivating the GAR ESE (ESE-) were isolated
(Fig. lI-18C, MS, and Fig. llI-19A) and are currently subjected to mass spectrometry
analyses. The first proteins identified from that screen are Nucleolin, GTF Il, hnRNP Q
and hnRNP H (Fig. llI-19A).

In a second experiment, proteins binding to the set of extended RNA targets were
analysed by 2D-gel electrophoresis to identify proteins binding GAR ESE-dependent to
the 5-extension. To this end, the two dimensional separation of proteins bound to the
BPS-containing RNA target in the presence of the GAR ESE (Fig. I1I-18B, BPS A5 GAR
ESE) was compared to proteins bound to the RNA target lacking the BPS (Fig. IlI-18A,
A5 GAR ESE). In this first comparison, 215 of 544 protein spots identified for the BPS-
containing GAR ESE RNA target were found to bind specifically to the extended RNA
target (Fig. llI-18B, BPS A5 GAR ESE). These proteins were further classified by
application of a threshold of 0.04 for the absolute protein volume of the protein spot.
The threshold was defined as the lowest absolute protein volume allowing visual
identification of the protein spots in coomassie-stained gels thereby enabling their
isolation and subsequent sequencing. Application of the threshold narrowed the number
of identifiable protein spots down to 41 of the 215 protein spots initially found to bind
BPS-mediated to the RNA target. Comparison of the 41 protein spots with their
positional counterparts in case the GAR ESE had been mutated yielded 32 putative
GAR ESE-dependent protein isoforms binding BPS-mediated to the RNA target. From
this group 9 proteins, which were absent exclusively after inactivation of the GAR ESE,
might contribute to exon inclusion. The remaining 23 protein spots, which were absent
or reduced after mutation of the SF2/ASF binding sites alone or after inactivation of the
GAR ESE as well as mutation of the SF2/ASF binding sites, might play only a minor role
in exon inclusion, but are likely to contribute to 3’ ss selection. The most promising
candidates showing differences between intronic sequences followed by wild-type GAR
ESE or mutated enhancer sequences (Fig. llI-18D, MS and Fig. 11I-19B) were isolated
and are currently analysed by mass spectrometry (Dr. W. Bouschen, BMFZ, HHUD).

144



Results

C.1.3.5 U2AF heterodimer binding to the 3’ ss (“complex formation”) requires a

phosphorylated factor.

Phosphorylation of SR proteins has been shown to affect their intracellular localisation
(270, 336, 668) and splicing regulatory function [(479, 595, 659, 660), reviewed in
(574)]. To investigate whether phosphorylation of SF2/ASF and SRp40 is necessary for
their splicing enhancer function in the GAR ESE complex, it was analysed whether the
GAR ESE stabilises U2AF®® binding to the intronic region of 3’ ss A5 lacking the BPS
also in the presence of dephosphorylated nuclear proteins. If phosphorylation is
necessary for the stabilising effect of the GAR ESE, in vitro dephosphorylated HelLa
nuclear extracts should reduce binding of U2AF® to GAR ESE-containing RNA targets.
Although U2AF®® as well as U2AF* have been reported to be phosphorylated on four
and three serine residues, respectively (204, 402, 451), phosphorylated residues of both
U2AF subunits have been found outside of the RRMs and with one exception also
outside of the regions that constitute the interface for U2AF heterodimerisation (508,
685). Likewise, the binding site of U2AF®® for SF1/mBBP harbours none of the
phosphorylated serines (43, 484). Since in addition a minimal U2AF heterodimer
generated using recombinant proteins was shown to bind to RNA (310), it was assumed
that dephosphorylation would neither affect U2AF dimerisation nor RNA binding affinity

of the U2AF heterodimer in the in vitro assay.

HelLa nuclear extracts were dephosphorylated in vitro using calf intestinal phosphatase
(CIP) and subsequently employed in RNA affinity chromatography of wild-type and
mutant GAR ESE sequences initially used to assess the GAR ESE-mediated
stabilisation of spliceosomal components (cf. Fig. llI-14A). Dephosphorylation of CIP-
treated HelLa nuclear extract was confirmed by immunoblotting using a non-phospho-
epitope-specific antibody against SF2/ASF, which demonstrated SF2/ASF
dephosphorylation by a shift of the protein from a hyperphosphorylated to a low
phosphorylated and a non-phosphorylated form (Fig. 111-20B, lane 2).
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Fig. 111-20: Dephosphorylation abrogates the GAR ESE-mediated stabilisation of U2AF at 3’ ss AS5.

(A) Schematic representation of proteins bound to the GAR ESE in exon 5 and the upstream intron
during early spliceosomal assembly. Phosphoresidues (P) on RS domains are represented by filled black
circles. The questioned interaction of phosphorylated regulatory proteins with the U2AF heterodimer is

indicated (black arrow).

(B) HelLa nuclear extract proteins were dephosphorylated in vitro using calf intestinal phosphatase (CIP)
for 30 min at 37°C and dephosphorylation confirmed in immunoblot analyses using antibodies
recognising a common SR protein phospho-epitope (1H4, Zymed) or epitopes specific for SF2/ASF
(Zymed), SRp40 (US Biological), hTra2-p (Abcam), U2AF®® (generously provided by Prof. Dr.
M. Hastings and Prof. Dr. A. Krainer, Cold Spring Harbor Laboratory, USA) and U2AF® (ptglab).

(C) RNA affinity chromatography of RNA targets described in Fig. 1lI-14A using dephosphorylated HelLa

nuclear extract (B).
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Application of a phospho-epitope-specific antibody also validated SRp40
dephosphorylation. In addition, dephosphorylation of SR-proteins SRp75, SRp55,
SRp40, SF2/ASF and SRp20 was analysed with an antibody recognising a phospho-
epitope common to several SR proteins revealing that only residual amounts of SR-
proteins remain phosphorylated after CIP treatment (Fig. 111-20B, SR-P). Analyses of the
protein input treated with CIP and the phosphatase inhibitor R-glycerophosphate
confirmed that changes in size and signal intensity were caused by CIP-mediated
dephosphorylation (Fig. [[I-20B, lane 3). Identical amounts of both U2AF subunits in
mock- and CIP-treated HelLa nuclear extracts were controlled by using U2AF-specific
phospho-independent antibodies (Fig. 111-20B, U2AF®® and U2AF*®).

RNA affinity chromatography using dephosphorylated Hela nuclear extract
demonstrated that binding of SF2/ASF was strongly diminished (Fig. I1I-20C, SF2/ASF),
but still detectable in BPS-lacking RNA targets followed by the wild-type GAR ESE
although to a much lower degree compared to its binding to the same RNA target in
untreated HelLa nuclear extract (cf. Fig. I11-14B, identical amount of HeLa NE loaded as
positive control). Therefore, overall binding of this splicing regulatory protein to the RNA
targets is diminished after dephosphorylation. However, SF2/ASF binding to extended
RNA targets appears to depend more on phosphorylation (cf. Fig. IlI-14B with Fig. IlI-
20B, lanes 1-3). One explanation for stronger decrease in SF2/ASF binding to extended
RNA targets might be a competition between SF2/ASF and hTra2-B, which was
stabilised on extended RNA targets using untreated HelLa nuclear extracts. Surprisingly,
using dephosphorylated HelLa nuclear extracts binding of U2AF®® as well as U2AF*
was abolished for all RNA targets containing an extended PPT and also for the RNA
target lacking the extension but containing the parental GAR ESE (Fig. 11I-20C, lanes 1-
4), which all showed the highest amount of U2AF binding in untreated HelLa nuclear
extract (Fig. Ill-14B, lanes 1-4). In contrast, binding of U2AF® to short RNA targets
carrying mutations in the GAR ESE remained unchanged, raising the question whether
the low level of U2AF®® bound to short RNA targets carrying mutations in the GAR ESE
using untreated HelLa nuclear extract might have been caused by generation of an
artificial polypyrimidine-rich region serving as suboptimal low-affinity U2AF®° binding site
due to a number of nucleotide substitutions to polypyrimidines (Fig. IlI-14A, ESE- and
2xSF2-). The corresponding increase in U2AF* binding to this short RNA target
(Fig. l11-20C, lane 5) might indicate that the U2AF heterodimer is needed to occupy this

low-affinity binding site. In summary, these results demonstrated that efficient binding of
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both U2AF subunits to short as well as extended RNA targets depends on
phosphorylated proteins in HeLa nuclear extract. Therefore, it is suggested that the
GAR ESE-mediated stabilisation of U2AF®° is executed by phosphorylated domains of
SF2/ASF, SRp40 and hTra2-p.

C.1.3.6 The impact of splicing regulatory protein phosphorylation on the

function of the GAR ESE complex in vivo

To elucidate in vivo the relevance of SR protein phosphorylation on GAR ESE function,
it was aimed to analyse the splicing pattern of the minigene splicing reporter in the
presence of dephosphorylated SR proteins. The benzothiazole compound TG003 was
reported to abrogate phosphorylation of recombinant SF2/ASF through inhibition of
Clk1/Sty kinase activity (431). To examine whether GAR ESE-mediated exon inclusion
or 3’ ss selection depend on SF2/ASF phosphorylation, the splicing pattern of the 2-
intron minigene was analysed in HeLa-T4" cells treated with TG003 (kindly provided by
Dr. C. Ehlers and Prof. J. Hauber, Heinrich-Pette-Institut, Hamburg). The membrane-
permeable substance was applied into the culture media in the recommended
concentration of 10 yM and in the five-fold increased concentration of 50 uM,
respectively, 3 h post transfection with the minigene. In parallel assays either proteins or
total RNA were prepared 30 h post transfection. Immunoblotting 0.1 pg total cellular
proteins with an SF2/ASF-specific antibody failed to detect any changes in the
phosphorylation of SF2/ASF in the presence of 10 uM and 50 uM TGO003 (Fig. llI-21A,
upper panel), which would have resulted in a faster migrating protein isoform (cf.
Fig. [lI-20B). The immunoblot was also probed against B-actin confirming equal protein
loading (Fig. llI-21A, lower panel). Increasing the protein amount for the immunoblot
analysis to 2 ug hampered the linear detection of the hyperphosphorylated SF2/ASF
protein signal, because the strong bands immediately exhausted the peroxidase
substrate giving rise to “burn out” ghost bands (Fig. llI-21A, middle panel, lanes 1-3).
Analysing the increased protein input confirmed the unchanged phosphorylation status
of SF2/ASF in the presence of 10 yM TGO003 by constant low amounts of less
phosphorylated SF2/ASF. The immunoblot analysis contrasts the observation that this
concentration had been reported to inhibit Clk1/Sty activity in vitro, to rescue the
redistribution of phosphorylated SR proteins into the nucleoplasm, which is induced by

overexpression of recombinant Clk1/Sty in HelLa cells and to reduce SR protein
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Fig. lll-21: TG003, an inhibitor of Clk1/Sty activity, only weakly affects SF2/ASF phosphorylation
and fails to change the splicing pattern of the 2-intron minigene.

(A) Immunoblot analyses of SF2/ASF phosphorylation using 0.1 ug (upper panel) and 2 ug total cellular
protein (middle panel) applying a phospho-epitope-independent monoclonal antibody (Zymed). The faster
migrating hypophosphorylated SF2/ASF protein is indicated by an arrow. Equal protein loading was
controlled by detection of B-actin (Sigma-Aldrich) (lower panel).

(B) RT-PCR analysis of total RNA expressed from the 2-intron minigene in the presence of TG003.
HelLa-T4" cells were transiently cotransfected with SV leader SD1 SA5 env nef and pXGH5 to control
transfection efficiency. Cells were treated with 10 yM or 50 yM TGO003 dissolved in DMSO or DMSO only
as solvent control. Untreated cells served as negative control (-).The splicing pattern in the presence of
50 yM TGO003 was detected beyond the linear amplification range using 30 PCR cycles (lanes 7 to 10) to
verify the loss of plasmid-derived RNA signals.

(C) Phase contrast images of TG003- or control-treated HeLa-T4" cells (magnification x 160).
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phosphorylation in COS-7 cells (431). Raising the concentration of TG003 to 50 uM
increased the level of dephosphorylated SF2/ASF and since the hyperphosphorylated
SF2/ASF isoform was not able to exhaust the peroxidase substrate, it has to be
assumed that the level of hyperphosphorylated SF2/ASF is at best slightly reduced
(Fig. 1I-21A, middle panel, lane 4). However, even at this high compound concentration
the level of phosphorylated SF2/ASF still outweighed the amount of the less
phosphorylated protein isoform. Nevertheless, the increased concentration of TG003
strongly influenced cell morphology (Fig. IlI-21C, TG003 [50uM]) and increased cell
death suggesting that TGO003 treatment at this concentration severely affects cell
physiology. Consistent with the SF2/ASF phosphorylation pattern in the immunoblot
analyses, splicing of the 2-intron minigene did not change in the presence of 10 yM
TGO003 (Fig. 111I-21B, cf. lane 6 with lane 4). Increasing the concentration of TG003 to
50 uM completely abolished expression of both transfected minigenes, i.e. the 2-intron
alternative splicing reporter (ASR) as well as the reporter used for transfection control
(hGH) (Fig. 11I-21B, lane 10).

Due to the fact that the compound TGO003 did not sufficiently reduce phosphorylation of
SF2/ASF in a non-toxic concentration range, a second potential inhibitor of SF2/ASF
phosphorylation, the indole derivative Drug29 (personal communication and by courtesy
of Prof. J. Tazi, IGM Montpellier, France), was tested for its ability to reduce the steady-
state phosphorylation level of SF2/ASF in vivo. However, this substance completely
failed to effect SF2/ASF phosphorylation as tested in immunoblot assays even at higher

concentrations than recommended (data not shown).

Since the question whether phosphorylation of SF2/ASF is critical for GAR ESE function
in vivo could not conclusively solved by application of kinase inhibitors, other
experimental assays have to be established to achieve levels of dephosphorylated

SF2/ASF sufficient to provide significant results.
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C.1.4 Summary: A functional network emanating from exon 5 and flanking
splice sites regulates inclusion of exon 4c, a, b and 5.

In exon 5 of the HIV-1 pre-mRNA our research group identified a guanosine-adenosine-
rich exonic splicing enhancer (GAR ESE). The GAR ESE activated either an enhancer-
dependent 5 ss or a 3’ ss in the presence of the SR proteins SF2/ASF or SRp40 in
respective subgenomic 1-intron constructs. In this thesis, the GAR ESE was
characterised regarding its function for internal exon recognition in the subgenomic
sequence context of the internal exon 5, which is flanked by a cluster of alternatively
used 3’ ss and by 5’ ss D4.

It was found that the GAR ESE is essential for activation of each 3’ ss of the internal
cluster. In this process the GAR enhancer fulfils a dual splicing regulatory function by (i)
synergistically activating exon recognition by the individual SR protein binding sites and
(i) by specifically conferring 3’ ss selectivity within the alternatively used 3’ ss cluster
through the proximal SF2/ASF binding sites. 3’ ss selectivity mediated by the GAR ESE
depends on the stability of U1 snRNP binding at 5’ ss D4 suggesting that interactions
across the internal exon activate the 3’ ss cluster. The E42 sequence located between
the GAR enhancer and 5’ ss D4 appears to be essential for formation of these cross-
exon interactions, since E42 deletion almost completely abrogates splicing at the 3’ ss
cluster. Activation of the 3’ ss cluster, which is mediated by the GAR ESE and binding of
U1 snRNP at the 5 ss D4, remains essential for processing of the intron-containing

vpu/env-mRNA in the intermediate and late phase of viral gene expression.

Elucidating the GAR ESE mechanism, it was found that the enhancer stabilises binding
of U2AF®® upstream of 3'ss A5 thereby likely mediating 3’ ss selectivity. Although
phosphorylation of splicing factors appears to promote binding of the U2AF heterodimer
to the 3' ss in vitro, the relevance of SR protein phosphorylation on GAR ESE function
in vivo remains to be validated. Searching for factors mediating GAR ESE-dependent
exon recognition, stabilisation of SF1/mBBP, a component of the E complex, was not
confirmed. Application of a more general approach to detect proteins mediating exon
recognition identified hTra2-f as another splicing regulatory protein binding to the
GAR ESE. Therefore, it was further investigated whether the number of proteins
involved in GAR ESE function had been underestimated. However, hTra2- binding still
increases upon extension of the PPT pointing to an additional binding site within

extension or to the stabilisation of hTra2-p via an additional protein binding to the
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extended PPT. By the use of two-dimensional gel electrophoresis, additional proteins (i)
binding GAR ESE-mediated to the RNA or (ii) binding to the extended PPT in
dependency of the GAR ESE, thereby possibly acting as adaptor protein, were isolated
and are currently analysed by mass spectrometry. Among the first proteins identified in
this screen are hnRNP H and hnRNP Q, two members of the hnRNP family, whose

contribution to internal exon recognition will be evaluated in further investigations.

Since GAR ESE-mediated activation of the downstream located 5’ ss and the upstream
located 3’ ss cluster is essential to generate almost all spliced mRNA isoforms during
viral gene expression, the GAR ESE substantially contributes to the regulation of viral

replication.
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C.2 Expression of unspliced RNA during late HIV-1 gene expression

During late viral gene expression disuse of all splice sites of the HIV-1 pre-mRNA allows
Rev-mediated nucleo-cytoplasmic export of unspliced genomic RNA, which serves as
template for the translation of the Gag-Pol precursor protein and also as genomic RNA
that is packaged into progeny virus. Based on the insights into the activation of splice
sites located centrally in the HIV-1 pre-mRNA the second part of this thesis investigated
mechanisms circumventing viral pre-mRNA splicing during the late phase of viral gene

expression.

The rationale to investigate regulatory mechanisms allowing the expression of genomic
RNA originates from the analyses of HIV-1 mRNA expression kinetics revealing that
genomic viral RNA is expressed with a delay of approximately 12 hours compared to
env-mRNAs (312). Although expression of both of these intron-containing RNA isoforms
had been shown to depend on the presence of the viral regulatory protein Rev, their
differential expression kinetics pointed to an additional regulatory mechanism besides
the Rev-mediated nucleo-cytoplasmic export, which is a prerequisite for the expression
of all intron-containing HIV-1 RNA isoforms (168, 179, 388).

In this part of the thesis, two parameters of the viral pre-mRNA metabolism, i.e. 5’ ss
efficiency and the impact of the RNA inhibitory element in the 5’-region of the gag-gene,
were examined, which are conceivable to contribute to the regulated expression of
completely unspliced viral RNA during the cause of host cell infection and which are not

mutually exclusive.

In the first case, it was assumed that the amount of completely unspliced RNA
increases in the late phase, because splicing efficiency at 5’ ss D1 declines. Decreased
splicing efficiency at D1 might be mediated either by a splicing enhancer activating D1
in the early phase or by a splicing silencer inhibiting D1 in the late phase of viral gene
expression. Therefore, in transient transfection experiments 5 ss D1 and the
neighbouring exonic and intronic sequences were analysed regarding the presence of
cis-acting splicing regulatory elements. The efficiency of D1 might be decreased not
only by host cell splicing regulatory proteins but also by the interaction of viral proteins
with flanking RNA sequences. In particular, it was reported that the viral structural
protein Gag binds to the RNA leader via its nucleocapsid component (8, 150, 208, 209)
and that the presence of Gag might increase the amount of unspliced RNA [C.K.

Damgaard, PhD thesis (142)]. Therefore, it was also investigated whether Gag
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regulates D1 splicing. To this end, the influence of the precursor Gag and its subunits,
respectively, on the amount of unspliced RNA was assessed in transient transfection

assays.

As a second alternative mechanism for the expression of viral genomic RNA, it was
postulated in this thesis that unspliced RNA might be constantly generated during viral
gene expression, but is degraded during the early phase by destabilising elements in
the first intron. The mechanism, however, preventing degradation of the viral genomic
RNA in the late phase of viral gene expression is still not conclusively resolved.
Degradation of unspliced RNA might be counteracted by cellular proteins induced by

the virus in the late phase.

C.2.1 Identification of cis-acting splicing regulatory elements in the proximity of
D1

The 5’ ss D1 is used in each of the more than 40 alternatively spliced HIV-1 mRNAs. In
accordance with its frequent usage, D1 is classified as an intrinsically strong 5’ ss by

different algorithms [splicefinder (http://www.uni-duesseldorf.de/rna/), MaxEntScore

(http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html) (669)]. Previous

work from our group had demonstrated that in the absence of an upstream located
splicing enhancer U1 snRNP does not efficiently bind to D1 in a subgenomic 1-intron
env-expression transcript. Therefore, it was hypothesised that splicing at D1 in its

authentic position in the viral pre-mRNA is also supported by a splicing enhancer.

C.2.1.1 Individual SR protein binding sites overlapping D1 differentially affect D1

efficiency and alternative 3’ ss selection.

To elucidate, if splicing regulatory elements are located in the immediate proximity of
D1, this region was analysed in silico for the presence of putative SR protein binding

sites (ESEfinder, ver. 3.0 [http://rulai.cshl.edu/cqgi-bin/tools/ESE3/esefinder.cgi?process

=home (97, 566)]). Six SR protein binding sites were predicted to partially or completely
overlap the D1 sequence (Fig. llI-22A). Three of these binding sites for SC35 and
SRp40 partially cover D1 in the upstream flanking region, whereas an SRp55 and an
additional SC35 binding site overlap D1 in the flanking downstream region. A second

SRp55 binding site is entirely located within the D1 sequence [SRp55(1)]. To analyse
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Fig. 111-22: Localisation of A B
potential SR protein binding

sites overlapping D1. SRp40

SRp55(1)

(A) Using the default values of the [SRpS5(2)

ESEfinder algorithm (ver. 3.0) (97,

SC35(3)
566), six binding sites for the SR
) T ——— 5’—GGGCG_C _3
proteins SC35, SRp40 and SRp55 o1 aaaa
were predicted in and overlapping B SC35
B SRp40
the D1 sequence denoted at the " SRp55

bottom. The y-axis describes the
score value, which was appointed
by the ESEfinder algorithm,

C
reflecting the match of a predicted
SR protein binding site with the
respective experimentally deter-
mined consensus binding motif (97,
566).
(B) In the highly structured leader
of the HIV-1 pre-mRNA D1 and its P sy e
. . SC35(2)- K]
neighbouring sequences form a SRp40- 4]
. . SC35(1)- SC35(2)- [5]
stem loop structure, in which the SC35(1)- SRp40- [6]
. . . SRp40- SC35(2)- 7
exon/intron border is located in the 5'SR- 8] /
. . all SR-* 91 --TTGAT---/------—- c-gc-
apical loop (arrow, dashed line) (10, SC35(1)- SC35(2)- SC35(3)- [10] ~==ATA-———/=——=—==—= a-—-

116, 511). The nucleotides from

position -3 in the exon (capital

letters) to +8 in the intron (lower

case letters) are able to contribute

to U1 snRNA binding (highlighted in

grey).

(C) Individual and combinatorial mutations of the SR protein binding sites predicted in (A) were
introduced into the 2-intron minigene SV leader SD1 SA5 env nef. The exon 1/intron-border containing
D1 is enlarged. Positions of SR protein binding sites predicted by the ESEfinder algorithm are indicated.
Exonic sequences are denoted in capital letters, whereas intronic sequences are indicated in lower case
letters. Nucleotide exchanges (italic letters) for each mutated minigene are given below the parental
sequence. In the "all SR-* minigene (*) all SR protein binding sites except for the central SRp55 binding
site [SRp55(1)] were mutated, because mutation of this site would have altered the intrinsic strength of
D1. The numbering of the individual mutants corresponds to the lanes in Fig. llI-23 [SV40: SV40 early

promoter, p(A): SV40 early polyadenylation site, RRE: Rev-responsive element].
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whether the potential SR protein binding sites indeed contribute to 5’ ss activation, all
five SR protein binding sites only partially overlapping D1 were mutated in the 2-intron
minigene (Fig. llI-22C, all SR-* [9]). By introducing point mutations outside of D1 its
intrinsic strength remained unaltered. Due to its position, the SRp55 binding site located
within the D1 sequence [SRp55(1)] could not be mutated without affecting the intrinsic
strength of D1. Therefore, the SRp55(1) binding site remained intact in the following

experiments.

After transient transfection of HelLa-T4" cells with the parental 2-intron minigene,
RT-PCR analysis revealed that the majority of mMRNAs were spliced at D1 including one
of the alternative internal exons 4a, 4b or 5 (1.4a.7, 1.4b.7, and 1.5.7), whereas only 8%
of the mMRNAs remained unspliced at D1 (us and 4.7) (Fig. llI-23A and B, lane 1).
Mutating all SR protein binding sites overlapping D1 decreased the expression of
MRNA isoforms that remained unspliced at D1 to 1.4% (Fig. llI-23A and B, cf. lanes 1

and 9). This decrease correlated with an increased expression of mRNA isoforms

Fig. lll-23: Individual SR protein binding sites overlapping D1 differentially contribute to

suppression of D1 usage and 3’ ss activation.

(A) RT-PCR analysis of HeLa-T4" cells transiently transfected with the parental and mutant minigenes
depicted in Fig. 111-22C. Individual and combinatorial SR protein binding site mutations were introduced
into the 2-intron minigene SV leader SD1 SA5 env nef resulting in stem loops with different
thermodynamic stabilities (AG, upper panel). 2 x 10° HelLa-T4" cells were transiently transfected with
1 ug of the parental 2-intron minigene or mutant derivatives thereof. Total RNA was isolated 30 h after
transfection. mMRNA was reverse transcribed using oligo(dT) as primer. PCR products were labelled using
Cy5-modified primers #1544 for the amplification of alternatively spliced reporter RNA (ASR) and #1225
for RT-PCR of hGH-mRNA. PCR products were separated on denaturating urea-polyacrylamide gels and
detected by ALF. Fluorescence data were processed and a virtual gel electrophoresis image was
generated by using P2 software (Pharmacia) (lower panel). The exon/intron structure of the respective
mRNA isoforms is depicted at the right. Integrated fluorescence signals of bands labelled with red bars

exceed the threshold (set as 100), which distinguishes PCR product signals from background noise.

(B-D) Relative quantification of mRNA isoforms unspliced or spliced at D1 (B), 1.4b.7-mRNA (C) and 1.7-
mRNA (D) after SR protein binding site mutations at D1. Relative mRNA amounts were calculated as
percentage of the respective mRNA isoforms relative to total mRNA isoforms (sum of spliced and
unspliced mRNA isoforms) in each sample. Dashed lines mark the expression of the respective mRNA
isoform from the parental 2-intron minigene. The mean values of three independent experiments are

shown with error bars representing standard deviation.
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Fig. llI-23: continued.
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spliced at D1, which was unexpectedly caused by mRNAs either including the internal
exon 4b (1.4b.7) or excluding any internal exon (1.7) (Fig. l1I-23A, C and D, cf. lanes 1
and 9), whereas the expression of mMRNA isoforms including either the internal exon 4a
or 5 was unaffected (see Appendix, Fig. VII-3). These results suggested that the SR
protein binding sites overlapping D1 rather reduce than enhance the efficiency of this
5’ ss thereby supporting the expression of mMRNAs unspliced at D1. This unexpected
finding contrasts the more prevalently observed splicing activating function of SR
proteins. However, suppression of 5’ ss usage by the SR protein binding sites analysed
might be conceivable to emerge from competition of SR proteins with the U1snRNA for
binding at D1.

To investigate whether the five SR protein binding sites overlapping D1 support
expression of MRNA isoforms unspliced at D1 to a different extent, the effect of these
binding sites was analysed by individual and combinatorial SR protein binding site
mutations in the 2-intron minigene (Fig. llI-22C and Fig. 11-23A, lanes 2-8 and lane 10).
Transient transfections of HelLa-T4" cells with the parental or mutant minigene
constructs followed by RT-PCR of total RNA showed that mutations of the SR protein
binding sites differentially reduced the level of unspliced RNA (Fig. l1I-23B). Individual
mutation of the SR protein binding sites overlapping D1 from the exon revealed that the
SC35 binding site located proximally to D1 [SC35(2)] inhibited D1 efficiency stronger
than the more upstream located SC35 binding site [SC35(1)] — supporting the
competition model —, whereas the SRp40 binding site appeared to even support D1
activation (Fig. 11I-23B, lanes 2-4). Introducing simultaneous mutations in two SR protein
binding sites confirmed the stronger impact of SC35(2) on 5’ ss usage, because both
minigenes carrying mutations in the SC35(2) binding site expressed less RNA unspliced
at D1 than the mutant carrying mutations in the more upstream located SC35(1) and the
SRp40 binding site (Fig. llI-23B, lanes 5-7). However, simultaneous mutation of two SR
protein binding sites overlapping D1 from the exon seemed to act non-additive on D1
efficiency. Even mutating all three exonic SR protein binding sites overlapping D1 did
not further decrease the amount of RNA unspliced at D1 observed after the individual
mutation of the SC35(2) binding site (Fig. I1I-23B, cf. lanes 3 and 8). Only the additional
mutation of SR protein binding sites overlapping D1 from the intron further reduced the
amount of RNA unspliced at D1. The additional mutation of the third SC35 binding site
covering D1 was sufficient for this reduction and resulted in the same level of RNA

unspliced at D1 as the mutation of all five SR protein binding sites partially overlapping
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with D1 (Fig. llI-23B, cf. lanes 9 and 10). From these results it was concluded that the
SR protein binding sites partially covering D1 reduce 5’ ss efficiency to a different
extent. The proximally located upstream SC35(2) binding site reduces 5’ ss activation
the most, whereas the second exonic SC35 binding site exerts a lower impact on D1
efficiency. The SRp40 binding site appeared to even support D1 usage. However, an
additive effect of SR protein binding sites overlapping D1 was only observed for

simultaneous mutations of exonic and intronic SR protein binding sites.

Unexpectedly, mutations of the SR protein binding sites differentially affected the
expression of the 1.4b.7- and 1.7-mRNA isoforms. The relative amount of 1.4b.7-mRNA
moderately corresponded with the increase in mRNAs spliced at D1 (Fig. 11l-23, cf. B
and C). In contrast, expression of 1.7-mRNA did not correlate with changes in the
expression of mMRNA spliced at D1. For generation of 1.7-mRNA the most upstream
located SC35 binding site [SC35(1)] was the only SR protein binding site, whose
individual mutation induced the expression of mRNA excluding the internal exon
(Fig. I-23A and D, cf. lane 2 with 3 and 4). Additional mutation of the second exonic
SC35 binding site [SC35(2)] appeared to synergistically increase the exclusion of the
internal exons (Fig. llI-23A and D, lane 5). Combining the mutation of one of the SC35
binding sites in exon 1 with the mutation of the potential binding site for SRp40 showed
a contrary impact of the SRp40 binding site on the amount of RNA excluding any
internal exon. In combination with the mutation of the most upstream SC35 binding site
[SC35(1)] mutation of the SRp40 binding site reduced exon exclusion compared to the
sole mutation of SC35(1) (Fig. 11I-23A and D, cf. lane 2 with 6). However, in combination
with the mutation of the proximal binding site for SC35 in exon 1 [SC35(2)] mutation of
the SRp40 binding site further pronounced exon exclusion compared to sole mutation of
SC35(2) (Fig. llI-23A and D, cf. lane 3 with 7). Although simultaneous mutation of the
two exonic SC35 binding sites appeared to synergistically activate splicing from D1 to
A7, additional mutation of the SRp40 binding site did not further enhance the amount of
1.7-mRNA (Fig. 1I-23D, lane 8). Likewise, additional mutations of SR protein binding
sites overlapping D1 from the intron did not increase the amount of 1.7-mRNA
(Fig. I11-23D, lane 9 and 10). Overall, both SC35 binding sites covering D1 from the
exon exert the most repressive influence on the generation of 1.7-mRNA. To this
repressive effect on internal exon exclusion the most upstream located SC35 binding

site contributed stronger than the more proximally located SC35 binding site.
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In summary, increasing amounts of 1.4b.7-mRNA correlated with an increase in the
expression of mMRNA isoforms unspliced at D1 suggesting that both expression changes
are linked to the same SR protein binding sites overlapping D1. In contrast, the
appearance of 1.7-mRNA did not correlate with the expression changes of mRNAs
unspliced at D1. Since the impact of individual SR protein binding sites differed between
the generation of 1.7- and 1.4b.7-mRNA, this result suggested that in the parental
sequence generation of 1.7-mRNA excluding any internal exon is suppressed by

mechanisms distinct from those reducing 5’ ss D1 efficiency.

Structure analyses employing chemical and enzymatic probing (36, 116, 243, 511) and
NMR spectroscopy (10) revealed that the D1 sequence folds into a stem loop
(Fig. l11-22B). A recent study reported that the stability of the D1 RNA stem loop
structure impairs the functionality of this 5’ ss (2). In the mutational analysis of the SR
protein binding sites presented here neither changes in the expression level of mMRNAs
unspliced at D1 nor the generation of 1.7-mRNA excluding any internal exon correlated
with the calculated stability of the resulting D1 stem loop structures (Fig. I1I-23A, AG).
Exclusion of the internal exons was already induced with stem loops predicted to fold
with stabilities similar to the wild-type stem loop (Fig. 11I-23A and D, cf. lane 1 with 7). In
addition, mutations yielding similar hairpin stabilities induced considerably different exon
exclusion ratios (Fig. llI-23A and D, cf. lane 3 with 5) and comparable high exon
exclusion ratios were caused by sequences, which possessed almost the highest
difference in the predicted stability of the hairpin structure (Fig. llI-23A and D, cf. lane 5
with 10). Thus, thermodynamic stability of the RNA hairpin structure is not likely to
cause the overall increased splicing at D1 and the generation of 1.7-mRNA in the

mutated minigene context.

To investigate whether the examined SR protein binding sites overlapping D1 cooperate
with the more upstream flanking exonic region in supporting internal exon recognition
and D1 suppression, the sequence upstream of D1 was additionally analysed with
respect to predicted SR protein binding sites. Using the ESEfinder algorithm, additional
two SF2/ASF binding sites and one SRp55 binding site were predicted (Fig. 11I-24A). To
examine whether these SR protein binding sites further reduce D1 efficiency and
support internal exon recognition, they were mutated in the 2-intron minigene carrying
mutations in the three exonic SR protein binding sites overlapping D1 (Fig. 11I-24B). The
effect of SR protein binding site mutations on the splicing pattern of the minigene was

analysed in transiently transfected HeLa-T4" cells. However, RT-PCR analysis revealed

160



Results

Fig. lll-24: SR protein binding sites A

in the leader sequence upstream of
D1 do not contribute to the

suppression of D1 usage.

(A) Depiction of binding sites for SR
proteins SF2/ASF and SRp55
predicted upstream of D1 using the
ESEfinder algorithm (ver. 3.0) (97,
566). The most upstream SF2/ASF
binding sites is predicted by two
different score matrices applied by the
ESEfinder (red, magenta). The D1

sequence is underlined.

(B) Mutations introduced upstream of
D1 inactivating either the SRp55 or all
three predicted SR protein binding
sites far upstream of D1 in addition to
the 5’SR- mutation next to D1 in the
2-intron minigene. Respective
mutations are denoted in italic letters

[RRE: Rev-responsive element].

(C) RT-PCR analysis of the parental
2-intron  minigene and mutants
derivatives depicted in (B). HeLa-T4"
cells were transiently transfected with
SV leader SD1 SA5 env nef (lanes 1
and 2), SV leader SD1 5'SR- SA5 env
nef (lanes 3 and 4), SV leader
(-28)SRp55- SD1 5' SR- SA5 env nef
(lanes 5 and 6) or SV leader (-30)SF2-
(-28)SRp55- (-25)SF2- SD1 5' SR-
SA5 env nef (lanes 7 and 8) and
pXGH5 to control equal transfection
efficiency. Total RNA was isolated
30 h post transfection and mMRNA
reverse transcribed using oligo(dT).
PCR was performed using primers
#1542-#1544 for alternatively spliced
reporter mMRNA (ASR) and #1224/
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#1225 for hGH-mRNA (hGH). The exon/intron structure of the alternatively spliced mRNA isoforms is

indicated at the right. Asterisks mark heteroduplex PCR products as verified by sequencing.
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that the additional mutations of the upstream exonic SR protein binding sites did neither
decrease the amount of mRNA isoforms unspliced at D1 nor affect the expression of
1.7-mRNA (Fig. llI-24C, cf. lane 2 with 3 and 4). Therefore, additional binding sites for
SF2/ASF and SRp55 located in the upstream region of D1 are not involved in the

regulation of D1 efficiency.

C.2.1.2 Tethering SC35 into an upstream exonic position enhances D1 usage.

In the mutational analysis of SR protein binding sites overlapping D1 a strong decrease
in the expression of mMRNA isoforms unspliced at D1 and the strongest exclusion of the
internal exons was already caused by simultaneous mutation of the predicted exonic
SC35 binding sites [SC35(1) and SC35(2)] and could only be slightly intensified by
additional mutations in the 2-intron minigene. To test whether decreased exon
recognition correlates with reduced SC35 binding at D1, binding of SC35 to the parental
RNA sequence derived from the viral laboratory strain NL4-3 was compared to binding
to the RNA sequence carrying mutations in the three exonic SC35 and SRp40 binding
sites upstream of D1 in vitro (Fig. llI-25, 5’SR-). This combination of SR protein binding
site mutations induced one of the most prominent exon exclusion ratios in the 2-intron
minigene in vivo (Fig. llI-23, 5’SR- [8]). Immunoblot analysis of proteins isolated using
RNA affinity chromatography confirmed binding of SC35 to exon 1 (Fig. 1lI-25B, upper
panel, lane 1). Compared to the NL4-3 sequence the mutated sequence bound
significantly less SC35 (Fig. I1l-25B, upper panel, lane 2) and thereby validated the
position of the predicted SC35 binding sites at D1. Remaining SC35 bound to the RNA
after mutation of the SR protein binding sites suggested that the most downstream
predicted SC35 binding site overlapping D1 [SC35(3)] might also be functional. Binding
of hnRNP A1, a protein that binds to RNA of sufficient length, served as loading control
(Fig. l1I-25B, lower panel).
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Fig. llI-25: SC35 binds to the A
. A o D1

predicted binding sites in the 5’-half

[SRea0 | sross)
of D1. sc3s(2) IS

( exon 1 sc3s1) |} SC35(3)

(A) RNA sequences used as targets wt (NL4-3) [1] CGCGCACGGCAAGAGGCGAGGGGCGGCGACUG/gugaguacgccaa
for affinity chromatography of Hela [SRpss ]
nuclear proteins. RNAs containing 32 g?ff)
nt upstream and 13 nt downstream of R VUGAY===/==mmmmmm s
the exon1/intron-border containing the
parental exonic sequence derived B wt 5'SR- - NE
from the laboratory strain NL4-3 [1] or -
the mutant sequence [2] were . J -~ SC35
transcribed in vitro. Mutation of five
nucleotides (italic letters) upstream of
the D1 sequence (bold, underlined) - S 2 hnRNP A1
abrogates the prediction of the three
SR protein binding sites for SC35 and 1 2 3 4

SRp40 overlapping D1 from the exon.
(B) Immunoblot analysis of proteins isolated by RNA affinity chromatography using RNA targets

described in (A). 2700 pmol of parental or mutant RNA were immobilised and incubated with 60% HelLa
nuclear extract. A negative control was performed lacking RNA (-). Proteins were eluted from the RNA in
100 yL 2 x protein sample buffer. 28% of the isolated proteins were separated on 10% SDS-
polyacrylamide gels and blotted onto PVDF membrane. HelLa nuclear extract served as positive control
(NE). Proteins were detected using antibodies recognising SC35 (by courtesy of Prof. M. Caputi, Florida
Atlantic University, USA) (upper panel) or hnRNP A1 (Santa Cruz Biotechnology) (lower panel).

To investigate whether SC35 is able to promote splicing at D1 when positioned more
distantly from the 5’ ss and thereby cannot interfere with U1 snRNA binding, the splicing
pattern of the 2-intron minigene was analysed in the presence of the splicing regulatory
RS domain of SC35 tethered further upstream of D1. To this end, the leader region of
D1 was substituted with a tandem repeat of a hairpin structure of the bacteriophage
PP7 RNA (Fig. lll-26A and B). During phage assembly the hairpin structure is
selectively bound by the PP7 coat protein. This RNA-protein interaction was employed
to position the RS domain of SC35 upstream of D1 by generating a fusion protein of the
PP7 coat protein and the SC35 RS domain. Hela-T4" cells were transiently
cotransfected with the 2-intron minigene construct encoding two PP7 hairpin loops in
exon 1 and a plasmid expressing the PP7 coat-SC35 RS domain fusion protein. RT-

PCR analysis of the 2-intron minigene carrying the PP7 loops instead of the D1 leader
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(B) Secondary structure model of the genetically fused tandem PP7 stem loops. An adenosine bulges out

from each stem. A translational start codon is located in each loop [adapted from (354)].

(C) RT-PCR analysis of HelLa-T4" cells transiently transfected with the parental 2-intron minigene SV
leader SD1 SA5 env nef (lane 1 and 2) or the mutant minigene SV leader 2xPP7 SD1 SA5 env nef
containing PP7 loops as illustrated in (A) (lanes 3-6) and pXGH5 as transfection control. Cells were
additionally cotransfected with 1 ug SV SD4/SA7 NLS-PP7 SC35 expressing a PP7 coat-SC35 RS
domain fusion protein (PP7-RSSC35, lane 5 and 6). The exon/intron structure of alternatively spliced
mRNA isoforms is indicated at the right. Insertion of the PP7 loops expands the size of exon 1, thus
increasing the size of each mRNA isoform by 49 bp. Identically spliced mRNA isoforms are indicated by
coloured asterisks. Black asterisks mark heteroduplex PCR products [ASR: alternatively spliced reporter

RNA, hGH: human Growth Hormone, RT: reverse transcription, us: unspliced].
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sequence revealed that the loop insertion induced the expression of the mRNA isoform
excluding the internal exons (1.7) (Fig. IlI-26B, cf. lane 2 with 4). Cotransfection of the
PP7-RS domain-encoding plasmid did not change the expression of the 1.7-mRNA
isoform, but reduced the amount of completely unspliced RNA (us) (Fig. I1I-26B, lane 6).
Thus, it was concluded that the RS domain of SC35, although not sufficient to abrogate
the expression of 1.7-mRNA excluding the internal exons, in a more distant exonic
position increased D1 splicing efficiency as monitored by the reduced amount of
completely unspliced RNA. Since SC35 influenced D1 efficiency in opposite directions
depending on the distance of the regulatory domain from the 5’ ss, these findings further
support the model that SR protein binding sites covering D1 reduce D1 efficiency by
competing with U1 snRNA for binding at D1.

C.2.1.3 hnRNP H binding at exon 1 does not influence splicing at D1.

The hnRNP proteins constitute a family of splicing regulatory proteins predominantly
reported to inhibit pre-mRNA splicing [reviewed in (396)]. The sequence upstream of D1
contains a motif (AGGGG) matching the consensus binding site of the hnRNP H protein
[DGGGD, where D is A, G, or U (93, 521)], which had already been implicated in
splicing regulation (81, 94, 113, 133, 241, 248, 282, 394, 497, 521). To investigate
whether hnRNP H regulates splicing at D1, the potential binding site in the leader
sequence, which had not been affected by the mutations introduced so far, was mutated
by two nucleotide substitutions at position -12 and -10 with respect to the exon 1/intron-
border (Fig. llI-27A).
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Fig. 111-27: hnRNP H binding in exon 1 does not influence splicing at D1.

(A) Mutation of the hnRNP H binding site upstream of D1 in the 2-intron minigene. The sequence
AGGGG at the position -14 to -10 (depicted in blue) with respect to the exon/intron border matches the
consensus motif identified to bind proteins of the hnRNP H family (93, 521). The predicted hnRNP H
binding site was inactivated by two point mutations disrupting the stretch of four guanosines (-12T -10C

[2]). Mutated nucleotides are denoted in italic letters [RRE: Rev-responsive element].

(B) RNA affinity chromatography of D1 and flanking sequences. RNAs encoding wild-type [1] or mutated
sequences [2] enlarged in (A) were in vitro transcribed and 900 pmol of each RNA were covalently bound
to adipic acid agarose beads. A negative control was performed omitting RNA in the binding reaction (-).
After incubation in 60% HelLa nuclear extract for 30 min at 37°C in the presence of phosphatase
inhibitors, beads were extensively washed and proteins eluted in 12.5 yL 2 x protein sample buffer. 8% of
the eluted proteins were separated and immunoblotted as described in Fig. llI-25B. Proteins were
detected using antibodies recognising hnRNP H (generously provided by Prof. D.L. Black, University of
California, Los Angeles, USA) and hnRNP A1 (clone 9H10, Santa Cruz Biotechnology). HeLa nuclear

extract (NE, 5.6 ug) served as positive control.

(C) RT-PCR analysis of the 2-intron minigene carrying the mutated hnRNP H binding site compared with
the parental 2-intron minigene. HeLa-T4" cells were transiently transfected with 1 ug SV leader SD1 SA5
env nef (lane 1 and 2) or 1 ug SV leader -12T-10C SD1 SAS5 env nef (lane 3 and 4) and 1 ug pXGH5
serving as transfection control. RT-PCR was essentially performed as described in Fig 111-24C except that
for amplification of hGH-mRNA primer pair #1273/#1274 was used. The exon/intron structure of PCR
products is illustrated at the right. Asterisks mark heteroduplex PCR products [ASR: alternatively spliced

reporter RNA, hGH: human Growth Hormone, RT: reverse transcription, us: unspliced].
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To confirm that mutations introduced into the 2-intron minigene affect hnRNP H binding,
protein binding to the sequence upstream of D1 was examined by RNA affinity
chromatography in vitro. Immunoblot analysis of proteins isolated using the same
parental RNA target region, which was already applied for the analyses of SC35 binding
(Fig. l1I-25A), revealed that hnRNP H strongly binds to the NL4-3 sequence and is
reduced to the level of the negative control after introducing the point mutations at
position -12 and -10 (Fig. llI-27B, upper panel, cf. lane 1 with 2). However, RT-PCR
analysis of total RNA isolated from Hela-T4" cells transiently transfected with the
parental or mutant 2-intron minigene revealed no difference in the splicing pattern of the
2-intron minigene after mutation of the hnRNP H binding site (Fig. IlI-27C, cf. lane 2 with

4). Therefore, binding of hnRNP H to exon 1 does not influence splicing at D1.

To rule out that binding of hnRNP H to an yet unidentified site obscures changes in the
splicing pattern, the amount of frans-acting cellular hnRNP H was reduced by using
RNA interference (RNAI). To this end, cellular hnRNP H expression was impaired by
transient transfection of a short hairpin RNA (shRNA) complementary to the hnRNP H-
mRNA (kindly provided by Prof. M. Caputi, Florida Atlantic University, USA). RT-PCR
analysis of total RNA isolated 54 hours after simultaneous transfection of HelLa-T4"
cells with the hnRNP H-targeting shRNA and the 2-intron minigene revealed an overall
lower expression level of the transfected plasmids, the 2-intron splicing reporter as well
as the minigene expressing hGH-mRNA, serving as transfection control (Fig. I1l-28).
Nevertheless, taking into account the reduced transfection efficiency, expression levels
of mMRNA isoforms containing the proximal intron (us and 4.7) remained unchanged
after reduction of cellular hnRNP H expression in the absence as well as in the
presence of the viral regulatory protein Rev (Fig. II-28, cf. lane 2 with 6 and lane 4 with
8). However, after hnRNP H knockdown a strong decrease in the expression of mMRNA
isoforms including the internal exons 4a and 5 was observed (1.4a.7/1.5.7), whereas
inclusion of exon 4c appeared to be activated (Fig. llI-28, cf. lane 2 with 6). These
results provided further evidence that hnRNP H does not regulate splicing at D1 in the
2-intron minigene but clearly contributes to inclusion of the internal exons 4a and 5 into
the mRNA.
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Fig. lll-28: Knockdown of hnRNPH
expression does not affect D1 usage in the

2-intron minigene, but reduces internal - + RNAI
exon inclusion.
- + - + Rev
RT-PCR analysis of HelLa-T4" cells
. . -|+|-|+|-|+]|-]|+]|RT
cotransfected with the 2-intron reporter and

an shRNA targeting hnRNP H-mRNA. Cells bp

were transiently transfected with the 2-intron 506
. CHEE 4.7
minigene SV leader SD1 SA5 env nef (lanes 396 *
. 344 Cm— =3 1.5E
1-8) and cotransfected with SVcrev where
298
indicated (Rev, lane 3-4 and lane 7-8) or a
220 I 1.4c.7
control plasmid. Cells were simultaneously 201 CI 1.4a7
CE— 1.5.7
transfected with 4 pug shRNA targeting 154 8 ASR
134
hnRNP H-mRNA where indicated (RNAI, S2FILPCRI (#1542+#1544)
lanes 3-8). In a preliminary experiment the 201
hGH
time course of hnRNP H-mRNA expression .
after transfection of HelLa-T4" cells with serivRoRs Mzt
shRNA was examined (see B.2.3.4). Since :;:
hnRNP H
expression of GAPDH-mRNA require requires 2
54 h to recover from shRNA transfection, e
1018
cytoplasmic RNA for RT-PCR analyses of 517 GAPDH

shRNA-treated cells was harvested after the *

prolonged incubation of 54 h. RNA was 1 2 3 4 32FETPCRZEAPDH?GAPD:R”
reverse transcribed using oligo(dT) and cDNA

amplified using primers #1542-#1544 for alternatively spliced reporter RNA (ASR), primer pair
#1224/#1225 for hGH-mRNA (hGH), primer pair MC20.54/MC20.55 for hnRNP H-mRNA (hnRNP H) and
primer pair GAPDH(F)/GAPDH(R) for GAPDH-mRNA (GAPDH). PCR products were resolved on 6%
polyacrylamide gels and stained using ethidium bromide. The exon/intron structure of alternatively
spliced mRNA isoforms of the 2-intron minigene is shown at the right. Asterisks mark heteroduplex PCR
products [ASR: alternatively spliced reporter RNA, hGH: human Growth Hormone, RT: reverse

transcription, us: unspliced].

C.2.1.4 Identification of additional proteins binding to exon 1 and D1

Since inhibition of 1.7-mRNA expression could neither be attributed to the RS domain of
SC35 nor to hnRNP H, additional proteins binding to exon 1 and D1 were isolated by
RNA affinity chromatography and subsequently identified by mass spectrometry. The
D1 sequence and additional 5 nt downstream and 26 nt upstream were used as RNA
target (Fig. llI-25A, NL4-3). Proteins binding to the NL4-3 RNA sequence were
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compared to those binding to an RNA target carrying mutations in the three exonic SR
protein binding sites overlapping D1 (Fig. llI-25A, 5’SR-). After gel electrophoretic
separation and coomassie staining the mutated exon 1 sequence showed only a minor
difference in the protein bands compared to the NL4-3 sequence (Fig. Ill-29). Mass
spectrometry of conspicuous protein bands binding to the wild-type RNA identified the
proteins DHX36, EF1-a and Ran. The number of proteins binding to the NL4-3 RNA
was further extended by Nucleolin, which was identified in an additional separation
(data not shown). Additionally peptides were identified corresponding to SC35 and
hnRNP A1 thereby further confirming binding of SC35 to the D1 RNA target as it was
already demonstrated in this thesis (Fig. 111-25B, upper panel). Although hnRNP A1 has
been reported to act as splicing regulatory protein, the previous experiment revealed
equal binding to the parental and the mutant RNA sequence (Fig. 1l1I-25B, lower panel).
The remaining proteins identified by mass spectrometry are implicated in RNA-related
processes like transcription [DHX36 (278)], RNA degradation [DHX36 (615)] as well as
RNA stabilisation [Nucleolin (456, 538)], translation [EF-1 (303)] and transport [Ran
(368)]. However, none of these proteins could be linked to the splicing machinery and

its regulators. Therefore, confirmation of their binding by western blot was not pursued.

Fig. llI-29: ldentification of additional proteins wt 5SR-
: kD

binding to exon 1. —

Affinity chromatography of RNA targets containing
5’ ss D1 and the flanking sequence derived from the | 143
viral laboratory strain NL4-3 (wt) or containing DHX36
mutations in the SR protein binding sites

overlapping D1 from the exon (5'SR-). RNA targets

C2 — P cmm—

as depicted in Fig. llI-25A were transcribed in vitro EFt

and 1000 pmol covalently bound to adipic acid

agarose beads. A negative control was performed C3

v

o _ ) - hnRNP A1 L 35
by omitting RNA in the reaction (-). Immobilised SC35
RNA targets were incubated with 60% HelLa nuclear (R::n -

extract for 20 min at 30°C. Proteins were eluted
from the RNA in 60 uyL 2x protein sample buffer.
25% of the protein eluate were separated in a 10% SDS-polyacrylamide gel and stained with coomassie
brilliant blue G250 using a modified protocol allowing subsequent mass spectrometry of isolated bands
(299). Indicated bands were isolated from the gel, digested using trypsin and after peptide purification
analysed using an ESI-Quad-TOF (Dr. N. Wiethdlter, BMFZ, HHUD).
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C.2.1.5 Sequences surrounding D1 do not affect D1 activation, but modulate

downstream 3’ ss selection and distal intron removal.

In an alternative, more general approach it was investigated whether the sequences
flanking D1, which had not been affected by the mutations analysed so far, contain
splicing regulatory elements modulating 5’ ss efficiency. To this end, the flanking exonic
24 nt and intronic 38 nt, respectively, were substituted in the 2-intron minigene with an
HIV-1 control sequence (HIV#18), which had previously been shown not to contain a
splicing enhancer activity (91) (Fig. IlI-30A). As had been seen in the previous
experiments, the parental 2-intron minigene already expresses a low level of intron-
containing and completely unspliced RNA, therefore allowing the identification of
enhancing as well as silencing splicing regulatory elements surrounding D1. RT-PCR

analysis of transiently transfected HeLa-T4" cells revealed that substitution of the exonic

Fig. 111-30: D1 neighbouring sequences affect internal 3’ ss selection and distal intron removal.

(A) lllustration of sequence substitutions upstream and downstream of D1 in the 2-intron minigene. The
24 nt located upstream of D1 were substituted with a control sequence of identical length preceding a
non-functional HIV-1 splice site (HIV#18 [2]) (91). The 38 nt of the 5-UTR downstream of D1 were
substituted with an extended version of the same control sequence (D1 HIV#18up [3]) or a sequence
originating from downstream of the HIV#18 site (D1 HIV#18down [4]). Mutated nucleotides are shown in
italic letters. The 11 nt of 5 ss D1 are denoted in bold letters and underlined [RRE: Rev-responsive

element].

(B) RT-PCR analysis of HelLa-T4" cells transfected with the parental 2-intron minigene or mutants
carrying substitutions of the D1 flanking sequences as shown in (A). 2 x 10° cells were transiently
transfected with 1 ug SV leader SD1 SA5 env nef (lane 1), 1 ug SV leader HIV#18 SD1 SA5 env nef
(lane 2), SV leader SD1 HIV#18up SA5 env nef (lane 3) or SV leader SD1 HIV#18down (lane 4) and
additionally cotransfected with 1 ug pXGH5 to control transfection efficiency. RNA isolation and RT-PCR
were performed as described in Fig. 11I-24C. Although some minor differences in the length of the PCR
products are visible in the native gel electrophoresis, RT-PCR analysis under denaturating conditions
performed for quantification (C-E) confirmed the identity of the PCR products (data not shown) [ASR:

alternatively spliced reporter RNA, hGH: human Growth Hormone, us: unspliced].

(C) Relative quantification of individual mRNA isoforms unspliced at D1. Transient transfection
experiments were performed as described in (B). RT-PCR products were labelled using Cy5-labelled
primers #1544 for alternatively spliced reporter RNA and #1225 for amplification of hGH-mRNA.
Denaturating gel electrophoresis of PCR products was performed as described in Fig. [lI-23A. Expression
of both mRNA isoforms unspliced at D1 (4.7 and us) were calculated relative to total mMRNA expression
from the respective minigene. Error bars represent the standard deviation from the mean of three

independent experiments.
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Fig. 111-30: continued.

(D) Relative quantification of total mMRNA isoforms unspliced at D1. Raw data collected in (C) were

analysed to show the percentage of all mMRNA isoforms unspliced at D1 relative to total alternatively

spliced mRNA isoforms expressed in each sample. Errors bars represent standard deviation from the

mean of three independent experiments.

(E) Quantification of 3’ ss selectivity in doubly spliced mRNA. Raw data resulting from the transfection

experiments shown in (C) were analysed regarding selectivity of the internal 3’ ss, which was calculated

as ratio of doubly spliced 1.5.7- to 1.4a.7-mRNA. Error bars represent standard deviation.
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region upstream of D1 increased the amount of RNA unspliced at D1 (4.7) from 28% to
41%, but at the same time decreased the amount of completely unspliced RNA (us)
from 28% to 14% (Fig. IlI-30B and C, HIV#18 SD1, lane 2). In contrast, substitution of
the intronic sequence with the same control sequence slightly decreased the amount of
RNA unspliced at D1 (4.7) to 19% and increased the amount of completely unspliced
RNA (us) to 31% (Fig. llI-30B and C, SD1 HIV#18up, lane 3). Substitution of the
downstream flanking region with a second control sequence confirmed these results
(Fig. 1I-30B and C, SD1 HIV#18down, lane 4). Although the upstream as well as the
downstream flanking region of D1 modulated expression of both mRNA isoforms
unspliced at D1, the overall amount of mMRNAs unspliced at D1 remained unaffected
(Fig. 111-30D). Unexpectedly, substitution of the 24 nt upstream of D1 also equally
activated 3’ ss Ad4a and A5 for inclusion of the internal exon (Fig. IlI-30E, lane 2). This
was not observed for any substitution of the sequence downstream of D1. Therefore,
substitution of the flanking exonic and intronic regions affected the splicing pattern of
the 2-intron reporter construct, however, alterations in the splicing pattern were not due
to changes in D1 activation, but in the 3’ ss chosen by D1 and the splicing efficiency of
the downstream located intron defined by 5’ ss D4 and 3’ ss A7. These effects on 3’ ss
selectivity and splicing of the downstream intron might hint to an involvement of D1

neighbouring sequences in splicing kinetics.

C.2.1.6 The viral Gag protein does not affect D1 activation.

Experiments analysing the requirements for packaging of HIV-1 genomic RNA into
virions revealed that the viral protein Gag binds to the intronic region downstream of D1
(8, 150, 208, 209). A continuative investigation analysing the binding properties of the
Gag polyprotein precursor and its nucleocapsid subunit to the packaging signal in the
viral pre-mRNA reported a Gag precursor protein-mediated increase in the expression
of a reporter gene located in an intronic position [C.K. Damgaard, PhD thesis (142)].
This finding suggested a role for the Gag-RNA interaction in viral mRNA processing.
Based on these observations it was examined whether Gag increases the amount of

RNA unspliced at D1 during the late phase of viral replication.

Gag expression plasmids encoding the full-length Gag open reading frame (ORF)
contain the -1 frame shift region in the 3’-region of the ORF inducing a frame shift in 5%

of the translating ribosomes, which therefore switch into the Protease-ORF (Fig. I11-31,
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Fig. lll-31: Expression and subcellular localisation of full-length Gag and mutant derivatives.

(A) lllustration of expression vectors encoding full-length or mutant Gag proteins derived from the HIV-1
isolate BH10 (486). Translating the mRNA expressed from the vector encoding the full-length Gag
protein (left panel, GagPR) [(653), generously provided by Prof. H.G. Krausslich (Universitatsklinikum
Heidelberg)], 5% of the translating ribosomes shift into the Protease-ORF (right panel). Since the
resulting protein was reported to be proteolytically active and to cleave the Gag precursor protein into its
subunits, the frame shift region was mutated by a point mutation resulting in sole translation of the gag
precursor protein (Pr55%). The full-length Gag expression plasmid was deleted in the 3’ half to allow the
expression of the fused matrix- and capsid-subunits (MA/CA) or the matrix subunit only (MA) [CMVp:
Cytomegalovirus promoter, CTE: Constitutive Transport Element, BGH pA: Bovine Growth Hormone

polyadenylation site].

(B-D) Immunoblot analyses of proteins expressed from respective gag-encoding plasmids. HelLa-T4"
cells were transiently transfected with 1 ug 3-CCCC (B-D, lane 1, GagPR), CMV gag 3-CCCC (B and D,
lane 2), CMV MA/CA 3-CCCC (B-D, lane 3), CMV MA 3-CCCC (B and D, lane 4), pSVT7 serving as
negative control (B, lane 6; C, lane 3; D, lane 5) or pSG MA RRE serving as positive control for MA
expression, which was induced by cotransfection with 1 ug of the Rev expression plasmid SVcrev (B,
lane 5). Cells were harvested 48 h after transfection. Protein samples were normalised to equal
transfection efficiency, adjusted to equal total protein amounts using mock-transfected cell lysates and
separated in 10% SDS-polyacrylamide gels. Immunoblots were probed with antibodies targeting (B) MA
(#p17, Advanced Biotechnologies), (C) CA (#p24, DuPont) or (D) human antiserum (As) recognising

various HIV-1 proteins (by courtesy of Prof. Dr. O. Adams, Universitatsklinikum Dusseldorf). 173
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Fig. 1lI-31: Expression and subcellular
localisation of full-length Gag and

mutant derivatives (continued).

Pr5592a9

(E) Immunofluorescence analysis of (#p24-mAb)
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with 1 ug CMV gag 3-CCCC (Pr55%®) or
CMV MA 3-CCCC (MA) as indicated.
Cells were fixed 30 h after transfection
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and permeabilised using 0.02% saponin.
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recognising either MA (#p17, Advanced
Biotechnologies) or CA (#p24, DuPont)
were applied. After incubation with a Cy3-

labelled secondary antibody, cover slips

were analysed using a Zeiss Axioscope

(1000 x magnification).

GagPR). Albeit the protease is not completely encoded by the full-length expression
vector used here, the C-terminally truncated Protease has been reported to be active
and proteolytically cleave the Gag precursor protein (Pr55%%9) into its subunits MA, CA,
p2, NC, p1 and p6. To distinguish effects of the Gag precursor protein from those
mediated by individual Gag cleavage products, a full-length Gag expression plasmid
encoding Pr55%° was generated expressing exclusively the Gag precursor protein due
to a mutation in the frame shift region (Fig. llI-31A, Pr55%9). In addition, two plasmids
were generated exclusively expressing either the MA/CA fusion protein or the MA
subunit due to differential deletions of the 3’-coding region (Fig. llI-31A, MA/CA and
MA). Mutant Gag protein expression in transiently transfected cells was confirmed by
immunoblotting (Fig. IlI-31B). Detection of all generated Gag derivatives by a
monoclonal antibody recognising an epitope in the MA subunit failed, but only confirmed
the expression of the sole MA subunit and an MA control (Fig. IlI-31B, lanes 4 and 5).
Therefore, protein expression of the full length Gag precursor and the MA/CA subunit
was controlled using a monoclonal antibody recognising an epitope in the CA subunit
(Fig. IlI-31C, lanes 1 and 2). Unexpectedly, proteolytic cleavage products of the full
length Gag precursor protein were hardly detected. Therefore, the expression of all
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generated Gag derivatives was also analysed using a human antiserum recognising
epitopes in various HIV-1 proteins (kindly provided by Prof. Dr. O. Adams,
Universitatsklinikum Disseldorf). However, application of the antiserum only confirmed
the absence of proteolytic Gag cleavage products in amounts sufficient for immunoblot
detection. Nevertheless, overall expression of the Gag precursor protein was enhanced
after mutation of the frame shift site (Fig. IlI-31D, cf. lane 1 with 2). To clarify whether
the Gag precursor protein or a subunit of the precursor enters the nucleus and thus is
able to interact with pre-mRNA prior to splicing, localisation of Pr55°%° and MA after
transient transfection was examined by immunofluorescence. Microscopy data revealed
that the Gag precursor protein was localised mainly nuclear (Fig. llI-31E, Pr55%%9). In
contrast, the MA subunit was found in different subcellular compartments of individual
cells. In some cells MA was detected mainly cytoplasmic and at the cell membrane
(Fig. I-31E, MA, top and middle panel). However, in other cells MA located in both, the
cytoplasm as well as the nucleus (Fig. llI-31E, MA, bottom panel) confirming the
previously described nuclear localisation signal (NLS) in the MA subunit. Therefore, MA
as well as the Gag precursor protein localised at least transiently in the nucleus allowing

an effect of MA as well as the Gag precursor protein on the splicing pattern at D1.

To elucidate the impact of Gag on the amount of RNA unspliced at D1, the splicing
pattern of the reporter minigene was analysed by RT-PCR of total RNA derived from
HelLa-T4" cells transiently cotransfected with the 2-intron minigene and the respective
Gag expression vectors (Fig. [1I-32A). Quantification of mMRNA isoforms unspliced at D1
(us and 4.7) revealed that expression of both isoforms is unaffected by coexpression of
the proteolytically active Gag precursor protein or the Gag mutant expressing only the
Gag precursor protein (Fig. 111-32B, cf. 1 with 2 and 3). Additional coexpression of Rev
increases the expression of completely unspliced RNA from the 2-intron minigene.
Although coexpression of Gag proteins appeared to slightly increase the amount of
completely unspliced RNA in the presence of Rev, this difference was not statistically
significant (p=0.11) (Fig. llI-32B, cf. 4 with 5 and 6). Consistently, the expression of
4.7-mRNA, which remained unspliced at D1 but is spliced at the distal intron defined by
D4 and A7, was also not influenced by coexpression of the Gag proteins in the
presence of Rev. Surprisingly, expression of 4.7-mRNA in the presence of Rev, which
was expected to be reduced due to interference of Rev with splicing of the distal intron,

did not decrease, but remained unchanged (Fig. 111-32B, cf. 1-3 with 4-6).
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isoforms expressed from the respective 2-intron minigene. Error bars indicate standard deviation from the
mean of three independent experiments. Slight differences observed in (B) in the presence of Rev are

not statistically significant as evaluated using the paired student’s t-test (p=0.11).
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To test whether a statistically significant difference in the expression of completely
unspliced mRNA could be induced by increasing the ratio of processed Gag subunits,
the transfection experiment was performed using HelLa-T4R5 cells, additionally
expressing the CCR5 coreceptor, which had been reported to allow a more efficient
cleavage of the Gag precursor protein (653). However, the apparent effect of the
proteolytically active Gag precursor protein (GagPR) was not confirmed in HeLa-T4R5
cells (Fig. 111-32B and C, cf. lanes 4 and 5).

These results demonstrated that the viral Gag protein does not influence splicing at D1
in the minigene and therefore the interaction of Gag with the viral mMRNA is not likely to
act as a regulatory mechanism necessary for the tremendous increase in the
expression of the completely unspliced RNA observed 24 h after viral infection of the

cell.
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C.2.2 The p17-inhibitory element in the viral pre-mRNA regulates temporal HIV-1
gene expression.

Analysing the splicing pattern of the 2-intron minigene, it was an unexpected finding that
a substantial amount of mRNAs remained unspliced in the proximal intron (4.7).
Therefore, the question arose whether D1 might be much less efficiently used than it
was anticipated from its intrinsic strength. The hypothesis that D1 is only inefficiently
used was substantiated by the suppressive effect of the SR protein binding sites
overlapping D1 on 5’ ss usage. However, neither mutation of predicted SR protein
binding sites overlapping D1 nor substitution of flanking sequences could completely
activate D1. Therefore, the absence of unspliced mRNA early in viral gene expression
might be caused by multiple inhibitory sequences (ins) dispersed throughout the
gag-/pol-coding region within the genomic context, which were reported to interfere with
the expression of ins-containing HIV-1 mRNAs (121, 530), but which were lacking in the

initially analysed 2-intron minigene.

C.2.2.1 The proximal 202 nt of the Gag-ORF are required for Rev-reactivity in the

presence of the p17-inhibitory element.

To analyse whether the expression of completely unspliced RNA might be modulated by
the sequence downstream of the Gag translational start codon, the first 396 nt of the
Gag-ORF encoding the MA subunit (Fig. llI-33) were reinserted at their authentic
position within the 2-intron minigene (ins) (Fig. [lI-34A). To prevent translation of the
Gag-ORF the translational start codon (ATG) was inactivated by introducing a point
mutation from T to G at nucleotide +2 of the Gag-ORF. The inserted MA-encoding
sequence contained the inhibitory elements M1-M4, which had been reported to confer
instability to the gag-mRNA (526, 530). As a control, which should not decrease the
stability of the intron-containing RNA, the p17-ins element was substituted with the
corresponding region of a codon-optimised form, syn-gag [generously provided by Prof.
Dr. R. Wagner (Universitat Regensburg) (216)] (Fig. 11I-33 and Fig. llI-34A, syn-ins), in
which the codons of the Gag-ORF had been substituted with those most often used in
highly expressed human genes (“human codon usage”). Adaptation to human codon
usage allows Rev-independent Gag expression from otherwise unstable gag-mRNA

expressed from intronless plasmids (216).
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Fig. llI-33: Comparison of the MA-encoding sequence of the Gag-ORF containing the

p17-inhibitory element and the respective codon-optimised syn-gag sequence.

lllustration of parental and mutant p17-ins sequences inserted into the 2-intron minigene. The most

upstream 396 nt of the Gag-ORF encoding the matrix subunit (MA) harbour the p17-inhibitory sequence

(p17-ins), which had been reported to induce RNA degradation (530). To abrogate the inhibitory effect of

the p17-ins element on Gag expression, a codon-optimised form of the Gag-ORF was generated by

adapting the codons to the codon usage of frequently expressed human genes by introducing 115

translationally silent nucleotide substitutions (216). The resulting syn-gag sequence contains a decreased

AT-content compared to the parental gag-encoding sequence. To avoid translation of the p17-ins

sequence after insertion into the 2-intron minigene the translational start codon in the ins- as well as in

the syn-ins sequence was inactivated by a point mutation from T to G at +2 of the Gag-ORF. Adenosines

and thymidines are highlighted in orange, whereas guanosines and cytidines are highlighted in grey.
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The splicing pattern of the 2-intron minigenes carrying the insertion of the ins- or syn-ins
element, respectively, downstream of the inactivated Gag translational start codon was
analysed after transient transfection of HelLa-T4" cells by RT-PCR of total RNA.
Insertion of the p17-ins element clearly reduced the amount of RNA unspliced at D1 in
the absence of Rev (cf. Fig. llI-34B, lane 1 with Fig. llI-30B, lane 1). However, the
insertion did not completely abrogate the expression of RNA unspliced at D1 in the
context of the subgenomic 2-intron minigene. Furthermore, 3’ ss Ad4a and A5 were
equally used for inclusion of the internal exons (1.4a.7 and 1.5.7). Surprisingly,
substitution of the inhibitory element with the codon-optimised version abrogated the
detectability of any 2-intron minigene expressed mRNA. Sequencing of the only visible
band revealed a non-specific amplification of human cofilin-mRNA (Fig. IlI-34B, lane 5).
These contrary effects of the p17-ins element and its codon-optimised version might
hint to an additional function of the inhibitory element other than sole degradation.
However, it should be noted that lack of mMRNA detectability under these experimental
conditions does not necessarily imply degradation of the RNA. Alternatively, an
upstream cryptic splice site might be activated due to the inserted sequence leading to

loss of the primer binding sites used in this RT-PCR assay.

Fig. lll-34: The proximal 102 nucleotides of the p17-inhibitory element are required for Rev-

mediated expression of completely unspliced RNA.

(A) Schematic diagram illustrating the insertion of the ins-sequence or mutant sequences into the 2-intron
minigene. The proximal 396 nt of the p17-inhibitory element (ins, orange) or the respective region of the
codon-optimised syn-gag sequence (syn-ins, orange fasciated) were inserted at their authentic position
immediately downstream of the inactivated translational start codon of the Gag-ORF. Hybrids of ins- and
syn-ins-containing minigenes were generated by successively replacing the downstream region of the
ins- with the syn-in-sequence [syn-ins(102), syn-ins(202), syn-ins(302)] [p(A): SV40 polyadenylation site,
RRE: Rev-responsive element, SV40: SV40 early promoter].

(B) RT-PCR analysis of HeLa-T4" cells transfected with the 2-intron minigene containing the proximal
396 nt of the ins-sequence or mutations thereof. 2 x 10° cells were transiently transfected with 1 ug SV
leader SD1 ins(IlIB) SA5 env nef [ins, lane 1 and 6], SV leader SD1 syn-ins102(IlIB) SA5 env nef
[syn-ins(102), lane 2 and 7], SV leader SD1 syn-ins202(111B) SA5 env nef [syn-ins(202), lane 3 and 8], SV
leader SD1 syn-ins302(l11B) SA5 env nef [syn-ins(302), lane 4 and 9] or SV leader SD1 syn-ins(llIB) SA5
env nef [syn-ins, lane 5 and 10]. Cells were either cotransfected with 1 ug SVcrev, a plasmid expressing
the viral regulatory protein Rev, or a control plasmid. Additionally all cells were transfected with 1 ug

pXGHS5 to control equal transfection efficiency. RNA isolation and RT-PCR were performed as described
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Fig. 111-34: continued.

in Fig. l1I-24C. The exon/intron structure of alternatively spliced mRNA isoforms is depicted at the right.
mRNA isoform 1.4c.7 and heteroduplex or unspecific PCR products (marked by asterisks) were
confirmed by sequencing of the respective bands purified from the gel [ASR: alternatively spliced reporter

RNA, hGH: human Growth Hormone, us: unspliced].
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To identify the region within the codon-optimised syn-ins sequence responsible for RT-
PCR signal loss, the syn-ins sequence was subdivided into four regions of nearly
identical length and successively replaced by the p17-ins element (Fig. I[I-34A). RT-
PCR analysis of transiently transfected HelLa-T4" cells indicated that nucleotides 202-
301 are essential for loss of the RT-PCR signal in this 2-intron minigene context (Fig. IlI-
34B, lane 4). Interestingly, strong Rev-mediated expression of completely unspliced
RNA was only observed in the presence of the p17-ins element, but was abrogated
after partial substitution with the codon-optimised version (Fig. 11I-34B, cf. lane 6 with
lanes 7-8). However, Rev-mediated expression of the mRNA isoform containing the
distal intron defined by D4 and A7 (1.5E) was observed for all minigenes carrying
substitutions in the 5’-half of the p17-ins element. From these results it was concluded
that Rev-mediated expression of RNA unspliced at D1 depends on elements distinct
from those interfering with the removal of the distal intron defined by splice sites D4 and
AT7.

In the previous experiment, it was striking that substitution of the 5’-located 102 nt of the
inserted p17-ins element abrogated Rev-mediated expression of unspliced RNA
(Fig. l11-34B, lane 7). To examine whether the proximal 102 nt of the p17-ins element
are sufficient to confer Rev-reactivity regarding D1 to a syn-ins-containing 2-intron
minigene, the proximal 102 nt of the syn-ins sequence were replaced with the proximal

102 nt of the p17-ins sequence [Fig. IlI-35A, ins(102)]. In order to narrow down the

Fig. 1lI-35: The downstream flanking region (nt 103-202) of the p17-ins element is additionally

needed to mediate Rev-dependent expression of completely unspliced RNA.

(A) lllustration of ins-/syn-ins-hybrid sequences generated in the context of the 2-intron minigene. To
avoid loss of RT-PCR product detectability the inserted p17-ins sequence was shortened to 202 nt
[ins(202), orange]. As control a syn-ins-containing minigene was generated containing only the proximal
202 nt of the codon-optimised syn-ins sequence [syn-ins(202), orange fascinated]. Hybrid minigenes
were generated containing proximal proportions of the ins-sequence and distal proportions of the syn-ins
sequence [ins(102), ins(63) and ins(24)] [p(A): SV40 polyadenylation site, RRE: Rev-responsive element,
SV40: SV40 early promoter].

(B) RT-PCR analysis of HeLa-T4" cells transfected with the 2-intron minigene containing the shortened
p17-ins sequence or mutants thereof. 2 x 10° HeLa-T4" cells were transiently transfected with 1 ug SV
leader SD1 ins(llIB) SAS env nef [ins, lane 1 and 7], SV leader SD1 ins(202) SA5 env nef [ins(202),
lane 2 and 8], SV leader SD1 ins(102)-syn-ins(202) SA5 env nef [ins(102), lane 3 and 9], SV leader SD1
ins(63)-syn-ins(202) SA5 env nef [ins(63), lane 4 and 10], SV leader SD1 ins(24)-syn-ins(202) SA5 env
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Fig. llI-35: continued.
nef [ins(24), lane 5 and 11] or SV leader SD1 syn-ins(202) SA5 env nef [ins(202), lane 6 and 12] and

cotransfected with either 1 ug SVcrev, where indicated (Rev), or a control plasmid. Additionally, all cells
were transfected with 1 ug pXGH5 to control equal transfection efficiency. RNA isolation and RT-PCR
were performed as described in Fig. [lI-24C. The exon/intron structure of differentially spliced mRNA
isoforms is shown at the right. Due to the shortened ins-insertion, RT-PCR products derived from mRNAs
retaining the proximal intron (4.7 and us) differ in size for the respective minigenes. RT-PCR products
originating from mRNAs with identical exon/intron structure are indicated by coloured asterisks. The black
asterisk marks heteroduplex PCR products [ASR: alternatively spliced reporter RNA, hGH: human

Growth Hormone, us: unspliced].
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sequence required for Rev-reactivity additional plasmids were generated containing
different proportions of the p17-ins element deduced from RNA structural elements
predicted to form in this region, i.e. the proximal 24 nt (SL4) or 63 nt (SL4 and ORF1)
[C.K. Damgaard, PhD thesis (142)]. To ensure RT-PCR detection, the inserted inhibitory
elements were restricted to the proximal 202 nt. RT-PCR of transiently transfected
HelLa-T4" cells verified that the Rev-dependent expression of unspliced RNA had been
preserved in the 2-intron minigene containing only 202 nt of the p17-ins element,
whereas it was totally abrogated in the syn-ins-containing control minigene (Fig. 111-35B,
lanes 8 and 12). Unexpectedly, insertion of the first 102 nt were not sufficient to transfer
Rev-reactivity of D1 to a minigene containing nucleotides 103-202 of the codon-
optimised syn-gag sequence (Fig.lll-35B, lane 9). Consistently, both shorter
proportions of the p17-ins element failed to express completely unspliced RNA in the
presence of Rev (Fig. llI-35B, lanes 10 and 11). Although completely unspliced RNA
was not expressed from syn-ins-containing minigenes, all ins-/syn-ins-hybrid minigenes
examined here expressed Rev-dependent 1.5E-mRNA demonstrating that all minigene
derived pre-mRNAs remain Rev-reactive regarding the distal intron (Fig. 11I-35B, lanes
7-12). In addition, the syn-ins sequence affected the ratio of the 3’ ss used for inclusion
of the internal exon, so that the ratio of 3’ ss selection is similar to that of the 2-intron

minigene lacking the p17-ins element (Fig. 111-35B, lane 6).

These results revealed that in the presence of syn-gag sequences besides the proximal
102 nt additional nucleotides of the region 103-202 of the p17-ins element are needed
to confer Rev-reactivity of D1 for the generation of completely unspliced RNA to the

control minigene.

C.2.2.2 The Rev binding site in stem loop 1 does not contribute to Rev-mediated

increase of unspliced RNA.

Initially, Rev was described to interact with the HIV-1 pre-mRNA at an RNA secondary
structure termed Rev-responsive element (RRE) located in the intron flanked by D4 and
A7. In a recent study, a second Rev binding site was identified in stem loop 1 (SL1)
located upstream of D1 in a RNA secondary structure (198) forming within the 5'-
untranslated region (5’-UTR) (Fig. IlI-36A). The p17-ins sequence might be involved in
the formation of the RNA secondary structure of the 5’-UTR generating the binding site

for Rev. To analyse whether the Rev binding site contributes to the Rev-reactivity of D1

184



Results

A gu Btem
mqu-apmnanur(@u AG o
Stem Loop 1 caG
AU
Loop B Loop A A
GC
GTH | cCG
GC A G 1) GG 2t Detarminant
Putathve c A CGACAAD CCAG ace  cAtA Principal Packaging e
Dimorsation @ .
intation Sits ¢, GUCAUUC acus (- 1e A GA o
GA e @ A UUUU  CUAGG Stzm
00 N ce R Gc AGGA GAUCG Loop 3
694 llc G
695A>G  692A>G 7 &
U A
c 6
5" GTGGCGCCCGAAGAGGEACC TGAAAGCGAAAGGGAAACCAGAGGAG o ¢
Primer Binding Sie U Gag nltletion Codon
G
@

Fig. lll-36: Mutation of the potential Rev binding site in stem loop 1 of the 5’-UTR does not change
the splicing pattern of the 2-intron minigene.

(A) The 5-UTR harbouring D1 folds into a large secondary structure [adapted from (198)], in which four
stem loops have been described (SL1-SL4). Recently, loop A of SL1 was reported to act as additional
binding site for the viral regulatory protein Rev (198). Two point mutations from A to G at position 692
and 695 in the 5’-UTR had been reported to reduce binding of Rev to SL1 (198). Although quite distant,
the p17-ins sequence (most proximal nucleotides are highlighted in orange) might assist the generation
of SL1 through stabilisation of a central loop at the basis of SL1, SL2 and SL3.

in ins-containing minigenes, the Rev binding site upstream of D1 was mutated by
introducing two point mutations from A to G in SL1 (Fig. 1lI-36A) reported to reduce Rev
binding in vitro (198) and to result in a viral replication defect (226). Analysis of the
splicing pattern of the 2-intron minigene lacking the p17-ins element revealed that
mutation of the Rev binding site in the leader upstream of D1 did not at all affect the
splicing pattern of the 2-intron minigene neither in the absence nor in the presence of
Rev (Fig. 11I-36B, cf. lane 1 with 2 and lane 3 with 4).

185



Results

Fig. lll-36: Mutation of the potential Rev
binding site in stem loop 1 of the 5’-UTR
does not change the splicing pattern of

the 2-intron minigene (continued).

(B) lllustration of point mutations
corresponding to nucleotides 692 and 695
in SL1 introduced into the 2-intron
minigene in the absence or the presence
of the proximal 202 nt of the p17-ins
element. The constructs contain the
shortened version of the p17-ins element
to ensure the expression of detectable

mRNA isoforms.

(C) RT-PCR analysis of HelLa-T4" cells
transfected with  2-intron  minigene
derivatives carrying mutations in SL1. Cells
were transiently transfected with SV leader
SD1 SA5 env nef [SL1, lane 1 and 5], SV
leader GGGG SD1SAS5 env nef [mt, lane 2
and 6], SV leader SD1 ins(202) SA5 env
nef [SL1 ins(202), lane 3and 7] or SV
leader GGGG SD1 ins(202) SA5 env nef
[mt ins(202), lane 4 and 8], cotransfected
with SVcrev, where indicated (Rev), and
pXGH5 to monitor equal transfection

efficiency. RT-PCR was performed as
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described in Fig. IlI-24C. The exon/intron structure of alternatively spliced mRNA isoforms is depicted at

the right. Due to the insertion of the ins sequence, RT-PCR products derived from unspliced and 4.7-

mRNA differ in size for the respective minigenes. RT-PCR products originating from mRNAs with

identical exon/intron structure are indicated by coloured asterisks. The black asterisk marks heteroduplex

PCR products [ASR: alternatively spliced reporter RNA, hGH: human Growth Hormone, us: unspliced].

Also, introducing the SL1 mutation in the 2-intron minigene containing the proximal

202 nt of the ins-sequence did not influence the splicing pattern of the 2-intron minigene

(Fig. I11-36B, lanes 7 and 8). These unexpected results suggested that the Rev binding

site in SL1 is dispensable for Rev-reactivity in minigenes containing the proximal 202 nt

of the p17-ins element.
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C.2.2.3 The first 202 nt of the p17-ins element contain an intronic splicing

enhancer.

As a control that the insertion of the p17-ins element caused degradation of RNA

unspliced at D1, the ins element was combined with a point mutation of 5’ ss D1 at
position +5 from G to T (Fig.lll-37A and B, 5U). This mutation lowers the

complementarity of the 5’ ss to the U1 snRNA and was expected to abrogate splicing at

D1 caused by loss of U1 snRNA binding. RT-PCR analysis of transiently transfected

HelLa-T4" cells revealed that inactivation of D1 resulted predominantly in mRNA, which

was only spliced between D4 and A7 (4.7), whereas the amount of unspliced RNA (us)

increased only marginally (Fig. I1I-37C, lane 4).
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Fig. lll-37: Splicing of a suboptimal D1 mutant is promoted by an intronic splicing enhancer in the

p17-ins element.
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Fig. lll-37: continued.

(A) Scheme of 2-intron minigenes carrying the proximal 202 nt of the p17-ins element or the codon-
optimised syn-ins control sequence in combination with either the parental 5’ ss D1 or the mutant 5’ ss

5U [p(A): SV40 polyadenylation site, RRE: Rev-responsive element, SV40: SV40 early promoter].

(B) Sequence comparison between the parental 5’ ss D1 and the mutant 5’ ss 5U (+5 G to T; shown in
red). Due to the high complementarity to the free 5’ end of the U1 snRNA (grey letters) D1 is classified as
intrinsically strong splice site as monitored by high score values (denoted in brackets) assigned by the

splice finder algorithm [splicefinder (ver. 4.1) (www.uni-duesseldorf.de/rna)]. Complementary base pairs

are highlighted in grey. Hydrogen bonds, which can be formed between 5 ss nucleotides and the

U1 snRNA, are depicted as vertical bars.

(C) RT-PCR analysis of HeLa-T4" cells transfected with the parental 2-intron minigene or the minigene
carrying the mutant 5’ ss 5U in the absence of the p17-ins element. Cells were transiently transfected
with SV leader SD1 SA5 env nef (D1, lane 1 and 2) or SV leader 5U SA5 env nef (5U, lane 3 and 4) and
pXGHS5 to control equal transfection efficiency. RT-PCR was performed as described in Fig. 111-24C. PCR
reactions were controlled for plasmid DNA contamination by omitting reverse transcription (RT -, lane 1
and 3). The exon/intron structure of alternatively spliced mRNA isoforms is depicted at the right. The
asterisks mark heteroduplex PCR products [ASR: alternatively spliced reporter RNA, hGH: human

Growth Hormone, us: unspliced].

(D) RT-PCR analysis of HeLa-T4" cells transfected with the 2-intron minigene carrying the 5U mutation in
the presence of the proximal 202 nt of the p17-ins element or the syn-ins control sequence. HelLa-T4"
cells were transiently transfected with SV leader 5U SA5 env nef [lane 1 and 4], SV leader 5U ins(202)
SAS5 env nef [ins(202), lane 2 and 5] or SV leader 5U syn-ins(202) SA5 env nef [syn-ins(202), lane 3 and
6], SVcrev, where indicated, or a control plasmid and pXGH5 to control equal transfection efficiency. RT-
PCR was performed as described in Fig. [lI-24C. The exon/intron structure of alternatively spliced mRNA
isoforms is shown at the right. Due to the insertion of the ins-sequence or the control sequence, RT-PCR
products retaining the proximal intron are enlarged compared to the parental 2-intron minigene. Coloured
asterisks mark RT-PCR products resulting from mRNA isoforms with identical exon/intron structure. RT-

PCR products corresponding to 1.4a.7- and 1.5.7-mRNA were confirmed by sequencing.

Insertion of the proximal 202 nt of the p17-ins element downstream of the 5U mutation
of D1 surprisingly showed that splicing from this mutant 5 ss was reactivated
(Fig. I-37D, lane 2). In contrast, insertion of the 202 nt syn-ins sequence did not
activate splicing at the 5U mutation (Fig. IlI-37D, lane 3). Regarding the stability of ins-
and syn-ins-containing mMRNAs, it was observed that the mRNA isoform, which retained
the proximal intron and thereby the respective ins- or syn-ins-sequence (4.7), was

expressed to a similar extent from the ins- as well as from the syn-ins-containing
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minigene (Fig. llI-37D, cf. lanes 2 and 3) suggesting that the proximal 202 nt of both
sequences did not differentially alter mRNA turnover. However, in combination with the
5U mutation at D1 only the syn-ins- and not the ins-containing minigene expressed
completely unspliced RNA (us) in the absence of Rev. Nevertheless, Rev-reactivity at
the 5U mutation of D1 was still only observed for the ins-containing pre-mRNA, whereas
mMRNA isoforms unspliced at D1 were at best slightly increased in the syn-ins-containing

minigene by coexpression of Rev (Fig. 111-37D, cf. lane 2 with 5 and lane 3 with 6).

These results suggested that the proximal 202 nt of the p17-ins sequence harbour an
intronic splicing enhancer ensuring activation of D1 even after mutation of the 5 ss

causing limited complementarity to U1 snRNA.

C.2.3 Summary: Splicing at D1 is oppositely regulated by SR protein binding
sites overlapping the 5’ss and the downstream located intronic p17-ins
element.

The second part of this thesis aimed to identify sequence requirements necessary for
the expression of genomic HIV-1 RNA. To this end, it was investigated whether splicing
regulatory elements control 5’ ss D1 efficiency and whether the p17-ins element located

downstream of D1 influences the usage of this 5’ ss.

To evaluate whether D1 efficiency is downregulated in the late phase of viral gene
expression due to the presence of splicing regulatory elements, the 5 ss and flanking
sequences were analysed with respect to binding sites for two splicing regulatory
protein families, the hnRNPs and the SR proteins. Mutational analyses of the D1
sequence itself revealed that binding sites for the SR proteins SC35 and SRp55
overlapping D1 suppress 5’ ss efficiency. Binding of SC35 to the exonic sequence of D1
was confirmed in vitro. These results might indicate a competition of SR proteins with
U1 snRNA for binding to D1. The competition model was substantiated by the two
further findings that suppression of D1 usage is not supported by additional SR protein
binding sites in the region upstream of D1 and that also tethering the SC35 RS domain
into a more upstream exonic position, as expected, activated splicing rather than
inhibiting splicing at D1. In contrast to the SR protein binding sites, an hnRNP H binding
site upstream of D1 does not regulate splicing at D1, which was shown by analysis of
the mutant minigene as well as shRNA-mediated knockdown of cellular hnRNP H.

However, hnRNP H is needed for efficient inclusion of the internal exon into the
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minigene MRNA suggesting a role of hnRNP H in the activation of splice sites flanking

the internal exons 4c, 4a, 4b, and 5.

Searching for additional splicing regulatory factors binding to D1, the proteins Nucleolin,
DHX36, EF1-a and RAN were identified, which are involved in RNA metabolism, but
could not be linked to splicing regulation. In a more general approach, substitution of
sequences directly neighbouring D1 in the exon or the intron influenced the splicing
pattern of the 2-intron minigene regarding internal 3’ ss selection and distal intron
removal. However, overall activation of D1 was not affected. Therefore, the D1
sequence and the flanking regions appear to be only marginally involved in regulation of
D1 efficiency, however, the changes in the generation of mRNA isoforms using distant
splice sites pointed to the involvement of the SR protein binding sites and the flanking

sequences in splicing kinetics.

A major contribution to regulation of splicing at D1 by the viral protein Gag could not be
confirmed by the experiments presented in this work. Although the expression of Gag
subunits appeared to slightly increase the expression of mRNA isoforms unspliced at
D1, this increase turned out to be not statistically significant and much less pronounced

than expected in light of the previous findings.

Introducing the p17-inhibitory element (p17-ins) into the 2-intron minigene revealed that
Rev-dependent expression of completely unspliced mRNA from ins-containing
constructs requires the presence of the proximal 202 nt of the p17-ins element. The Rev
binding site in stem loop 1 in the 5’-UTR is dispensable for Rev-reactivity of D1 in these
2-intron minigenes. Examining the effects of the p17-ins sequence insertion on steady-
state expression levels revealed that mRNA isoforms containing the p17-ins or the
control sequence in the proximal intron are expressed at the same amount. However,
this experiment demonstrated for the first time that the proximal 202 nt of the p17-ins

element act as an intronic splicing enhancer (ISE) in vivo.

The results presented in the second part of this thesis revealed that the sequence of D1
itself as well as neighbouring sequences affect the usage of this 5’ ss, internal 3’ ss
selection, and distal intron removal. However, the regulatory impact of this sequences is
likely not sufficient to mediate the strong increase in the expression of completely
unspliced RNA in the late phase of viral gene expression. A more robust effect on the
expression of completely unspliced RNA was observed by the insertion of the p17-ins

element into the 2-intron minigene revealing that the proximal 202 nt of the ins
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sequence are essential for Rev-reactivity at D1, but not needed for Rev-reactivity of the
distal intron. Therefore, both classes of Rev-dependent mRNA isoforms, i.e. completely
unspliced mMRNA and mRNAs spliced only in the distal intron, appear to differ in the
sequence requirements necessary for Rev-dependency: whereas expression of mMRNAs
unspliced only in the distal intron depends solely on the presence of the RRE in the
distal intron, completely unspliced mRNA additionally requires the p17-ins element in

the proximal intron.

191



Discussion

D. Discussion

In this thesis, two mechanisms regulating alternative splicing of the HIV-1 pre-mRNA in

the early and late phase of viral gene expression were investigated.

At the beginning of this work, it was not clear whether the GAR ESE located in the
central exon 5 supports exon recognition by concomitant activation of both, the
upstream located 3’ ss as well as the downstream flanking 5’ ss D4. Results obtained in
this thesis demonstrated that the GAR ESE is essential for bidirectional simultaneous
activation of the 3’ ss cluster preceding exon 5 and of the downstream D4. Further
investigations in this work evidenced that the GAR ESE is embedded in an intricate
network of interactions emerging from the E42 sequence and the splice sites flanking

exon 5 that regulates the inclusion of exons 4c, 4a, 4b and 5 into the mRNA.

The second part of this thesis questioned whether splicing regulatory elements located
in the proximity of the major 5’ ss D1 modulate the efficiency of this splice site. The
results revealed that the p17-inhibitory sequence (p17-ins) located downstream of D1 in
the Gag-ORF harbours an intronic splicing enhancer (ISE) increasing D1 usage in vivo.
In addition, the first 202 nt of the p17-ins element were found to be crucial to confer
Rev-reactivity on D1 resulting in the expression of unspliced mRNA from a subgenomic
2-intron minigene. Contrary to the enormous impact of the p17-ins element, a minor
interference with splicing at D1 was observed for SR protein binding sites overlapping
this 5’ ss.

D.1 The GAR ESE constitutes a main regulatory molecular hub for central

splice site activation of the HIV-1 pre-mRNA.

The purine-rich multi-site GAR ESE in HIV-1 exon 5 activates both an upstream located
3’ ss as well as a downstream 5’ ss (91). Using a 2-intron minigene, whose splicing
pattern is comparable to that of HIV-1 NL4-3-infected PM1 cells (Fig. IlI-2), it was shown
in this thesis that the GAR ESE performs bidirectional 3’ ss and 5’ ss activation. The
GAR ESE-mediated bidirectional splice site activation was demonstrated to additionally
depend on the interplay with downstream regulatory elements of exon 5. It was
discovered that the GAR ESE fulfils a dual splicing regulatory function (i) by
synergistically enhancing inclusion of the internal exons 4a and 5 through all identified

SR protein binding sites and (ii) by specifically activating A5 of the 3’ ss cluster solely
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through the two proximal SF2/ASF binding sites. Analysing the interaction of the GAR
ESE with U1 snRNP at the downstream 5 ss D4 and the E42 sequence located in
between revealed that the enhancer was not only essential for general but also for
selective activation of the alternative 3’ ss cluster, which in turn is necessary for
generation of rev-, nef- and vpu-/env-mRNAs in the early and late phase of HIV-1 gene

expression.

D.1.1 The GAR ESE is essential for exon recognition.

Experiments presented in this thesis demonstrate that the GAR ESE is crucial for
activation of the splice sites flanking the internal exon 5, which led to the inclusion of
one of the alternative exons 4c, 4a, 4b or 5 into the mRNA (Fig. llI-5C). Since mRNA
isoforms including one of these exons encode for the viral regulatory proteins Rev or
Nef, which both fulfil important functions in viral replication [reviewed in (146, 229)], the
GAR enhancer thus is a prerequisite for the efficient onset of viral replication.
Furthermore, besides mediating exon recognition in the early phase of viral gene
expression, the enhancer is also pivotal for activation of the 3’ ss cluster generating
intron-containing vpu-/env-mRNAs (Fig. Ill-6). Therefore, the GAR ESE influences
splicing of nearly all mRNA isoforms except unspliced RNA, and thereby constitutes an

essential cis-regulatory element during early and intermediate HIV-1 gene expression.

It has been reported that exonic sequences even in the absence of their splice sites can
suppress joining of flanking exons when inserted into an intron (275). From these data it
was concluded that exonic enhancer sequences may ensure exon recognition by acting
as barriers preventing the exon removal (275). This, however, contrasts the results
observed in this thesis for HIV-1 exon 5, because the GAR ESE was unable to prevent
exon skipping caused by mutation of the downstream flanking 5’ ss D4 (Fig. IlI-10B,
lane 3). Since inactivating the GAR ESE also induced exon skipping in the 2-intron
minigene (Fig. 11I-5C), the GAR ESE is necessary but not sufficient to obviate internal
exon skipping. The simultaneous requirement for the GAR ESE and a functional 5’ ss
(Fig. 111-12B) suggests that splicing-competent complexes assembling at the borders of
exon 5 outcompete splicing from D1 to A7 and thus interfere with exon skipping rather
by their functionality than by their sole presence. Therefore, trans-acting factors binding
to the GAR ESE do not serve as a barrier to prevent splicing of the flanking exons as it

had been proposed for other exonic enhancers (275). These dissimilar effects of HIV-1
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exon 5 and exonic sequences derived from the f-globin-mRNA analysed by Maniatis
and colleagues (275) indicate that inserted enhancer sequences might differ in their
ability to suppress exon joining. These differences might relate to the exon/intron
architecture of the model pre-mRNAs or the regulatory proteins recognising the

enhancer elements and the mechanisms they elicit.

In addition to exon skipping, mutations of the GAR ESE or D4 consistently increased
the expression of completely unspliced RNA (Fig. 11I-5C and Fig. 1l1I-13B). Unexpectedly,
MRNA isoforms, which remained unspliced at D1, i.e. completely unspliced mRNA and
MRNA retaining only the proximal intron (4.7-mRNA), were already detected after
transfection of the parental 2-intron minigene in the absence of Rev, albeit at a lower
level. The detectability of mRNA isoforms unspliced at D1 suggests that D1 was only
suboptimally activated. This might be caused by a splicing silencer element located
upstream of A4c (ESS2) (11), which is conceivable to reduce the efficiency of proximal
intron removal in the 2-intron minigene. In pre-mRNAs unspliced in the proximal intron
both, D1 and D4, are able to compete for usage of the most downstream 3’ ss, A7. In
the parental 2-intron minigene only D4 — but not D1 — was used generating 4.7-mRNA
(Fig. I-5C, lane 1). However, decreasing the efficiency of D4 usage in the 2-intron
minigene by mutations of the GAR ESE or the 5’ ss itself, relieved the preferential
usage of D4 and nearly equals usage of both 5’ ss. After inactivating the GAR ESE, D1
usage (1.7-mRNA) even outcompeted D4 usage (Fig. IlI-5C, lane 2). However, the only
suboptimal activation observed for D1 in the parental 2-intron minigene likely applies
also to the removal of the proximal intron in mutant minigenes. Therefore, suboptimal
activation of D1 is suggested to account for the increased expression of completely

unspliced RNA observed after mutating the central exon.

D.1.2 Exon recognition is synergistically activated by the SR protein binding
sites of the GAR ESE.

Whereas most of the HIV-1 pre-mRNA sequence is removed by extensive splicing in
the early phase of viral gene expression, the internal exons 4c, 4a, 4b and 5 have been
described to be frequently included into the 1.8 kb mMRNA class due to activation of the
respective alternative 3’ ss and 5 ss D4 (232, 317, 429, 481, 493, 495, 527). The
results of this thesis evidence that the three binding sites for the SR proteins SF2/ASF
and SRp40 initially described to form the GAR ESE (91) individually contribute to the
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recognition of the internal exons 4a and 5 in the 2-intron minigene (Fig. IlI-5). In doing
so, the individual SR protein binding sites differed in their extent of activating exon
recognition [SF2(1) > SF2(2) > SRp40], albeit at an overall rather low level.

Inclusion of the internal exons 4a and 5 into mature mRNA isoforms was synergistically
mediated by the presence of two SR protein binding sites of the GAR ESE (Fig. IlI-5D).
Although already one SR protein binding site induced a marginal level of exon
recognition, the combination of any two SR protein binding sites in the GAR enhancer
complex synergistically activated exon recognition way beyond the sum of the individual
contributions. Two SF2/ASF binding sites mediated the inclusion of the internal
exons 4a and 5 to a similar extent as an SRp40 and an SF2/ASF binding site, which is
in line with the finding that the RS domains are interchangeable between different SR
proteins for some enhancer functions (102, 597, 621). However, the presence of a third

binding site only slightly increased exon recognition.

Synergy in regulatory processes, like e.g. alternative splice site activation, has been
proposed to be mediated either by cooperative binding of regulatory factors to enhancer
sequences or by enhancement of two or more inefficient steps of the regulated process
by direct interactions (257). Analysing the function of the GAR ESE, any single SR
protein binding site was found to be already sufficient for sole activation of 5’ ss D4
(Fig. l11-5), but not for efficient exon inclusion, suggesting downstream directed cross-
exon interactions of the GAR enhancer. Since any synergistic enhancement of splicing
at D4 was observed in the presence of two or more SR protein binding sites of the GAR
ESE, it seems highly unlikely that its synergistic effect on exon recognition is mediated
through cooperative binding of SR proteins, as has been found in the Drosophila
doublesex repeat element (258, 374). Previous work of our group also could not confirm
a synergistic effect of the individual SR protein binding sites of the downstream GAR
ESE on activation of a heterologous 3’ ss (91). Therefore, it is hypothesised in this work
that the synergy found in exon recognition (Fig. Ill-5) stems from bidirectional
interactions emanating from the enhancer into opposite directions, the 3’ ss and 5’ ss,
thereby promoting different steps in the splicecosome assembly at the respective

upstream and downstream intron (Fig. IV-1).
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Fig. IV-1: Bidirectional cross-exon interactions emanating from the GAR ESE ensure internal exon

recognition.

SR protein binding sites of the GAR ESE ensure internal exon inclusion into the HIV-1 mRNA
presumably by generating downstream as well as upstream directed interactions enhancing the
recognition of the flanking splice sites. Although only 3’ ss Ad4a and 5 were activated in the parental
2-intron minigene, the enhancer is essential for activation of all 3’ ss within the cluster preceding exon 5.
The enhancer was likewise essential for activation of 5’ ss D4. However, it remains to be determined
whether GAR ESE-bound proteins directly promote D4 recognition or whether activation is transferred by
an yet unidentified factor (x) binding to the E42 fragment. In any case, the E42 sequence was found to be
crucial for exon recognition and thus an interaction between proteins binding to the E42 sequence and
the U1 snRNP recognising D4 is assumed. U1 snRNP binding at D4 additionally supports 3’ ss selectivity
mediated by the GAR ESE suggesting an also upstream directed interaction of U1 snRNP. Positioning of
hTra2-p binding at the GAR ESE and at the intronic purine-rich region proximal to A4b is based on the
consensus binding motif of its RRM (586, 599) [40: SRp40, SF2: SF2/ASF, U1: U1 snRNP].

A similar synergistic action has been reported for three purine-rich elements regulating
exon v3 inclusion into the CD44-mRNA (625), but has not automatically to be
associated with every bidirectional enhancer (339). Therefore, synergistic splicing
enhancer action may hint to different regulatory mechanisms than present in cases of

additive enhancer action.
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Synergy in complex assembly has been implicated as a molecular switch for regulatory
processes (257). The synergistic activation of internal exon inclusion by the three
distinct binding sites for the SR proteins SF2/ASF and SRp40 of the GAR ESE might
allow the virus to switch from the shortest nef7-mRNA isoform, consisting only of the
terminal exons 1 and 7 of the HIV-1 pre-mRNA, to internal exon-containing mRNAs
coding for the regulatory proteins Rev or Nef. Additionally, cell type-dependent
differences in the expression of the HIV-1 mRNA isoforms had been reported. In
particular, it has been shown that exons 4c, 4a, 4b and 5 are less frequently included
into HIV-1 mRNAs during infection of monocyte-derived macrophages (MDM) compared
to CD4" lymphocytes (495, 570). Based on experimental data showing that mutations of
the GAR ESE lower the inclusion of the internal exons (Fig. IlI-5), reduced exon
inclusion in macrophages might be caused by impaired GAR enhancer activity.
Although SF2/ASF expression in MDM was recently confirmed (161), the amount of this

splicing regulatory protein might be too low to ensure efficient GAR enhancer activity.

In contrast to the synergistic activation of exon recognition by two SR protein binding
sites, the presence of a third SR protein binding site of the GAR ESE exerted an only
slightly additive effect on the inclusion of the internal exons 4a and 5 (Fig. IlI-5C).
However, all three SR protein binding sites of the enhancer became essential for
efficient activation of the 3’ ss cluster generating intron-containing vpu/env-mRNA
(Fig. lI-6) in the intermediate and late phase of viral gene expression. Expression of
intron-containing vpu/env-mRNAs is initiated by the viral protein Rev connecting mRNA
isoforms unspliced in the distal intron defined by D4 and A7 to the Crm1-dependent
export pathway (186, 194, 443, 654). Generation of vpu/env-mRNAs might require an
improved splicing kinetic to efficiently remove the proximal intron upstream of the
alternative internal exons prior to Rev-mediated nucleocytoplasmic export. Therefore,
the enhancer might have to act more rapidly on 3’ ss activation to mediate splicing of
the proximal intron before the RNA is exported. This accelerated splicing kinetic might
be facilitated by three SR protein binding sites more efficiently stabilising spliceosomal

proteins at the 3’ ss cluster.
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D.1.3 The GAR ESE mediates 3’ ss selectivity by its proximal SF2/ASF binding
sites.

The internal exon 5 is preceded by four alternative 3’ ss, from which A5 is located most
downstream and flanks exon 5. Usage of one of the three 3’ ss upstream of A5 results
in mRNA isoforms encoding the viral regulatory protein Rev, whereas usage of A5 leads
to the generation of an mRNA isoform encoding Nef. In this work, the preferential
activation of A5 was identified as an additional function of the GAR ESE resulting in the
predominant inclusion of the alternative exon 5 compared to exon 4a in the 2-intron
minigene (Fig. IlI-5E). Unbalanced activation of the competitive 3’ ss Ad4a and A5 has
also been observed during viral gene expression and revealed a considerably higher
expression of mMRNAs using A5 than any other 3’ ss of this cluster (232, 481, 495),
leading to Nef-encoding mRNAs required in the early phase of viral gene expression.
Nef fulfils a number of regulatory functions during viral replication, e.g. cellular surface
receptor down-modulation (146), which are executed through mostly weak interactions
of distinct Nef domains with a variety of cellular proteins (205). An elevated Nef
concentration in the infected cell might thus contribute to efficient viral replication.
Increased inclusion of the alternative internal exon 5 compared to exon 4a, as detected
in the experiments presented here, may thus lend a further functionality to the GAR

enhancer for viral replication.

From a kinetic point of view, it might be considered that alternative splice sites are
chosen according to the spliceosomal assembly rate at the respective 3’ ss. Recognition
of the 3’ ss might at first be mediated by the sequence elements reported to directly
interact with spliceosomal components and thereby constitute the intrinsic splice site
strength, i.e. the BPS, the PPT and the downstream flanking nucleotides of the AG-
dinucleotide. In the 2-intron minigene all 3’ ss clustering upstream of exon 5 are
considered to exhibit a low intrinsic strength due to non-consensus BPS and
discontinuous PPTs. This suggestion was supported by an early work reporting that the
3’ ss cluster was only inefficiently used in a heterologous 1-intron minigene derived from
the p-globin gene (447). However, due to an incomplete knowledge on cis-acting
splicing regulatory elements at that time, the upstream located splicing silencer element
ESS2 (11) was also included in the heterologous minigene. More recently, the weak
intrinsic strength of all 3’ ss within the cluster was experimentally confirmed by our
group using a subgenomic 1-intron minigene lacking the downstream exon 5 and the

upstream ESS2 (296). Nevertheless, the 3’ ss within the cluster can still be ranked
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according to their intrinsic strength using the MaxEntScore algorithm
[hitp://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq_acc.html (669)] resulting
in Adc (3.74) > A5 (2.65) >> Ada (-1.75) > Adb (-3.42) (Fig. llI-7A).

From the intrinsic strength one would expect that Adc is predominantly activated due to
its characterisation as strongest 3’ ss within this cluster (MaxEntScore 3.74). However,
activation of A4dc was not observed in the parental 2-intron minigene (Fig. I1-8B, cf.
lane 1 with lanes 5 and 7). Instead A5 was predominantly used for internal exon
inclusion, although this 3’ss is classified to exhibit a weaker intrinsic strength
(MaxEntScore 2.65). These results argue against a strict control of the 3’ ss cluster by
splicing kinetics based only on their intrinsic strength. This conclusion is further
substantiated by the finding that even activation of A4da — featuring a considerable
weaker intrinsic strength (MaxEntScore -1.75) than A4c — was clearly favoured over A4c
usage. Remarkably, the 3’ ss located in close proximity to the GAR ESE, i.e. A5 and
Ada, were more frequently used than expected from their intrinsic strength. This
disproportionate activation of the 3’ ss cluster indicates that the GAR ESE contributes to
the overall strength of the 3’ ss with an impact correlating to the proximity of the
enhancer and 3’ ss. The SR protein-mediated enhancement of complex assembly on
the closely neighbouring splice sites thereby not only equalises differences in the
intrinsic strength of the 3’ ss, but even results in a stronger overall strength for 3’ ss A5
and Ada. A similar concept was suggested by Krainer and colleagues proposing that SR
protein binding sites might enhance recognition of neighbouring 5’ ss by U1 snRNP
thereby rendering both splice sites equally competitive (170). From this a model is
evolved, in which the GAR ESE supports the recognition of the 3’ ss located in close

proximity by increasing recognition by spliceosomal components (Fig. IV-2).
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Fig. IV-2: Model of GAR ESE-mediated stabilisation of spliceosomal components depending on
the proximity of the respective 3’ ss within the cluster preceding HIV-1 exon 5.

Despite considerable differences in the intrinsic splice site strength, each 3’ ss of the cluster was
efficiently used for exon inclusion in the absence of competing 3’ ss. Therefore, their usage in the HIV-1
pre-mRNA depends on the combination of the intrinsic strength and the position to the GAR ESE relative
to other 3' ss within the cluster. The GAR enhancer presumably stabilises spliceosomal components at
the 3’ ss most effectively at the nearest upstream 3’ ss A5. Although A4a is located upstream of A5, its
usage is also activated by the GAR ESE. However, both 3’ ss interfere with the effect of the enhancer on
the more upstream located 3’ ss A4c. Disuse of A4b might relate to its low intrinsic strength or,
altermatively, to its specific function for Ad4a activation. The intrinsic splice site strength (given in
brackets) for the 2-intron minigene was classified using the MaxEntScore algorithm and is illustrated by

the size of the splice site numbering, with Adc representing the strongest 3’ ss within the cluster.

The model that the GAR ESE supports 3’ ss recognition dependent on the distance
from the respective 3’ ss is only opposed by the disuse of A4b located between both
activated 3’ ss. However, based on the lowest intrinsic strength, the overall strength of
A4b even enhanced by the GAR ESE might be too weak to compete with the
neighbouring 3’ ss. Alternatively, disuse of A4b might originate from its specific function
within the 3’ss cluster, which was deduced from the observation that inactivating A4b

also abrogates splicing at A4a (Fig. Ill-8B, lane 3). Therefore, the AG-dinucleotide of
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A4b appears to essentially facilitate A4a usage. This result obtained in the minigene
experiment is consistent with reports showing that A4b mutation also abrogates splicing
at 3’ ss Ada in vitro (594) and during viral infection in vivo (493). A similar dependency
of two alternative 3’ ss had been observed for the small tumour antigen mRNA (StAg) of
the polyoma virus, where activation of the StAg 3’ ss requires an additional 3’ ss located
14 nt downstream (203). Another example was subsequently characterised within the
regulation of the Drosophila sexlethal (sx/) exon 3 (469), in which activation of the
proximal 3’ ss is assisted by a distal 3’ ss recruiting U2AF*°. Due to the suggested
function of A4b for activation of the upstream 3’ss, it is conceivable that A4b is occupied
by splicing-related proteins necessary for Ada activation, which either block the
enhancing effect of the GAR ESE on A4b or, alternatively, even transfer the enhancing

effect onto A4a.

Loss of efficient 3’ ss activation for internal exon inclusion after E42 deletion indicates
that in the absence of the 3’ half of exon 5 all SR protein binding sites of the GAR ESE
are needed to stabilise binding of spliceosomal proteins at D4 (Fig. 111-13B, lane 3). In
this context, activation of the 3’ ss cluster depends on the intrinsic strength as
evidenced by the sole activation of A4c characterised by the highest intrinsic strength
within the competing 3’ ss cluster. This observation further substantiates the model that
the GAR ESE confers 3’ ss selectivity by stabilising spliceosomal components at the

3’ ss and thereby overrides their intrinsic splice site strength.

Predominant activation of A5 within the 3’ ss cluster was found to be exerted by the two
proximal SF2/ASF binding sites of the GAR ESE (Fig. Ill-7B). Unexpectedly, both, the
third SF2/ASF binding site located most downstream of the 3’ ss cluster [SF2(2)] and
also the SRp40 binding site, are not involved in 3’ ss selectivity but solely contribute to

overall exon recognition (Fig. IV-3).

201



Discussion

A
general
activation
Ada
|
B
activation

of A5

Ada

Fig. IV-3: SR protein binding sites of the GAR ESE fulfil a dual role in 3’ ss activation for internal

exon recognition.

(A) All SR protein binding sites of the GAR ESE generally activate the 3’ ss cluster upstream of exon 5.
Nevertheless, due to differences in the position of the enhancer relative to the respective 3’ ss within the
cluster and their intrinsic strength A5 and A4a are exclusively but non-uniformly activated generating
mainly nef- but also rev-mRNAs.

(B) The proximal SF2/ASF binding sites of the GAR ESE specifically activate A5 leading to the
predominant expression of ne-mRNA. The exclusive ability of the most upstream SF2/ASF binding sites
to specifically activate the most proximal splice site supports the suggestion that molecular interactions

specifically activating A5 might differ from those involved in general 3’ ss activation within the cluster.

The differential effects of the proximal and distal SR protein binding sites of the
GAR ESE on 3’ ss selectivity could emerge either from their distinct positions relative to
the 3’ ss cluster or from the proteins that bind to the binding sites. Distinct consensus
binding sites for SR proteins have been identified using different SELEX methods

(Systematic Evolution of Ligands by Exponential Enrichment). However, the RRMs of
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SR proteins bind to highly degenerated sequence motifs in splicing regulatory elements.
Although binding of SF2/ASF to the GAR ESE sequence was confirmed in vitro
(Fig. l11-4B, cf. lane 1 with 4), the contribution of the respective SF2/ASF binding sites to
overall SF2/ASF binding of the enhancer was not evaluated. Therefore, the distal SR
protein binding site of the GAR ESE might also be recognised by other splicing

regulatory proteins that do not support A5 activation.

As alternative explanation it might be proposed that the predominant activation of A5 by
the proximal SF2/ASF binding sites depends on the proximity of the bound proteins to
the 3’ ss. This would imply that the GAR ESE-mediated activation of A5 requires a
stereospecific confirmation of the enhancer complex assembling at the 3’ ss that allows
an SF2/ASF domain to activate A5. So far, it is an open question which protein domain
of SF2/ASF mediates the pronounced activation of A5. SR proteins are likely to mediate
the function of the GAR ESE through their RS domain, which is known to interact with
proteins (318, 655) and has more recently been shown to also stabilise double stranded
RNAs in pre-mRNA-U snRNA intermediates during spliceosomal assembly (544, 545).
Both protein-protein and RNA-protein interactions might be involved in the 3’ss
selectivity performed by the GAR ESE. An interaction of an RS domain with double
stranded RNA might depend on their stereo-specific arrangement, and might therefore
be restricted to the proximal SF2/ASF binding sites. In contrast, protein-protein
interactions between the RS domains and proteins of the splicing machinery might be
less reliant on stereo-specific requirements, and thereby might act more uniformly on

the whole 3’ ss cluster.

D.1.4 Mechanism of GAR ESE function

The GAR enhancer complex exerts a dual splicing regulatory function by (i) generally
activating all 3’ ss of the cluster and (ii) by specifically activating A5 by its proximal
SF2/ASF binding sites (Fig. Ill-5 and Fig. llI-7). Preferred activation of A5 is caused
solely by the two proximal SR protein binding sites of the GAR enhancer complex
contrasting the participation of all examined SR protein binding sites in general 3’ ss
activation (Fig. IV-3). The distinct SR protein binding site requirements for the
respective enhancer function hint to distinct mechanisms applied by the GAR ESE to
activate specifically A5 or generally all 3’ ss within the cluster. Although many splicing

regulators were found to affect early E complex assembly (223, 408, 517, 619, 638,
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640, 690, 700), the picture arising from more recent studies implicates that splicing can
be regulated throughout spliceosomal assembly and catalysis. For instance, it has been
shown that regulation of alternative splicing can occur during the transition from A to B
complex (265, 541) or between both transester reactions catalysed in the C complex
(338). Therefore, general 3’ ss activation might be enhanced by the GAR ESE during
early complex formation or alternatively in subsequent assembly steps. In contrast, 3’ ss
selectivity exerted by the proximal SF2/ASF binding sites of the GAR ESE is most likely
performed in a spliceosomal assembly step prior or up to A complex formation, since

formation of this complex commits a splice site pair to one spliceosome (323, 355).

Regulation of E complex assembly via modulation of U2AF heterodimer binding has
emerged as a common mechanism employed by numerous splicing enhancer (223,
638, 700) and silencer elements (408, 517, 619, 640, 690). Modulation of U2AF®®
binding had already been reported for two splicing regulatory elements of the HIV-1 pre-
mRNA. The presence of an exonic splicing silencer element (ESS V) decreases U2AF®°
binding at the upstream 3’ ss A2 (157), whereas stabilisation of U2AF®® was observed
by an exonic splicing enhancer located downstream of 3’ ss A7 (ESE3) (604). Analysis
of splicing regulation in two different HIV-1 tat pre-mRNA substrates revealed that the
RS domain of SF2/ASF appears to be dispensable for activation of 3’ ss A7 by ESE3
(604, 692). This observation led to the suggestion that SF2/ASF bound at ESE3 might
enhance splicing mainly by counteracting the neighbouring ESS3 element (604, 692).
Alternatively, it was hypothesised that binding of recombinant SF2/ASF lacking the RS
domain might recruit other positively acting splicing regulatory factors (604). In this
thesis, no experimental evidence was obtained supporting the existence of a splicing
silencer within exon 5. Therefore, it was hypothesised that activation of A5 is likely
performed by a direct positive mechanism of the proteins bound to the GAR ESE
presumably through stabilisation of spliceosomal components or regulatory proteins at
the flanking splice sites. Investigating the mechanism underlying splicing regulation of
the internal exon 5, results of this thesis revealed that the GAR ESE stabilises binding
of both U2AF subunits at 3’ ss A5 in the presence of a minimal PPT (Fig. IlI-14B,
lanes 4-6). Since binding of U2AF® to A5 RNA targets was equally diminished in the
presence of mutations that caused either a shift in 3’ ss selectivity or a decreased
overall exon inclusion in vivo, stabilisation of U2AF® by the GAR ESE is suggested to

be involved in specific activation of A5 rather than in general exon inclusion.
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Unexpectedly, extending the RNA targets by six additional intronic nucleotides rendered
U2AF® binding insensitive to GAR ESE mutations (Fig. lll-14B, lanes 1-3). Additionally,
binding of U2AF® even increased after introducing the GAR ESE mutations thereby
opposing its binding pattern to minimal PPT-containing RNAs. This indicates that the
amount of U2AF* bound to A5 in the presence of the GAR ESE in the extended as well
as in the short RNA target was below saturation and points to considerably frequent
binding of U2AF®® monomers in the absence of U2AF*°. Increased U2AF* binding to
the RNA targets upon mutation of the GAR ESE might be caused by reduced sterical
hindrance between U2AF*® and enhancer-bound SR proteins, which might otherwise
compete with U2AF* for RNA binding. However, this view is difficult to reconcile with
the finding that mutating three SR protein binding sites of the GAR ESE resulted in an
only intermediate increase in U2AF* binding, whereas mutation of only two SR protein
binding sites allowed a stronger binding of U2AF>°. Since the U2AF heterodimer was
reported to possess a higher RNA binding affinity than the respective monomeric
subunits (408, 506, 656), the GAR ESE might alternatively stabilise binding of U2AF®°
to the PPT as a monomer (Fig. IV-4). Therefore, mutations of the GAR ESE would
select for higher levels of U2AF heterodimers at 3’ ss A5. Since the presence of the
SRp40 binding site of the GAR enhancer induced a stronger proportion of U2AF
heterodimer binding to the RNA target than observed after complete inactivation of the
GAR ESE, it seems that SRp40 binding at the GAR enhancer interferes with efficient
binding of U2AF®® monomers at the PPT of A5. This suggestion is in line with the
predominant activation of Ada in the 2-intron minigene after mutation of two SF2/ASF
binding sites (Fig. IlI-5C and E, lane 5). It should be noted that the mutated sequences
inducing stronger binding of U2AF* reduced exon recognition and 3’ ss selectivity
in vivo, therefore increased U2AF>® binding appears not to be involved in the

mechanism underlying GAR ESE function.
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Fig. IV-4: Model of GAR ESE-mediated stabilisation of U2AF®*® monomers upstream of A5.

(A) The presence of a minimal PPT presumably facilitates U2AF®% binding only via a single RRM. The
GAR ESE is assumed to stabilise the interaction of the U2AF heterodimer by interacting with the U2AF®®
subunit (left). After inactivation of the GAR ESE the U2AF heterodimer lacks stabilisation by the enhancer
and can only inefficiently bind to the PPT upstream of A5 (right).
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The interpretation that the GAR ESE enhances binding of the U2AF®® monomer to A5 in
the absence of U2AF> is in line with early results showing that in the presence of a
sufficient long PPT the first step of the splicing reaction can be carried out in the
absence of the 3’ ss AG-dinucleotide (487). Reconsidering this correlation in the light of
more recent findings, the necessity of a long PPT adjacent to the BPS for the first step
of the splicing reaction might reflect the requirement for efficient binding of U2AF®° to
initiate spliceosome assembly. The PPT upstream of A5 provided in the in vitro binding
assays consists of 11 nt and 20 nt, respectively, in short and extended RNA substrates,
which are disrupted by purines. Since a PPT of 14 nt was shown to be unable to
conduct the first step of the splicing reaction in the absence of the AG-dinucleotide,
whereas a PPT containing 28 nt led to the formation of branched lariat intermediates
[(487), reviewed in (424)], the PPT directly upstream of exon 5 is presumably shorter
than the PPT of introns that exerted the first step of the splicing reaction in the absence
of the AG-dinucleotide. However, the requirement for a high-quality, i.e. a long and
continuous, PPT might be bypassed in HIV-1 exon 5 splicing regulation by the
stabilising effect of the GAR ESE on U2AF® binding. Therefore, mutations of the
enhancer might reduce U2AF® monomer binding resulting in a relative accumulation of
U2AF heterodimers at A5 that have been reported to exert a higher RNA-binding affinity
than the individual monomers (408, 506, 656).

Fig. IV-4: continued.

(B) Extending the PPT upstream of A5 by six additional nucleotides renders U2AF heterodimer binding
GAR ESE-independent. Additional pyrimidines upstream of the AG-dinucleotide of A4b might allow
U2AF® to recognise the PPT via two RRMs. The GAR ESE is able to efficiently stabilise U2AF®
monomers at the PPT in the absence of U2AF® (1). However, also GAR ESE-independent binding of the
U2AF heterodimer to the extended PPT might be feasible due to the increased RNA affinity of the U2AF
heterodimer compared to the respective subunits (ll). After inactivation of the GAR ESE, U2AF
heterodimers are still able to bind to the RNA target due to the extended PPT (right, ESE-). However, the
proportion of U2AF*® binding to the RNA target increases, because RNA binding solely via two RRMs
only insufficiently attaches U2AF®® monomers to the PPT. The SRp40 binding site of the GAR ESE was
found to increase the amount of U2AF* at the RNA target. Since this binding site led to predominant
activation of A4a, it appears that preferential Ad4a activation is achieved by hindering efficient U2AF®
binding. The interference with U2AF® binding is assumed to result in a higher proportion of U2AF®
binding than after inactivation of the complete GAR ESE. Essential interactions for U2AF®° binding at the
RNA are indicated by yellow arrows.

(C) In vivo the GAR ESE might essentially activate A5 by stabilising the U2AF heterodimer in the

presence of a competing factor binding at 3’ ss A4b and inducing A4a usage.
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Enhanced binding of U2AF®® mediated by the GAR ESE likely favours A5 usage by
improving the first step of the splicing reaction. Since all 3’ ss of the cluster upstream of
exon 5 use distinct BPS, accelerating the first transester reaction choosing one of the
BPS would thereby commit the spliceosome to the respective AG-dinucleotide.
GAR ESE-mediated stabilisation of U2AF®° at the PPT of A5 is only able to enhance
activation of A5, but is unlikely to regulate usage of the upstream located 3’ ss within the
cluster. Nevertheless, the GAR ESE also ensures exon recognition via 3’ ss Ada.
GAR ESE-mediated activation of A4a — and of the remaining 3’ ss in the cluster — might
require a specific mechanism for activation as it had been observed for A5 in this thesis.
It would be feasible that U2AF binding at A4a is likewise increased by a stabilising
interaction with the enhancer. However, since general exon recognition and thus
activation of Ada is mediated also by the distal SR protein binding sites of the enhancer,
it appears unlikely that SR protein binding sites located more distant from the 3’ ss
cluster should exert the same stabilising interaction on U2AF® at Ada positioned
upstream of A5. Alternatively, it might be hypothesised that for general 3’ ss activation
in the presence of the GAR ESE a second mechanism, distinct from that specifically
activating A5, promotes an additional step in spliceosomal assembly that is common to

all alternatively used 3’ ss upstream of exon 5.

In summary, the differential changes in the binding of U2AF®®> and U2AF* to extended
RNA targets upon mutation of the GAR ESE support two conclusions: first, GAR ESE-
dependent binding of U2AF* to short RNA substrates containing a minimal PPT is
proposed to occur via U2AF® and not by direct interactions with enhancer bound
proteins. Therefore, in short RNA targets harbouring a suboptimal PPT the GAR ESE
stabilises mainly U2AF®. This result contrast previous results showing that SF2/ASF
directly interacts with U2AF* (655, 660, 668). However, a stabilising effect of SF2/ASF
on U2AF* might depend on the respective stereospecific arrangement of the enhancer
complex. Therefore, not every SF2/ASF-dependent enhancer necessarily has to act via
stabilisation of U2AF* (398). Second, the nucleotide extension upstream of the PPT
relieves the enhancer-dependency of U2AF® binding to the analysed RNA targets
in vitro, presumably due to additional pyrimidines included in the added sequence
(Fig. IV-4). However, the high U2AF® concentration in the Hela nuclear extract might
be crucial to allow this efficient enhancer-independent binding. Since high levels of
spliceosomal components are able to compensate the necessity for otherwise essential

splicing regulatory factors (700), limiting the amounts of spliceosomal proteins in the
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binding reaction might restore a stabilising effect of the GAR ESE on U2AF® binding in
the presence of additional pyrimidines. Nevertheless, extending the PPT upstream of
A5 might strengthen U2AF®° binding by providing a larger interaction interface between
U2AF®® and the RNA. Although a discontinuous PPT extension was used in this work, it
is conceivable that interfering purines are looped out and thereby provide a nearly
continuous linear stretch of pyrimidines (27) improving the affinity of the U2AF® binding
site (Fig. IV-5).

Fig. IV-5: Loop out model of interfering purines in the PPT upstream of A5.
Two RNA binding motifs (RRM) of U2AF® might bring distant pyrimidines (yellow triangles) into proximity

thereby generating a loop of interfering purines (grey circles) [adapted from (27)]. The purines, which in
this model are not occupied by U2AF®®, may be accessible for additional proteins like e.g. hTra2- or
hnRNP H identified to bind to the intron/exon 5 RNA in vitro. The invariant AG-dinucleotides of A4b and

A5 are denoted in white letters.

Although the GAR ESE appeared to loose its stabilising function on U2AF® binding with
increasing intron length in the in vitro assay, the relevance of the GAR ESE’s potential
to stabilise U2AF®° binding to a suboptimal PPT might become apparent in the light of
the in vivo situation. Without taking into account the presence of alternative 3’ ss

upstream of A5, it might be suggested that U2AF® binds to the 3’ ss without being
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assisted by an enhancer element. However, considering the close proximity of the four
alternatively used 3’ ss upstream of exon 5, a more competitive view of 3’ ss recognition
is more likely and is also consistent with the experimental data obtained after
inactivation of the individual 3’ ss (Fig. llI-8B). The intronic sequence added in the
extended RNA targets constitutes the BPS of A5, but at the same time contains the AG-
dinucleotide of A4b, which was demonstrated to be essential for A4a activation in this
work and also by others (Fig. IlI-8B) (493, 594). Additionally, mutation of A4b also
resulted in a compensatory increase of A5 usage (Fig. I1I-8B, cf. lanes 1 and 3) (481,
594) leading to the suggestion that splicing regulatory factors bound at A4b might
sterically interfere with BPS recognition for A5 usage (588, 594). Therefore, in vivo
binding of U2AF®° to the nucleotide extension containing the AG-dinucleotide of A4b as
well as additional pyrimidines might be competed by proteins mediating A4a activation
and thus might depend on the GAR enhancer for efficient binding (Fig. IV-4C). The fact
that this proposed competition was not detected in the in vitro binding studies presented
in this thesis might be due to the terminal position of the short nucleotide extension
eventually hampering recognition of the AG-dinucleotide of A4b by spliceosomal
components. In conclusion, the GAR ESE might be crucial to mediate U2AF®° binding to
the PPT thereby enhancing E complex formation under competitive conditions in vivo.
This appealing hypothesis will be further investigated using RNA targets incorporating

additional intronic sequences up to A4c.

Whereas a low level of U2 snRNP associates with to the parental as well as mutant
sequences as monitored by SAP155 binding, SF1/mBBP did not at all bind to the RNA
targets containing extended PPTs (Fig. IlI-15B). This was an unexpected finding, since
binding of SF1/mBBP is thought to guide binding of U2 snRNP to the BPS, which
concomitantly replaces SF1/mBBP. It could be argued that the replacement of
SF1/mBBP with U2 snRNP at the BPS proceeds immediately after recognition of the
BPS resulting in an only transient binding of SF1/mBBP that could not be detected.
However, a stronger binding of SAP155 would be expected to substantiate this
scenario. Therefore, it is proposed that the low levels of SAP155 bind without
assistance of SF1/mBBP in vitro and display U2 snRNP binding to the intron/exon 5
target either via protein-protein interactions with U2AF®® or by direct recognition of the
BPS. SF1/mBBP might have failed to bind to the RNA target, because the BPS used
deviates from the consensus sequence. However, since the BPS constitutes the 5’-end

of the RNA target in the assay used here, alternatively additional nucleotides upstream
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might be required to allow efficient protein binding at the BPS in vitro. Nevertheless,
SF1/mBBP appears not to be required for 3’ ss recognition in general, because
depletion of SF1/mBBP did not affect splicing of several endogenous and reporter
mRNAs in vitro (510) and in vivo (602) and only slightly improves the kinetic of A
complex assembly on an RNA substrate containing a strong, consensus BPS (236,
510). Therefore, the lack of SF1/mBBP in the RNA-protein complex assembled on
extended RNA targets might hint to an SF1/mBBP-independent BPS recognition at HIV-
1 AS5.

The characteristic RS domain of the SR protein family is extensively phosphorylated
[(376, 377, 503, 504), reviewed in (581)]. It has been reported that phosphorylation of
SRp40 is essential for specific binding to its target sequence (595). Phosphorylation of
the RS domain of SF2/ASF was also observed to affect the recruitment to its RNA
target sequence and to reduce non-specific RNA binding (659). However, it was
hypothesised that the RS domain itself does not constitute an RNA-binding motif but
instead interferes in a non-phosphorylated state with sequence-specific binding of the
RRM to the RNA due to its highly-charged residues, which are compensated by
phosphorylation thus changing the binding characteristic from a sequence-independent
to a sequence-specific RNA-protein interaction (595). With regard to the GAR ESE in
HIV-1 exon 5, this thesis found that dephosphorylation of SF2/ASF dramatically reduces
its binding to RNA targets containing the 5-half of exon 5 and the upstream intronic
region (cf. Fig. I11-20C with Fig. 11I-14B). Only the parental GAR ESE in the presence of
the minimal PPT was significantly bound by dephosphorylated SF2/ASF (Fig. 11I-20C,
lane 4). However, this sequence already showed the strongest binding of
phosphorylated SF2/ASF (Fig. I1114B, lane 4). Since phosphorylation of SF2/ASF was
reported to enhance target specificity (659), residual binding of dephosphorylated
SF2/ASF to the RNA target in the in vitro binding assay here might indicate a sequence-
independent binding of SF2/ASF to the RNA target. However, this view is difficult to
reconcile with the finding that sequence-independent binding was not observed on the
other RNA targets carrying similar exonic sequences. Thus, the observed binding of
dephosphorylated SF2/ASF to the GAR enhancer in RNA targets carrying the minimal
PPT is more likely to represent reduced binding of SF2/ASF to the binding sites of the
GAR ESE. These results imply that phosphorylation of SF2/ASF is essential for efficient
binding of the protein to the GAR ESE.
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Analysing the requirement of phosphorylation for the splicing regulatory function of SR
proteins, it was reported that using non-phosphorylated SF2/ASF in a spliceosome
formation assay neither A nor B or C complexes assemble on a pre-mRNA substrate
and instead the amounts of the early H complex increased (90). Additionally, it was
reported that phosphorylation of SF2/ASF is required for direct interaction with the
splicing factor U1snRNP via the specific protein component U1-70K and for enhancer-
dependent splicing of an HIV-1 tat-pre-mRNA substrate in vitro (659). Investigating the
mechanism of 3’ ss activation by the GAR ESE demonstrated that dephosphorylation of
HelLa nuclear extract abrogated the GAR ESE-mediated stabilisation of the U2AF
heterodimer at the RNA containing a minimal PPT that was observed in the presence of
phosphorylated SR proteins (cf. Fig. llI-14B with Fig. 1lI-20C). This loss of U2AF
stabilisation albeit low levels of dephosphorylated SF2/ASF bound (Fig. l1I-20C, lane 4)
indicates that dephosphorylation not only impairs binding of SF2/ASF to the GAR ESE,
but likely also affects direct or indirect interactions with U2AF causing stabilisation in
untreated nuclear extracts. It should be noted that U2AF® as well as U2AF>® have been
reported to be phosphorylated (204, 402, 451). However, phosphorylated residues of
U2AF® were found outside of the RRMs and also outside of the regions that are
involved in the interaction with U2AF>° [aa 85-112 (508, 685)] and SF1/mBBP [aa 334-
475 (43, 484)], indicating that its binding affinity to RNA is likely unchanged. Similar to
U2AF®°, phosphorylation of U2AF*® was also reported outside of the RRM and with one
exception outside of the domain necessary for the interaction with U2AF®° [aa 47-172
(685)]. Additionally, recombinant peptides constituting the minimal U2AF regions
required for interaction form stable heterodimers, which also bind to RNA (310).
Although it cannot completely ruled out that dephosphorylation also affects the intrinsic
binding ability of both U2AF subunits to the RNA, low levels of U2AF®® binding to the
RNA targets carrying mutations in the GAR ESE argue at least for an unaffected
U2AF®°-RNA interaction. Therefore, these results suggest that U2AF®° binding to the
RNA in dephosphorylated nuclear extracts is still feasible, whereas GAR ESE-mediated
stabilisation of U2AF®® fails. Although early interactions between non-phosphorylated as
well as phosphorylated SF2/ASF, U1 snRNP and a 5' ss of a pre-mRNA substrate were
observed (90, 284, 318), this does not necessarily hint to the formation of a respective
complex at the 3’ ss. These results contrast the finding that SF2/ASF bound at HIV-1
splicing enhancer ESE3 downstream of 3’ ss A7 stabilises U2AF®° binding independent
of the RS domain, which indicated that phosphorylation is not required for SF2/ASF to
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mediate splicing via U2AF® stabilisation (604). This difference in the requirement of
phosphorylation for SF2/ASF-mediated splicing activation might be based on the
respective 3’ ss encoded by the RNA substrates used in this thesis and in the previous
reports. The combination of different 3’ ss with various splicing regulatory elements
results in the assembly of highly diverse RNA-protein complexes [reviewed in (564)], in
which interactions of the same protein, e.g. SF2/ASF, might involve different protein

domains depending on the enhancer complex architecture.

The strong phosphorylation dependency of GAR ESE-mediated U2AF®° stabilisation
encouraged the evaluation of the influence of SF2/ASF phosphorylation on the splicing
pattern of the HIV-1 pre-mRNA invivo. To reduce the steady-state level of
phosphorylated SF2/ASF, inhibitors of the cellular kinase Clk1/Sty reported to
phosphorylate SF2/ASF (126, 127, 479) were applied to HelLa-T4" cells transiently
transfected with the 2-intron minigene. However, reduced levels of phosphorylated
SF2/ASF were not achieved using two alternative compounds (Fig. 11I-20A and data not
shown) described to inhibit the activity of the Clk1/Sty kinase [(431) and personal
communication by Prof. Dr. J. Tazi (IGM Montpellier, France)]. It could be assumed that
the inhibitors failed to elicit a physiological response in the cell culture assay. However,
changed cell morphology and reduced viability of treated cells argue against this
possibility (Fig. 111-20C). An alternative explanation for the at best modestly reduced
phosphorylation of SF2/ASF might be that only very few residues of SF2/ASF are
phosphorylated by Clk1/Sty. Therefore, specific inhibition of this kinase might induce
only a minor shift in the apparent molecular weight during immunoblot analysis and thus
could not be monitored. However, application of these chemical compounds to the cell
culture medium did not change the splicing pattern of the 2-intron minigene in vivo
(Fig. llI-21 and data not shown). Assuming successful inhibition of Clk1/Sty-mediated
phosphorylation of SF2/ASF, these results would suggest that the amino acids of
SF2/ASF specifically phosphorylated by Clk1/Sty are not involved in the splicing
regulatory function exerted by the GAR ESE on HIV-1 exon 5. However, since
numerous kinases have been described to phosphorylate SR proteins (581), a third
appealing hypothesis would be that impaired CIk1/Sty kinase activity might be
compensated by other non-restricted cellular kinases like SRPK1 (233), SRPK2 (331,
633) and other members of cdc-like kinases, i.e. Clk2, Clk3 and CIlk4, which are not
affected by the kinase inhibitors used in this work. Especially, an interplay of SRPK1
and Clk/Sty has been reported to orchestrate SF2/ASF phosphorylation (444). This
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hypothesis is supported by the recent finding that also in mouse P19 cells overall
phosphorylation of SF2/ASF remains unaffected after treatment with TG003, one of the
inhibitors used in this thesis (672). This interpretation might imply that inhibitors
specifically targeting single kinases are presumably unable to reduce the amount of
phosphorylated SR proteins sufficiently to validate the necessity for SF2/ASF
phosphorylation for GAR ESE-mediated exon recognition and 3’ss selectivity.
Moreover, in the light of these results it might be questioned whether the therapeutic
promise of targeting spliceosomal assembly in missplicing-caused diseases can be
achieved by targeting single kinases in the case of SR proteins phosphorylated by
multiple kinases [(572), reviewed in (573)]. Whether phosphorylation of SF2/ASF is
essential for exon recognition and 3’ ss selectivity mediated by the GAR ESE in vivo

remains to be elucidated using alternative approaches.

Investigating the mechanism of GAR ESE-mediated general 3’ ss activation, binding of
the splicing regulatory protein hTra2-B was determined to correlate with the level of
exon recognition observed in the minigene construct (cf. Fig. IlI-17B and Fig. IlI-5).
Although not a classical SR protein, hTra2-3 was recently classified as an additional SR
protein (357, 363). hTra2-B was reported to display an RNA-binding specificity to purine-
rich sequences similar to that of SF2/ASF (596, 598, 599). Cross-linking assays in
nuclear extracts indicated that, perhaps as a result of the overlapping RNA-binding
specificities, at least some purine-rich enhancers might bind multiple proteins, including
SR and likely Tra2 proteins (485, 596). However, the binding pattern of hTra2-$ and
SF2/ASF to the identical intron/exon 5 RNA targets differed in the in vitro binding
analysis (cf. Fig. lIlI-17B and Fig. 1lI-14B). Whereas SF2/ASF still bound — albeit with a
reduced amount - to RNA targets lacking the BPS after mutation of the SR protein
binding sites of the GAR ESE, binding of hTra2-f was completely abrogated. Since
additional binding sites for SF2/ASF were predicted further upstream of A5 by the
ESEfinder algorithm (data not shown), residual binding of SF2/ASF might indicate that
these binding sites are also occupied by SF2/ASF. In contrast, loss of hTra2-p binding
to the RNA targets after mutation of two SF2/ASF binding sites of the enhancer implies
that no binding sites for hTra2-f are located outside of the GAR ESE in the RNA targets
lacking the BPS. However, extending the RNA target at the 5-end with the BPS
increased hTra2-B binding in the presence of the GAR ESE. This again contrasts the
binding affinity of SF2/ASF, which was reduced after extending the RNA target. It was
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generally observed in this thesis that the BPS increased hTra2-f binding to the RNA
targets, whereas binding of SF2/ASF was decreased in the presence of the BPS. From
these results it can be concluded that although SF2/ASF and hTra2-p presumably share
binding sites within the GAR ESE sequence, they might participate in different

interactions during 3’ ss recognition and splicing at the 3’ ss cluster.

The hTra2-f homolog in Drosophila, Tra2, constitutes one of the regulatory proteins
essential for splicing activation mediated by the Drosophila doublesex enhancer in the
dsx pre-mRNA (252, 277, 374, 611). In HelLa nuclear extracts Tra2 recruits the SR
protein 9G8 to the dsxRE elements and is also able to mediate binding of SF2/ASF to
the PRE element of the enhancer (375). Since neither Tra2 nor 9G8 alone bound
significantly to the single repeat elements (252, 375), cooperative interactions between
Tra2 and different SR proteins were assumed to generate highly specific RNA-protein
complexes on the pre-mRNA (374, 375, 612). Consistent with the necessity of Tra2 for
SR protein recruitment, Tra2 was found to directly interact with SR proteins like
SF2/ASF (15, 655, 660). These results suggested that the human homolog, hTra2-p,
might also be able to recruit SR proteins, like SF2/ASF, into multi-protein enhancer
complexes. However, this thesis provides evidence that binding of SF2/ASF to the
HIV-1 exon 5 GAR ESE does not depend on simultaneous binding of hTra2- to the
RNA as observed using RNA targets excluding the BPS (cf. Fig. llI-14B with Fig. lll-
17B). Nevertheless, SF2/ASF, SRp40 and hTra2- might cooperatively regulate internal

exon recognition by improving distinct steps in spliceosomal assembly.

The increased binding of hTra2- to BPS-containing RNA targets, compared to RNA
targets lacking the BPS, suggests that the nucleotide extension either supports hTra2-
binding at the GAR ESE through a stabilising interaction of a BPS-bound factor or
generated an additional hTra2-f binding site at the 5’-end of the RNA target (Fig. IV-6).
The nucleotide extension (GCCUUA) does not match the classical purine-rich sequence
that was reported to be recognised by hTra2-f (586). Recently, an additional RNA-
binding motif for the Drosophila homolog, Tra2, was identified (CAAGR) that tolerates a
pyrimidine (482), but, however, also this motif is neither found in the intronic sequence
nor in the nucleotide extension. Therefore, it is unlikely that the added sequence itself is
bound by hTra2-f. Nevertheless, in line with the proposal that the nucleotide extension
contributes to a high-affinity U2AF® binding site by looping out interfering purines,
hTra2-B might recognise the assumed purine-rich loop (Fig. IV-5). Although likewise
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Fig. IV-6: Model of hTra2-f stabilisation by ternary complex formation on BPS-containing

intron/exon 5 RNA substrates.

hTra2-g may bind to two distinct sequences on the RNA substrate, which correspond to its reported
purine-rich consensus binding motive, located either in the intron or within the GAR ESE itself. Since
mutations of the GAR ESE completely abrogated hTra2-p binding to short RNA targets, it is most likely
that hTra2-p binds to the GAR ESE itself. However, because of the increased, GAR ESE-dependent
binding of hTra2-p to extended RNA targets, an additional binding site in the nucleotide extension might
be occupied by hTra2-B, which is stabilised by GAR ESE-bound proteins (A). Alternatively, the BPS-
extension might be recognised by an yet unidentified factor stabilising hTra2-p at its binding site within
the GAR ESE (B).

present in short RNA targets, the purine-rich sequence might be masked there by
U2AF®. However, only five purines interrupt the PPT and might generate a loop after
extension of the RNA target. Although the core RNA-binding motif identified in the
Drosophila M1 intron of the tra2 pre-mRNA consists of only 5 nt, several repeats of this
core sequence appeared to be required for efficient Tra2-dependent splicing regulation
in the Drosophila RNA substrate (482). Furthermore, earlier studies reported an 8 nt

consensus sequence to constitute an RNA-binding site for hTra2- (586). Therefore, it
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remains to be conclusively demonstrated whether hTra2-f binds to the short purine

stretch located within the PPT upstream of A5.

As an alternative to the generation of an additional binding site, binding of hTra2-§ to
RNA targets containing the PPT might be increased by stabilisation at its binding sites
within the GAR ESE. Since U2AF® binding did not increase in BPS-containing RNA
targets compared to the short RNA targets in the presence of the GAR ESE, it appears
unlikely that U2AF®® participates in the increased binding of hTra2-p in the presence of
the BPS. However, hTra2-p binding might be increased due to an interaction with other
factors recognising the BPS. A candidate factor for this interaction might be U2 snRNP,
which already loosely associates with the extended RNA targets under ATP-deficient
conditions (Fig. llI-15B). This proposal is supported by early findings demonstrating that
SR protein-dependent exonic enhancers may directly stabilise U2 snRNP binding (544,
547) and also by the more recent finding that an hTra2-B-dependent enhancer in SMN1
exon 7 recruits U2 snRNP without affecting U2AF® binding (398). Although binding of
hTra2-B was equally abrogated by two different mutations of the GAR ESE in RNA
substrates lacking the BPS, analysis of BPS-containing RNA targets revealed that
mutating the GAR ESE using the triple binding site mutation (ESE-) affects hTra2-§
binding stronger than mutation of only two SF2 binding sites (2xSF2-) (Fig. IlI-17B, cf.
lanes 4-6 with lanes 1-3). This indicates that hTra2- might also bind to the sequence
for which SRp40 binding was predicted. In RNA targets containing the BPS, hTra2-p
might bind to even suboptimal binding sites within the GAR ESE due to an interaction
with U2 snRNP bound to the BPS. Therefore, a BPS-associated factor, like e.g.
U2 snRNP, might compensate GAR ESE mutations resulting in low (ESE-) and
intermediate hTra2-p binding (2xSF2-).

It emerged as one general concept of enhancer-mediated splicing that binding of
splicing activatory proteins enhance the recognition of flanking splice sites by stabilising
spliceosomal components. However, assuming sole binding of hTra2-f to the GAR
ESE, increased binding of hTra2-f in the presence of the BPS extends this concept by
indicating that also factors recognising the BPS are vice versa able to stabilise a
downstream located splicing regulatory protein. These results are consistent with the
interpretation that a ternary complex forms on 3’ss A5 regulating general and/or
specific 3’ ss activation. Within a proposed ternary complex consisting of hTra2-, the

RNA target and a yet non-confirmed factor associating with the BPS, three possible
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interactions might contribute to binding of this regulatory complex on the RNA
(Fig. IV-6). Decreased binding stability of hTra2-f might be compensated by the
interaction with other BPS-binding factors, e.g. U2 snRNP. However, since binding of
U2 snRNP remains unchanged in the presence of the GAR ESE mutations, hTra2-$
appears not to stabilise U2 snRNP in early complex assembly. However, hTra2-$
binding might affect the ATP-dependent transition from E to A complex, during which
U2 snRNP becomes stably associated with the BPS.

Besides other SR proteins also Tra2 has been reported to interact with U2AF>° (655).
Although binding of U2AF>* did not correlate with the binding of hTra2-B in the in vitro
RNA binding assays representing early complexes assembly (cf. Fig. [lI-14B with
Fig. [lI-17B), this result does not exclude the possibility that hTra2-f interacts with
U2AF® in subsequent steps of the spliceosome assembly. Since it was hypothesised in
this thesis that in the presence of the GAR ESE the first catalytic step of the splicing
reaction at 3’ ss A5 might depend less on U2AF>°, an interaction of hTra2-p with U2AF>°
might improve recognition of the AG-dinucleotide during the second catalytic step and

thereby promote overall splicing efficiency.

Besides hTra2-B, SF2/ASF and SRp40, a number of additional protein isoforms were
found to bind GAR ESE-mediated to the upstream region of exon 5 and the preceding
intronic sequence (Fig. IlI-19A), which might contribute to general 3’ ss activation by the
GAR ESE. Mass spectrometry-based characterisation of proteins differentially bound to
RNA targets carrying the parental GAR ESE or mutations thereof identified hnRNP H
and hnRNP Q, two members of the hnRNP protein family. hnRNP proteins have been
extensively analysed regarding their role in splicing regulation [reviewed in (396)]. In
general, hnRNP proteins are considered to negatively regulate alternative splicing,
however, also positive splicing regulation by hnRNPs was described (200, 241, 248).
Since the proteins analysed by mass spectrometry (Fig. [I-19A) were selected by
comparison to mutant control sequences which resulted in reduced exon recognition in
the minigene in vivo, hnRNP H and hnRNP Q, if they indeed contribute to splicing
regulation of the internal HIV-1 exon 5, are likely to enhance usage of the 3’ ss cluster

upstream of exon 5.

The members of the hnRNP H subgroup consisting of hnRNP H, H’, F and 2H9
predominantly bind to the consensus motifs GGGA, whereas hnRNP H and hnRNP H’
additionally recognise the sequence motif GGGGGC (93, 521). Unexpectedly, these
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consensus RNA-binding motifs of the hnRNP H family are not found within the 5’-half of
exon 5 included in the RNA targets used for the binding experiments in this work.
However, the GGGA motif is found at the 5 end of the RNA target in the intron
sequence overlapping the AG-dinucleotide of A4b (Fig. Ill-14A). Although in the HIV-1
pre-mRNA this potential hnRNP H binding site is positioned in between both stretches
of pyrimidines thought to interact with U2AF®° from the protein binding studies, the “loop
out” model might allow the GGGA motif to be bound by hnRNP H (Fig. IV-5).

Binding of hnRNP H has most often been reported to repress neighbouring splice sites.
For example, it was found that hnRNP H antagonises exon recognition mediated by
9G8 thereby repressing inclusion of exon 2 of the a-tropomyosin mRNA (133).
However, also an activating effect of hnRNP H on recognition of adjacent splice sites
was observed, e.g. in the regulation of the N1 exon of c-src (113) and of the apoptotic
regulator Bcl-xs (200). hnRNP H was also found to enhance or silence, respectively,
splicing of the HIV-1 pre-mRNA via interactions with distinct splicing regulatory
sequences. The activating function of hnRNP H is involved in the HIV-1 isolate-specific
inclusion of exon 6D (94). In contrast, binding of hnRNP H to the exonic splicing silencer
ESS2p in the second tat exon of the HIV-1 pre-mRNA reduces usage of A3 and was
suggested to interfere with U2AF* binding (282). An hnRNP H-mediated decrease in
U2AF¥® is consistent with the reduced levels of U2AF*® detected at A5 in the presence
of the GAR ESE (Fig. llI-14B). Although highly speculative at this point, it might be
imagined that hnRNP H supports a more equal activation of the 3’ ss within the cluster
by interfering with U2AF>® binding at the AG-dinucleotide of 3’ ss A5 thereby slowing

down the second step of splicing catalysis.

The importance of hnRNP H binding to the HIV-1 RNA containing the 5’-half of exon 5
and an upstream intronic region observed in vitro was further substantiated by the
finding that reducing cellular hnRNP H expression by RNAi decreased internal exon
inclusion in the 2-intron minigene (Fig. 11l-28, ASR, cf. lane 2 with 6). However, the
impact of hnRNP H on the regulation of exon 5 alternative splicing has to be further

elucidated and will also to be extended to hnRNP Q.

Hints to the involvement of hnRNP Q in splicing regulation resulted from its identification
in purified spliceosomes (441) and from its requirement for efficient in vitro splicing of
adenovirus- and chicken &-crystallin-derived pre-mRNA substrates (427). Additionally, it
was reported to bind the SMN protein (427) and to influence alternative splicing of SMN
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exon 7 (109). Although hnRNP Q was reported to recognise U-rich and AU-rich
sequences [(55), reviewed in (396)], binding of hnRNP Q to an apoB target RNA is in
addition to poly(U) RNA also competed by poly(G) RNA (55). Addition of adenosine in
poly(AU) RNAs did not abrogate the competing effect of poly(U) competitor RNAs.
Since the effect of poly(GA) competitor RNA on the binding of hnRNP Q to the apoB
pre-mRNA was not investigated by Davidson and colleagues (55), the GA-rich
sequence of the GAR ESE in exon 5 might also serve as binding site for hnRNP Q.

D.1.5 A functional network of exon-crossing interactions regulates splicing of
the alternative exons 4c, 4a, 4b and 5.

pre-mRNAs containing only one intron can be efficiently spliced in vivo. This could be
reproduced in vitro using different single-intron pre-mRNA substrates (427, 596, 611,
659). Nevertheless, the presence of a downstream 5’ ss was reported to promote
splicing of an upstream located intron (68) in some cases by stabilising U2AF at the
preceding 3’ ss (260). These observations are consistent with the exon definition model,
in which internal exons, i.e. exons flanked by a 3’ ss and a 5’ ss, are recognised via
interactions across the exon (42). Experiments in this thesis demonstrated that
recognition of the internal exons 4a and 5 is enhanced by strengthening U1 snRNP
binding at the downstream flanking 5 ss D4 (Fig. llI-10B and D). It was shown that
U1 snRNP binding at D4 is required for efficient activation of the upstream 3’ ss cluster
(Fig. llI-12). This result proposes that HIV-1 exon 5 is spanned by cross-exon
interactions between U1 snRNP bound at D4 and the spliceosomal proteins recognising
the 3’ ss. Furthermore, strengthening the interaction of U1 snRNP with the 5’ ss D4 was
shown to increase the extent of 3’ ss selectivity mediated by the GAR enhancer (Fig. IlI-
10B and C). This additionally supports the model that U1 snRNP binding participates in
3’ ss activation through cross-exon interactions, presumably by stabilising either
spliceosomal components at the 3'ss or a specific 3 ss selecting SR protein

configuration at the GAR enhancer.

Although D4 activates the upstream 3’ ss cluster by U1 snRNP binding, usage of D4
itself likewise depends on activation by an enhancer element. Results in this thesis
reveal that the GAR ESE, in addition to activating the upstream 3’ ss cluster, is also
essential for activation of the downstream 5’ ss D4 (Fig. llI-5C, 4.7-mRNA). Therefore,

the GAR ESE is suggested to function as bidirectional enhancer activating the 3’ ss
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cluster as well as the 5 ss presumably by stabilising spliceosomal proteins at the
respective splice site. A direct interaction of GAR ESE-bound proteins with spliceosomal
components at the 3’ ss is quite appealing due to the enhancer’s spatial proximity to the
upstream splice sites. This is also consistent with the GAR ESE-mediated stabilisation
of U2AF® (Fig. 111-14B). However, experiments in this thesis evidence that, even in
close proximity to both, upstream and downstream, flanking splice sites, the GAR ESE
is not sufficient to simultaneously activate both splice sites in the absence of the E42
sequence. Therefore, simultaneous activation might require an additional direct
stabilisation of the U1 snRNP at D4 by the E42 sequence. Since mutational analyses of
the GAR ESE revealed that two SR protein binding sites are needed for efficient internal
exon recognition, it might be speculated that at least one SR protein binding site forms
interactions to the 3’ ss and one to the 5’ ss thereby inducing a synergistic increase in
exon recognition by promoting two distinct steps in the two splicing reactions resulting in

exon inclusion (Fig. IV-1).

The model of splice site activation through oppositely directed interactions originating
from the GAR ESE is supported by the additional requirement of the E42 sequence,
located between the GAR enhancer and D4, for internal exon recognition in the
subgenomic 2-intron minigene construct (Fig. llI-13). As E42 failed to support
U1 snRNP binding at the 5’ ss in the absence of the GAR enhancer (91), it is assumed
that it recruits an yet unidentified factor required for GAR ESE-dependent activation of
D4. This factor might either act indirectly by facilitating cross-exon interactions between
GAR ESE-bound SR proteins and U1 snRNP or establish an independent additional
weak interaction with the U1 snRNP providing the stabilisation necessary to activate D4
(Fig. IV-1). The importance of this element for recognition of the short HIV-1 exon 5,
flanked by long introns, supports the model that recognition of short exons is

predominantly promoted by interactions of proteins across the exon (42, 188, 494).

Despite being essential for internal exon recognition in the HIV-1 pre-mRNA, the E42
sequence is noticeably less conserved between different HIV-1 strains than the GAR
ESE (91). The only exception is a central heptamer motif (TCATCAA) that was found to
be highly conserved. Nevertheless, a subsequent project based on results obtained in
this thesis revealed that short sequences flanking the conserved heptamer contribute
considerably more to internal exon recognition than the heptamer motif itself [A. FlI6Rer,
diploma thesis (183)]. In an initial screen the splicing regulatory proteins PTB,

hnRNP Q1, and p54 were identified to specifically bind to the E42 sequence and
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therefore are candidate proteins that might ensure internal exon recognition by E42 [A.
Fl6Rer, diploma thesis (183)]. However, since in particular PTB is commonly thought to
exert a suppressive impact on exon recognition (279, 517, 540, 541, 554), the functional
relevance of these proteins in the network regulating internal exon recognition in HIV-1

has to be further evaluated.

Analysing the splicing pattern of the 2-intron minigene, three essential elements were
identified that are necessary to ensure the recognition of the internal exons 4c, 4a, 4b
and 5: the GAR ESE, the E42 sequence and the 5 ss D4. Although each element is
required for efficient exon recognition, none of them is able to ensure exon recognition
independently of the other. Based on the experiments of this thesis, it is proposed that a
network of interactions is spanned across exon 5, in which the most distant functional
interaction is observed by the activation of the 3’ ss cluster by the downstream D4
(Fig. IV-1). The regulatory network across HIV-1 exon 5 described in this thesis
underscores the complexity of the functional interplay between cis-acting regulatory

elements controlling alternative splice site selection [reviewed in (256, 564)].

Despite 5’ ss D4 being unaltered, inactivating the GAR ESE by mutating three of the SR
protein binding sites abrogated internal exon recognition in the 2-intron minigene
(Fig. llI-5C and D, lane 2). Likewise, substitution of the E42 sequence suppressed exon
recognition (Fig. llI-13B, lane 2). This is consistent with the interpretation that proteins
binding to the GAR ESE and the E42 sequence are required to communicate the
activation induced by U1 snRNP bound at D4 to the 3’ ss upstream of exon 5. However,
in light of the finding that most vertebrate exons are between 50 nt and 300 nt in length
(42), exon 5 consisting of only 69 nt constitutes a short exon. Considering the proximity
between flanking 3’ ss and 5’ ss, it is quite surprising that the presence of the GAR ESE
and the E42 sequence might be needed to transfer the activating effect of U1 snRNP
binding at D4 to the upstream 3’ ss cluster. In this regard, it has been reported that in a
distance of approx. 100 nt of the 5’ ss U1 snRNP-mediated recruitment of U2 snRNP
depends on the presence of SR proteins (68), even though U1 snRNP binding was
observed in the absence of SR proteins. However, this earlier work did not differentiate
whether SR proteins act via binding to an enhancer sequence or enhancer-independent
to communicate the U1 snRNP-mediated increase in 3’ ss recognition. For cross-intron
communication between the 5’ ss and the downstream 3’ ss both, SR proteins and RS
domain-containing splicing coactivators, were described to participate in an enhancer-
independent fashion (60, 62, 193, 259, 498, 655). Similar to their function in general
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splicing activation, it might thus be imagined that SR proteins also establish cross-exon
interactions without the necessity for RNA binding. However, the requirement of the
GAR ESE and the E42 sequence for exon recognition reveals that RNA-independent
cross-exon interactions alone are insufficient to mediate efficient recognition of internal
HIV-1 exon 5.

Based on the experimental evidence presented in this thesis showing that GAR ESE-
mediated U2AF stabilisation was observed also in the absence of D4 in vitro, it might be
argued that 3’ ss A5 could in general be recognised also in the absence of downstream
U1 snRNP binding. So why is downstream U1 snRNP binding required for exon
recognition in vivo? Since particular interactions can still be observed albeit omitting cis-
or trans-acting interaction partners emerging to be essential in vivo, it might be
speculated that not all essential interactions are required at the same time. Taking into
consideration the highly dynamic process of splicecosome assembly [for a recent review
see (628)], interactions like e.g. between U2AF and GAR ESE-bound SR proteins might
only be beneficial for early spliceosome assembly, whereas stabilising interactions with
other spliceosomal components will become more important in later assembly steps.
Complete loss of exon recognition in the absence of one of these essential factors,
either the GAR ESE, the E42 sequence or downstream 5 ss D4 might be interpreted
such that one of these interactions always has to be present to stabilise the respective
spliceosomal complex and to ensure assembly progress. Therefore, it might be an
attractive proposal that exon recognition in vivo depends on a number of different
interactions, which subsequently substitute each other thereby providing a constant

stabilisation of the spliceosomal assembly process.

Besides its function in the intronless 1.8 kb mRNA class, this work presents evidence
that U1 snRNP binding at D4 is absolutely required also for activation of the 3’ ss cluster
in Rev-dependent 4 kb vpu/env-mRNAs, which are not spliced at D4. Based on earlier
experiments using 1-intron minigenes, binding of U1 snRNP at D4 has been attributed
to stabilise vpu/env-mRNAs, which remain unspliced at D4 in the presence of the
regulatory protein Rev, (295, 367). However, in this thesis usage of 2-intron minigenes
revealed that U1 snRNP-mediated stabilisation of the subgenomic HIV-1 pre-mRNA, if
needed at all, can also be sufficiently performed by the most upstream 5’ ss, D1. Since
equal amounts of unspliced RNA were detected for several mutations of D4 (Fig. lll-
12B), it is assumed in this thesis that in the context of the additional upstream 5’ ss D1,

U1 snRNP binding at D4 is needed for 3’ ss activation rather than for transcript stability
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(295, 367). Nevertheless, this does not exclude the possibility that in the context of the
genomic HIV-1 pre-mRNA additional inhibitory sequences might redirect a stabilising
effect of D1 to the upstream half of the RNA. Therefore, D4 might be more important for
stabilisation of the full-length RNA.

In the distinct isoforms of vpu/env-mRNAs the 3’ ss activation ratio of AS over Ada
exceeded that of the 1.8 kb mRNAs, as has been described for viral infection (481).
Since U1 snRNP is not displaced from D4 in the 4 kb mRNA class, its upstream
directed cross-exon interactions are likely to persist longer, mediating the pronounced
3’ ss selectivity of the GAR ESE. Thereby, the GAR ESE might contribute to the
preferential generation of the vpu/env-mRNA isoforms efficiently expressing Vpu (16),

which has been shown to support viral replication.

D.1.6 Future perspectives: Internal exon recognition mediated by the GAR ESE

This thesis provides evidence that the GAR ESE in exon 5 is a key regulatory element
for splicing regulation of early and intermediately expressed HIV-1 mRNAs. The
analysis of viral replication after mutating the GAR ESE might be a valuable approach to
substantiate this finding. Additionally, the analysis of possibly emerging revertants might
give further insight into the regulatory network across exon 5. The participation of the
splicing regulatory proteins hTra2-, hnRNP H and hnRNP Q, identified for the first time
in this work, requires further characterisation using e.g. protein overexpression or
knockdown in vivo or in vitro systems. With regard to the RNA affinity chromatography
used for protein binding studies in vitro, additional extensions of the intronic region and
the analysis of later stages during spliceosomal assembly might provide further

mechanistic details of the GAR ESE-mediated 3’ ss activation.
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D.2 Expression of genomic HIV-1 RNA in the late phase of viral replication

Unspliced genomic HIV-1 RNA is essential for generation of replication-competent
viruses. The expression of unspliced 9 kb genomic RNA and also intron-containing
vpu-/env-mRNA constituting the 4 kb mRNA class requires the presence of the viral
regulatory protein Rev (148, 178, 179, 201, 239, 387, 389, 529). Nevertheless, delayed
expression of genomic RNA compared to intron-containing vpu-‘env-mRNA (312)
suggested that the expression of genomic RNA depends on an additional regulatory
mechanism beside the Rev-RRE interaction. The second part of this thesis investigated
whether cis-acting elements within 5’ ss D1 and the neighbouring regions contribute to
the regulated expression of HIV-1 genomic RNA. This thesis reveals that in the
presence of the p17-inhibitory sequence (ins) within the 2-intron minigene the first
202 nt of this element become essential for Rev-dependent expression of completely

unspliced, genomic RNA (Fig. IV-7).
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Fig. IV-7: Splicing at D1 is regulated by several exonic and intronic sequence elements.

(A) Splicing activatory elements downstream of D1. The p17-ins element contains an ISE that promotes
usage of D1 likely by an upstream directed interaction. In the presence of the p17-ins element A4a and
A5 within the internal 3’ ss cluster upstream of exon 5 were observed to be equally used. In addition, the
sequence downstream of D1 (down) was found to activate splicing of the distal intron defined by D4 and

A7 [RRE: Rev-responsive element].

(B) Splicing inhibitory elements up- and downstream of D1. The p17-ins element is required for Rev-
dependent expression of completely unspliced RNA. Binding sites for the SR protein SC35 overlapping
D1 decrease usage of the 5’ ss likely by competing with U1 snRNP (U1) for binding. The sequence
immediately upstream of D1 (up) was found to reduce splicing at the distal intron and to ensure specific
activation of A5.

Additionally, it was found that these 202 nt also act as an intronic splicing enhancer
(ISE) in vivo. Besides the major impact of the p17-ins element on splicing regulation of
the viral pre-mRNA, a minor reduction of D1 usage was observed by SR protein binding

sites overlapping D1. The decreased D1 usage caused by SR protein binding sites
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suggests a direct competition of SR proteins and U1 snRNP for binding at D1.
Furthermore, although not affecting the overall amount of RNA unspliced at D1,
sequences flanking D1 modulated internal 3’ ss selection and distal intron removal
indicating that these sequences exert an effect on the downstream located splice sites
maybe due to kinetic implications. Therefore, the p17-ins element, D1 flanking
sequences and the D1 sequence itself were found to modulate the splicing pattern of a
viral subgenomic model RNA both, positively as well as negatively. In contrast, an effect
of the viral Gag protein on the splicing pattern of the 2-intron minigene could not be

confirmed.

D.2.1 The p17-inhibitory element — a Janus regulator for the expression of
genomic HIV-1 RNA

The p17-ins element was initially identified by its inhibitory effect on the expression of
the regulatory protein Tat, when placed in an artificial position downstream of 3’ ss A7 in
the HIV-1 tat-mRNA. Reduced protein expression was caused by a decrease in RNA
stability as had been shown by measuring the RNA half-life in the presence of
actinomycin D (530). Investigating the impact of the p17-ins element on HIV-1 splicing
regulation in its authentic position downstream of D1, this thesis indicates that the p17
inhibitory sequence fulfils two splicing regulatory functions in vivo (i) by facilitating Rev-
mediated expression of completely unspliced RNA and (ii) by enhancing splicing at D1.
These splicing regulatory functions exerted by the p17-ins element might be missed in
previous studies, because the characteristics of the HIV-1 inhibitory sequences were
frequently investigated by Northern Blot analysis restricted to unspliced RNA (216, 524,
526, 530). Additionally, analysed reporter constructs often lacked D1 or a downstream
3’ ss due to the application of subgenomic deletion mutants or cDNA constructs thereby
displacing the p17-ins element out of its alternative intronic position (382, 418, 436, 524,
526, 530). Both functions of the p17-ins element promote the generation of different
mMRNA isoforms, i.e. RNA spliced at D1 and RNA unspliced at D1, and thus at first
appear contradictory. However, the diverse abilities of the p17-ins element to accelerate
RNA-degradation (530), to enhance splicing of the pre-mRNA (Fig. [lI-37D) and to
mediate Rev-reactivity (Fig. I1I-34B) do not necessarily oppose each other, but instead
might complement each other to timely coordinate the expression of unspliced and

spliced viral mMRNAs. In the early phase of viral gene expression degradation of mMRNAs
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that remain unspliced at D1 might be crucial to prevent the untimely expression of gag-
and gag-/pol-mRNAs. For expression of completely unspliced RNA in the late phase of
viral gene expression, a cooperation of Rev with the p17-ins element might be required
in addition to the Rev-RRE interaction in the downstream intron defined by D4 and A7.
However, to maintain sufficient expression levels of the regulatory proteins Tat and Rev
and the structural protein Env encoded by completely spliced and intron-containing
MRNAs, respectively, the ISE might contribute essentially to D1 activation in the late
phase of viral gene expression. Therefore, it might be proposed that multiple elements
in the p17-ins sequence coordinate the expression of genomic HIV-1 RNA. This
underscores the importance of the intronic sequence downstream of D1, which in its
authentic position has previously mainly been implicated in decreased steady state
levels of the gag- and gag-/pol-mRNA, for regulated expression of genomic HIV-1 RNA
(216, 524, 526).

A number of inhibitory sequences (ins) located in the gag-, pol- and env-coding regions
of the HIV-1 pre-mRNA have been proposed to interfere with the expression of the
respective genes (74, 121, 168, 239, 382, 438, 499, 524, 526, 530). In case of the p17-
ins element, inhibition of gene expression has been interpreted to result from faster
degradation of the RNA due to the high AU-content of the ins elements (530), whereas
another investigation could not confirm a correlation between ins-mediated RNA
degradation and the AU-content of the particular ins-element (S. Steck, PhD thesis
(583)]. In contrast to those previous reports, experiments in this thesis indicated that
MRNAs containing the first 202 nt of the p17-ins element (4.7-mRNA) appear as stable
as a codon-optimised control sequence (Fig. I11-37D, cf. lane 2 with 3). However, these
experiments unexpectedly revealed that the first 202 nt of the p17-ins element activate
splicing of a suboptimal D1 mutant in the 2-intron minigene (Fig. IlI-37D, lane 2;
Fig. IV-7). First hints to the participation of the p17-ins element in HIV-1 splicing
regulation came from recent in vitro splicing assays demonstrating that mutation of a
guanosine repeat located 28 nt downstream of the Gag translational start codon
abrogated splicing of an HIV-1 derived subgenomic RNA substrate (521). However, the
exonic splicing silencer ESS2 located upstream of A4c had to be inactivated to allow
splicing of the RNA substrate in vitro. Therefore, the importance of the guanosine repeat
for splicing in the presence of additional splicing regulatory elements remained elusive.
This thesis extends the in vitro results of Schaub and coworkers by demonstrating that

also in vivo the first 202 nt of the p17-ins element, including the guanosine repeat,
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activate D1 usage in the 2-intron minigene (Fig. llI-37D, lane 2). Additionally, data
presented in this work reveal that in vivo the ISE is also able to act in the presence of
ESS2 and thus represents the first splicing regulatory element identified to act on D1

usage (Fig. IV-8).
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Fig. IV-8: The p17-ins element harbours an ISE activating D1 usage.

So far, 13 cis-acting splicing regulatory sequences (lower panel) had been identified that either enhance
or silence neighbouring splice sites of the HIV-1 pre-mRNA (upper panel). The newly identified p17 ISE is
located downstream of D1 [e: ESE (646), e2: ESE2 (674), e3: ESE3 (579), eM: ESEM1/M2 (296), eV:
ESEvif (172), G4: intronic guanosine-rich silencer (172), GAR: GAR ESE (91, 295), i: ISS (603), s: ESS
(94, 646), s2: ESS2 (11, 555), s2p: ESS2p (282), s3: ESS3 (12, 556, 579), sV: ESSV (50, 380) (adapted
from (588))].

Since D1 shares a high complementarity to the free 5’-end of the U1 snRNA, this 5’ ss
is assumed to constitute an efficiently used splice site. Consistently, D1 was used for
splicing even in the absence of the ISE in the 2-intron minigene (Fig. 111-36C). However,
since a considerable level of 4.7-mRNA retaining the upstream intron is evident
(Fig. l1I-1B), splicing of the upstream intron in the 2-intron minigene appears to function
with only intermediate efficiency. Incomplete splicing of the upstream intron is
somewhat surprising, because in the 2-intron minigene the intron is substantially shorter

than in the viral pre-mRNA (Fig. lll-1A). The identification of an intronic splicing
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enhancer, which supports D1 activation, might explain the only intermediate splicing
efficiency of the proximal intron in the 2-intron minigene in the absence of the p17-ins
element. Nevertheless, it still might be argued that the p17 ISE is not essential for D1
activation. However, this element might become more important for D1 activation in
splicing of the full-length HIV-1 pre-mRNA, in which the intron between D1 and the most
proximal 3’ ss active in splicing, A1, is considerably longer than in the 2-intron minigene
(Fig. llI-1A) and the RNA substrate used for the in vitro splicing assays (521).
Furthermore, the p17 ISE might essentially contribute to the expression of completely
spliced RNA in the late phase of viral gene expression thereby providing sufficient
amounts of tat- and rev-mRNAs. Finally, during viral replication the p17 ISE might
additionally ensure D1 usage after potential mutation of this splice site facilitated by the

error rate of reverse transcription.

In the absence of the viral regulatory protein Rev, intron-containing HIV-1 mRNAs, like
vpu-/env-mRNA and genomic RNA, are intrinsically unstable as revealed by their short
half-lives in the presence of actinomycin D (179, 386, 530). In light of the ISE within the
p17-ins element, it might be questioned whether the reduced level of 4.7-mRNA, which
remains unspliced at D1, in the presence of the p17-ins element is caused by the ISE-
mediated increase in splicing at D1 or whether these intron-containing transcripts are
degraded due to the destabilising effect of the p17-ins element. Although the HIV-1 ins
elements were identified due to their inhibitory influence on gene expression, insertion
of the p17-ins sequence into heterologous reporter RNAs induced variable effects on
RNA stability. The first report identifying the p17-ins element showed that the half-life of
a hybrid HIV-1 tat/gag-mRNA was strongly reduced by insertion of the p17-ins
sequence (530). However, other investigations indicated that RNA stability was
unaffected after insertion of the p17-ins element into heterologous RNAs derived from
the CAT or f-globin genes (382, 418, 436). Since the ins elements share an unusual
high AU-content and based on the observation that they destabilised originally selected
reporter RNAs, the ins elements were attributed to the class of AU-rich elements (530).
AU-rich elements have been shown to determine the extremely short half-life of mMRNAs
encoding regulatory proteins, e.g. involved in inflammation or signal transduction, that
are only transiently expressed [reviewed in (308)]. Nevertheless, since the HIV-1 p17-
ins element did not match the consensus motif AUUUA essential for the two main
classes of AU-rich elements described, it can only be assigned into the additional third

class lacking a defined consensus motif [reviewed in (34, 108)]. This thesis provides
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experimental evidence that mMRNAs containing the first 202 nt of the p17-ins or a control
sequence are equally expressed (Fig. llI-37D, lanes 2 and 3), although they largely
differ in their AU-content (Fig. 11I-33). This finding implies that the AU-rich regions in the
first 202 nt of the p17-ins element do not accelerate RNA degradation compared to the
syn-ins control sequence in the 2-intron minigene. Since the most upstream 147 nt of
the p17-ins element were reported to considerably reduce the steady state level of a
hybrid HIV-1 tat-/gag-mRNA (530), the destabilising function of the p17-ins element
appears to depend strongly on the sequence context of the respective reporter RNA.
These controversial observations might indicate that the p17-ins element by itself is
insufficient to reduce RNA expression, but depends on its interplay with other regulatory

elements.

The p17-ins element is bound by all members of the hnRNP H family (93, 521). Binding
of hnRNP H at an intronic position has been reported to activate a nearby 5’ ss in
several pre-mRNAs (113, 200, 241, 248). In light of this finding, it was unexpected that
only one out of five potential hLnRNP H binding sites within the first 120 nt of the p17-ins
element, the guanosine repeat 28 nt downstream of the Gag translational start codon,
activated splicing of a subgenomic HIV-1 RNA substrate in vitro (5621). Mutation of the
guanosine repeat reduced binding of all proteins of the hnRNP H family at this site
(521). Surprisingly, the remaining four intronic binding sites, one of them located even
more closely to the 5’ ss, and another exonic potential binding site for the hnRNP H
family did not contribute to splicing of the reporter RNA (521). This observation raised
the question whether definite spatial requirements exist for hnRNP H either to bind to
the RNA or to enhance splicing. In addition, the accessibility of the hnRNP H binding
site might depend on distinct RNA secondary structures or alternatively might require an
interaction with other regulatory elements to function as splicing enhancer. It might be
conceivable that the in vivo function of the p17 ISE observed in this thesis is mediated
by the hnRNP H binding site 28 nt downstream of the Gag translational start codon.
However, the functional relevance of this hnRNP H binding site remains to be

demonstrated within the 2-intron minigene used in the in vivo splicing assay.

The p17 ISE was identified in this thesis by activation of a suboptimal mutant 5’ ss, 5U,
replacing the most proximal D1 in the 2-intron minigene (Fig. IlI-37D). The reduced
complementarity of the mutant 5’ ss to the 5-end of the U1 snRNA was found to be
insufficient to facilitate splicing at D1 presumably due to a less efficient recruitment of

U1 snRNP. The p17 ISE might activate the upstream located suboptimal 5’ ss 5U in the
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2-intron minigene by stabilising U1 snRNP-binding at the 5’ ss like it has been proposed
for an hnRNP H/F-dependent splicing enhancer in the DM20-mRNA (630). However,
in vitro analyses of the spliceosomal assembly on an HIV-1 derived subgenomic RNA
substrate revealed that the E complex, which includes U1 snRNP bound to the 5’ ss,
was assembled with nearly equal efficiency after mutation of the guanosine repeat 28 nt
downstream of the Gag translational start codon or depletion of the hnRNP H family
(521). However, add-back experiments using recombinant proteins showed that the
combination of hnRNP H, hnRNP F and hnRNP 2H9 supported only assembly of A and
B complexes, but failed to promote C complex assembly (521) suggesting that another
factor, either individually or in addition to the analysed hnRNPs, was required for
splicing catalysis in those experiments. GRSF-1 might be a plausible candidate to allow
C complex assembly, because the protein was depleted from the nuclear extracts, but
afterwards not included in the mixture of hnRNPs that were added to the splicing
reaction. Therefore, if the p17 ISE acts via the guanosine repeat 28 nt downstream of
the Gag translational start codon, the enhancer presumably activates splicing by a

mechanism distinct from U1 snRNP stabilisation.

Although binding of members of the hnRNP H family to the p17-ins element appeared to
contribute to splicing regulation, it remains to be investigated whether their binding site
at nt 28 (521) is the basis of the splicing enhancing effect of the p17-ins element.
Further experiments will be aimed at localising the ISE within the first 202 nt of the p17-
ins element in more detail. However, insertion of the ISE resulted in an at least equal
usage of 3’ ss Ad4a and A5 for internal exon inclusion compared to the parental 2-intron
minigene lacking the p17-ins element (Fig. 1I-35B, lanes 2 and 8). Therefore, it might be
deduced already from these experiments that the ISE likely localises within the first
63 nt of the p17-ins element, which is the shortest sequence of the p17-ins element that
induced equal activation of A4a and A5 in the 2-intron minigene (Fig. IlI-35B, lanes 4
and 10). Additionally, this impact of splicing enhancer elements in the intron between
D1 and the 3’ss cluster might hint to the presence of a second intronic splicing
enhancer located between nt 202-302. Substitution of this region of the p17-ins element
restored the unequal activation of the internal 3’ ss cluster in the presence of the ISE
located in the first 202 nt (Fig. 111-34B, lanes 4 and 9) and thus points to less efficient

spliceosomal assembly.

The expression of genomic RNA and vpu/env-mRNAs, which remain unspliced between

D4 and A7, requires the interaction of Rev with the RRE element and an intrinsically
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weak downstream 3’ ss, A7 (103, 296). In line with these findings, not only vpu/env-
mRNAs but also completely unspliced transcripts were expressed form the 2-intron
minigene in the presence of Rev. However, after extending the upstream intron in the
2-intron minigene, the expression of completely unspliced RNA became dependent on
the presence of the first 202 nt of the p17-ins element, whereas vpu/env-mRNA was
expressed also from constructs carrying the mutated version of the p17-ins element,
syn-ins (Fig. l1I-34B, cf. lane 8 with 12). Therefore, the results obtained in this thesis
support the hypothesis that Rev-mediated retention of the upstream and the
downstream intron, respectively, is regulated by mechanisms employing distinguishable
sequence elements. Hints to the differential regulation of vpu/env-mRNA and genomic
RNA already originated from previous investigations of the mRNA expression kinetics
after viral infection of H9 cells demonstrating that completely unspliced RNA is
expressed with a delay of approx. 12 h compared to vpu/env-mRNAs (312). However,
the effect of the p17-ins element on HIV-1 gene expression was previously investigated
using subgenomic 1-intron constructs or even in the absence of splice sites (216, 382,
524, 526, 530). The 2-intron minigene used in this work extends the results obtained for
the p17-ins element in earlier studies, because it allows the differentiation of the splicing
inhibitory function of the Rev-RRE interaction in the distal intron defined by D4 and A7
from the mechanisms necessary to generate completely unspliced RNA, which is

additionally unspliced in the most upstream intron flanked by D1.

Expression of completely unspliced HIV-1 RNA was reported to depend on the viral
regulatory protein Rev (178, 179, 239, 387, 389). Consistent with this early observation,
expression of completely unspliced RNA from the parental 2-intron minigene lacking the
p17-ins element was only detected in the presence of Rev (Fig. llI-36B, lane 5).
Nevertheless, in the parental 2-intron minigene this might mainly reflect the impact of
Rev on splicing of the downstream intron defined by D4 and A7. Since the upstream
intron flanking D1 was spliced with only intermediate efficiency in the parental 2-intron
minigene lacking the p17-ins element, Rev might equally interfere with splicing of the
downstream intron between D4 and A7 in pre-mRNAs, which are either spliced or still
unspliced in the upstream intron, resulting in a mixture of completely unspliced and
1.5E-mRNA. A similar effect of the Rev-RRE interaction on an heterologous upstream
intron has already described (418, 436). However, after insertion of the first 396 bp of
the p17-ins element into the upstream intron of the 2-intron minigene Rev-mediated

expression of completely unspliced RNA additionally depended on the presence of the
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first 202 nt of the p17-ins element (Fig. 11I-34B and Fig. 11I-35B). From this it might be
concluded that the first 202 nt of the p17-ins element contain an additional Rev binding
site. In the parental 2-intron minigene the ability of Rev to interfere with splicing via its
interaction with the RRE might function only in an assumed maximum range of approx.
2 kb. Extending the upstream intron with the 396 bp of the p17-ins element might
exceed this maximum range and thus renders the resulting intron too long to be
controlled by the downstream Rev-RRE interaction. Therefore, the extension of the
upstream intron might necessitate an additional Rev binding site for the generation of
completely unspliced RNA. Alternatively, insertion of the first 202 nt of the p17-ins
element might result in more efficient splicing of the upstream intron due to the
presence of the ISE. Improved splicing of the upstream intron might hinder the retention
of the upstream intron by Rev, because Rev-mediated expression of unspliced reporter
RNAs has been described to depend on the presence of suboptimal splice sites (103,
296). Therefore, an additional Rev binding site within the upstream intron might be

required to cope with the improved splicing of the upstream intron.

It has been shown that Rev fails to induce the expression of unspliced RNA from a
heterologous B-globin 1-intron minigene with the HIV-1 RRE located within the intron
(103). Further investigations using f-globin-derived 2-intron minigenes carrying the RRE
in the terminal exon confirmed that observation (418, 436). However, the proximal
107 nt of the p17-ins element complemented Rev activity facilitating the expression of
unspliced RNA in the cytoplasm (436). This effect was attributed to the binding of
hnRNP A1 and an additional 50 kDa protein to this region of the p17-ins element. The
synergistic activity of the RRE and the p17-ins sequence on the expression of unspliced
RNA was suggested to be due to an inhibitory influence of hnRNP A1 bound to the ins
element on the removal of the upstream situated f-globin intron (436). This might
reduce the splicing efficiency of the f-globin 3’ ss thus allowing Rev to interact with the
RRE-containing mRNA. This interaction detaches the RNA from the splicing pathway
finally leading to the appearance of unspliced RNA in the cytoplasm. However, in the
heterologous f-globin minigene with the ins element as well as the RRE in artificial
exonic positions downstream of the terminal heterologous 3’ ss and also with both
elements positioned side by side (418, 436), it might be questioned whether the

observed effects represent the mechanisms underlying HIV-1 pre-mRNA processing.
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Based on the synergistic action of the p17-ins element and the RRE described for a
heterologous B-globin minigene, the identification of an additional Rev binding site
upstream of D1 (198, 225) led to the proposal in this thesis that a synergistic interaction
of Rev and the p17-ins element might also exist in the context of the authentic HIV-1
pre-mRNA. However, it was found that mutations in loop A of SL1 which were shown to
reduce binding of Rev to this stem loop structure (198) did not affect the expression of
completely unspliced RNA in the presence of the p17-ins element (Fig. 11I-36C). This
result indicates that the Rev binding site within SL1 is presumably not involved in the
regulation of splicing at D1 and thus does not cooperate with the p17-ins element to
generate completely unspliced RNA. Therefore, another binding site for the Rev protein
has to be assumed to be present in the proximity of the p17-ins element, if the inhibitory
element complements Rev-reactivity by direct interactions. An alternative hypothesis
would be that the synergy observed for the p17-ins element and the RRE for the
generation of completely unspliced HIV-1 RNA emerges from the two individual
functions conducted by each element, which are both required for expression of

completely unspliced RNA under these experimental conditions.

In this thesis two newly identified splicing regulatory functions, enhancement of splicing
at D1 and participation in Rev-mediated expression of completely unspliced RNA, were
attributed to the first 202 nt of the p17-ins element. From that the question might arise
whether a single regulatory element within this region accounts for both observed
effects. However, since alternative usage of the internal 3’ ss cluster indicated that the
ISE might locate within the first 63 nt, whereas the first 102 nt of the p17-ins element
are not sufficient to mediate Rev-reactivity for the expression of completely unspliced
RNA in the 2-intron minigene, it is likely that two different regions of the p17-ins element

mediate each particular function.

Unexpectedly, it was found that insertion of nt 203-402 of the codon-optimised form of
the p17-ins element (syn-ins) abrogated the detectability of the 2-intron minigene-
derived RT-PCR signals (Fig. IlI-34B). It might be hypothesised that CpG motifs created
by codon-optimisation (151) reduce the expression of the syn-ins-containing mRNA,
because CpG motifs have been implicated to interfere with gene expression [reviewed
in (117, 286, 316)]. However, since mutation of the CpG motifs did not increase protein
expression from a full-length syngag minigene (151) and codon-optimisation of the
396 nt p17-ins element analysed in this thesis only replaced a unique CpG motif within

the 5’-region of the gag-ORF with another one, this possibility appears highly unlikely.
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Furthermore, a region downstream of 3’ ss A7, which is common to all HIV-1 mRNAs
and also to those derived from the 2-intron minigene, could still be detected by RT-PCR
(data not shown). This finding strongly argues against the degradation of syn-ins-
containing mMRNAs. However, the detection of minigene-derived RT-PCR products in
the 3’-region of the pre-mRNA is consistent with the interpretation that codon-
optimisation of the p17-ins element might alter the splicing pattern of the 2-intron
minigene resulting in the removal of the binding site for the 5’-primer which is used for
the amplification of all PCR products derived from alternatively spliced reporter mRNAs.
It seems conceivable that due to the numerous mutations throughout the p17-ins
element alternative splice sites have been generated in the syn-ins sequence or that

RNA binding sites for splicing regulatory proteins had been destroyed or generated.

Besides a potential impact of the 396 nt syn-ins sequence on the activation of a cryptic
splice site in the 2-intron minigene, the syn-ins sequence was also described to use an
RNA export pathway distinct from that employed by the Rev-RRE system (216). The
viral regulatory protein Rev, which is essential for the expression of intron-containing
HIV-1 mRNA in the cytoplasm, was found to contain a nucleolar localisation signal
(NoLS) that is necessary for efficient expression of a Rev-dependent reporter gene
(122). Additionally, it has been deduced from nucleolar ribozyme-mediated RNA
targeting that viral RNA at least transiently localises in the nucleolus (416). Although
these observations could not be reproduced using subgenomic minigenes (684), it
might be proposed that the Rev-RNA complex traffics via the nucleolus. Subsequent
translocation of intron-containing HIV-1 mRNAs through the NPC by Rev had been
reported to employ the nuclear export receptor Crm1 and is inhibited by leptomycin B
treatment (186, 194, 443, 654). In contrast to HIV-1 gag-mRNA, the codon-optimised
syngag-mRNA, which carries a number of mutations throughout the gag-encoding
region, was found to be exported from the nucleus via a leptomycin B-independent
pathway (216). Since the syn-ins sequence appears to induce an export pathway
distinct from that applied by the p17-ins element, the RNA might - even in the presence
of Rev - bypass nucleolar trafficking. By omitting nucleolar localisation an essential step
for mediated expression of unspliced RNA might thus be circumvented. Therefore, it
might be questioned whether the export pathway contributes to the splicing regulation of

the subgenomic HIV-1 pre-mRNA.
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D.2.2 D1 usage is suppressed by SR proteins binding to the 5’ ss.

The best characterised examples of alternative splice site usage in eukaryotes are
regulated by members of two protein families, the hnRNP family and the SR proteins
[reviewed in (357, 363, 396)]. Investigating the sequence requirements for efficient
activation of the major 5’ ss, D1, analysis of the D1 sequence itself revealed a striking
number of binding sites for the SR proteins SC35, SRp55 and SRp40 covering the 5’ ss
(Fig. II-22). Since SR proteins have mainly been shown to activate neighbouring splice
sites (357, 363), its was quite unexpected that mutating the SC35 binding sites
overlapping D1 increased splicing at this 5’ ss (Fig. 11I-23A and B). From these results it
is suggested that SR protein binding sites overlapping the 5’ ss prevent efficient
activation of D1. It is hypothesised in this work that suppression of D1 usage is caused
by competition of SR proteins bound at D1 with the U1 snRNP, which recognises the

5’ ss in the early spliceosomal E complex.

Suppression of 5’ ss usage by restricting the accessibility of U1 snRNP to the 5’ ss had
been described for a member of the mostly negatively acting hnRNP family, hnRNP H,
after disease-causing 5’ ss mutations in NF-1 exon 3 and TSHf exon 2 (81). However,
the influence of hnRNP H binding on U1 snRNP binding was difficult to evaluate in the
previous work, because improved binding of hnRNP H might reduce U1 snRNP binding,
but on the other hand the reduced complementarity of the U1 snRNA to the 5’ ss might
vice versa facilitate increased binding of hnRNP H within the &’ ss. In this thesis, SR
protein binding sites in the proximity of D1 were mutated outside of the 11 nt sequence
of D1, thus leaving its intrinsic strength unaltered (Fig. I1I-22C). Therefore, increased
levels of spliced mMRNAs expressed from the 2-intron construct after mutation of the
SC35 binding sites were not due to an increased intrinsic strength of D1, but were

caused by the mutations of the neighbouring nucleotides (Fig. I1I-23B).

Contrasting the splicing inhibitory effect of the SC35 binding sites, the SRp40 binding
site appears to slightly activate splicing at D1 in the 2-intron minigene (Fig. 111-23). Since
binding sites for SC35 and SRp40 oppositely influence D1 usage, D1 suppression might
be not a general consequence of SR proteins bound at D1. However, whereas binding
of SC35 to both most upstream binding sites was confirmed (Fig. llI-25), binding of
SRp40 was not investigated and thus the predicted binding site might not be occupied
by SRp40. Alternatively, mutations introduced into the proximity of the D1 sequence

might be assumed to alter the stability of the stem loop that is generated by the 5’ ss
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and surrounding nucleotides (Fig. 111-22B) (10, 673). The stability of the stem loop has
been reported to affect D1 usage (2). However, analysing the mutations introduced into
the D1 proximity regarding the stability of the resulting stem loops demonstrated that the
alterations in the splicing pattern of the 2-intron minigene did not correlate with the stem

loop stability in the experimental system used in this thesis (Fig. [lI23A, B and C).

It might be envisioned that a competition of SC35 and U1 snRNP for binding to D1
assists the Rev-dependent generation of completely unspliced RNA in the late phase of
viral gene expression. This hypothesis implies that during the course of viral replication
SC35 levels increase or, alternatively, U1 snRNP levels decrease in target cells to
achieve a shift in the binding ratio of both factors. Although not assayed during single
rounds of infection, recent data, however, suggested that in general hnRNPs are
upregulated, whereas the level of SC35 appears to be downregulated during long-term
infected cultures of monocyte-derived macrophages (MDM) (161). Nevertheless, a high
variability in the expression of splicing regulatory proteins was observed between
different PBMC donors in these experiments. This finding contrasts an earlier report
demonstrating that SC35 levels of the H9 T cell line increase three days after infection
(383). These oppositely directed changes in the expression of SC35 might be
interpreted that either SC35 expression after HIV-1 infection of the cell is biphasically
modulated with an early increase and a subsequent decrease or that increased SC35
expression is restricted to infected T cells. Anyway, these data support the possibility
that at least in T cells increasing SC35 levels may contribute to the expression of

completely unspliced RNA in the late phase of viral gene expression.

It was shown that the 5-UTR of the HIV-1 pre-mRNA containing D1 is essential for
generation of gag-mRNAs, unspliced at D1 (216). This is consistent with the concept
that U1 snRNP binding at a 5’ ss is able to stabilise mRNAs which are vulnerable to
degradation (295, 367, 373). This stabilisation might be functionally associated with the
recruitment of transcriptional initiation factors by promoter-proximal 5’ ss, which has
been uncovered in the last years (63, 143, 196). The assumed interference of SR
protein binding sites with U1 snRNA binding would diminish U1 snRNP-mediated
stabilisation of the viral pre-mRNA. Therefore, it might be questioned whether
stabilisation of the viral pre-mRNA is needed at D1 at all or whether stabilisation can
also be performed by SR proteins bound at D1. Since SR proteins have already been
shown to generate splicing enhancer complexes across exons, it might be conceivable

that SC35 bound at D1 might also form a complex with the 5’ cap structure of the pre-
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mRNA. This complex might render the RNA-protein complex less susceptible for

degradation.

A previous study analysing the binding properties of the Gag polyprotein precursor and
its nucleocapsid (NC) subunit to the viral packaging signal encoded downstream of D1
revealed that the presence of each, the Gag precursor protein and the NC subunit,
increased the expression of a reporter gene localised in an intronic position
[C.K. Damgaard, PhD thesis (142)]. This finding suggested a role for the Gag-RNA
interaction in viral mMRNA processing. Enhanced stability of the reporter RNA and
reduced splicing efficiency were considered as possible causes for increased protein
expression. Although it appeared an attractive hypothesis that Gag increases the level
of unspliced RNA in an autoregulatory loop during late viral replication, this hypothesis
could not be confirmed in this thesis. Data presented here revealed that the presence of
Gag did not affect the splicing pattern of the 2-intron minigene containing the viral
packaging signal at its authentic position downstream of D1 (Fig. 111-32). However, since
in this thesis HeLa-T4" and HelLa-T4R5 cells were used to assess the influence of Gag
on the HIV-1 pre-mRNA splicing pattern, it cannot completely ruled out that a Gag-
dependent increase in the expression of the intronic reporter gene in the analysis
performed by Damgaard might represent a distinctive feature of HEK 293 cells.
Nevertheless, since the splicing pattern of HIV-1 mRNAs in PBMCs was shown to be
reproduced in HeLa-T4" cells (481), results of this thesis suggest that the effect of Gag
in target cells of HIV-1 is likely restricted to functions other than splicing, e.g. RNA

stabilisation or enhanced translation.

D.2.3 Sequences neighbouring D1 affect far distant splice site usage -
implications for splicing kinetics.

As outlined above, SR protein binding sites overlapping D1 and the p17-ins element
were found to regulate D1 usage. However, since substitution of the sequences flanking
D1 did not alter the splicing efficiency at D1 in the 2-intron minigene (Fig. 111-30D), the
hypothesis that additional splicing regulatory elements reside in the immediate proximity
of D1 could not be confirmed. Nevertheless, these experiments unexpectedly revealed
that substitution of the sequences neighbouring D1 - although leaving the amount of
RNA unspliced at D1 unchanged - altered the respective amount of 4.7-mRNA and

completely unspliced RNA (Fig. 111-30C). Whereas the amount of 4.7-mRNA, lacking the
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distal intron defined by D4 and A7, increased after substitution of the upstream
sequence with the control sequence, the level of unspliced RNA decreased
correspondingly. Substitution of the sequence downstream of D1 with the control
sequence inversely affected the expression of both mRNA isoforms. The changes in the
splicing pattern of the 2-intron minigene were confirmed by inserting a different control
sequence downstream of D1 (Fig. [lI-30B and C, cf. lane 3 with 4). Because of the
distance between the sequences flanking D1 and the splice sites of the distal intron and
the position of the internal 3’ ss cluster in-between D1 and the distal intron, it appears
unlikely that the sequence substitutions in the proximity of D1 directly affect
spliceosome assembly at the distal intron. However, since in the last years a strong
coupling of the different gene expression pathways, i.e. transcription, 5-capping,
splicing, 3’-processing, transcript release and RNA export became evident [reviewed in
(41, 391, 442, 461, 480)], it might be speculated that the sequences neighbouring D1
indirectly affect splicing efficiency of the distal intron by influencing one of these steps,

e.g. transcription rate or transcript release from active sites of transcription.

The characterisation of cotranscriptional RNA processing uncovered an additional level
of splicing regulation [(49, 454), reviewed in (207, 322)]. Since it has been
demonstrated that the rate of transcriptional elongation can dictate splice site selection
in vivo (149, 268, 292, 446), it might be assumed that the sequences in the proximity of
D1 in the HIV-1-derived reporter RNA influence splicing of the distal intron by affecting
the speed of transcription by RNA polymerase Il. Changes in the transcriptional
elongation rate would have been expected to affect also splicing of the proximal intron
between D1 and the internal 3’ ss. However, splicing at D1 remained unaltered after
substitution of the sequences neighbouring D1. Therefore, it appears unlikely that the
sequences flanking D1 affect splicing of the distal intron by modulation of transcriptional
elongation. This conclusion is substantiated by the finding that splicing of a subgenomic
HIV-1 env-transcript could not be observed at active sites of transcription in a
fluorescence-based microscopy approach (684). This led to the proposal that splicing of
the HIV-1 pre-mRNA — in contrast to a number of cellular pre-mRNA introns — does not
necessarily occur cotranscriptionally probably due to its considerable number of

functionally weak splice sites (684).

Based on the observation that the frequency of D1 usage remains unaffected after
substitution of its neighbouring sequences, it is hypothesised that these sequences are

involved in a processing step subsequent to transcriptional elongation. It might be
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speculated that D1-proximal sequences modulate splicing of the distal intron defined by
D4 and A7 by altering the release of the nascent transcript from the DNA and its
subsequent movement from the transcriptionally active perichromatin to the nuclear
pore complex (NPC). Since the transcriptionally active sites are assumed to be supplied
with splicing factors from nuclear speckles (340), they might contain a higher
concentration of splicing factors. Assuming that splicing of the 2-intron minigene as well
does not occur cotranscriptionally, the reporter pre-mRNA would be released from the
transgene still containing at least one intron. Therefore, releasing the pre-mRNA from
active sites of transcription might reduce the splicing efficiency of the remaining introns
due to a starvation of splicing factors on the transition of the intron-containing pre-
mMRNA to the NPC. Accelerating the release of the pre-mRNA from the active sites of
transcription would likely decrease the splicing efficiency of introns which are spliced
with a slow kinetic and, in addition, might stronger affect introns which are located in the
3’ region of the gene. This might explain why splicing of the distal intron defined by D4
and A7 responds to substitutions of the sequences neighbouring D1, whereas the
proximal intron defined by D1 and the internal 3’ ss cluster remains unaffected by these
substitutions. Therefore, an impact of the sequences in the proximity of D1 on gene
expression pathways beyond transcriptional elongation might explain the differences in

the expression of 4.7-mRNA and completely unspliced RNA from the 2-intron minigene.

Cotranscriptional splicing implicates that introns located in the 5’ region of the pre-
mMRNA are spliced prior to the transcription of introns in the 3’ region. From this it might
be deduced that most pre-mRNAs containing multiple introns are overall spliced in a 5'-
to 3’-order, although in a microenvironment of at least two neighbouring introns the
downstream intron might be spliced prior to the upstream one (647). Even though it was
proposed that splicing of the HIV-1 pre-mRNA does not occur cotranscriptionally (684),
more recent work postulated that, nevertheless, all introns are removed in 5’- to 3’-order
(64) [M. Otte, PhD thesis (457)]. These ideas do not necessarily contradict each other,
but together imply that the order of intron removal might be imprinted on the pre-mRNA
during transcription. From the ordered intron removal of the HIV-1 pre-mRNA it was
concluded that inhibition of splicing at D1 is sufficient to restrict usage of all downstream
splice sites thereby generating completely unspliced RNA (64). This implicated that
splicing of the distal intron between D4 and A7 depends on splicing of the upstream
intron. However, data presented in this thesis demonstrate that usage of the

downstream splice sites D4 and A7 is not prevented by the inhibition of splicing at D1
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(Fig. llI-37C, lane 4) and therefore, usage of the 3’ ss cluster upstream of exon 5 is no
prerequisite for splicing of the downstream intron in the 2-intron minigene. Thus,
generation of completely unspliced RNA besides the inhibition of D1 usage also

depends on the additional Rev-RRE interaction in the 3’-half of the viral pre-mRNA.

In addition to its influence on splicing of the distal intron, the sequence upstream of D1
was demonstrated to contribute to the unbalanced internal 3’ ss activation in the 2-intron
minigene as evidenced by the almost equal usage of the internal 3’ ss cluster in the
presence of the control sequence upstream of D1 (Fig. llI-30E). Because of the
exon/intron architecture with D1 located between the upstream sequence and the
downstream 3’ ss, it appears unlikely that proteins binding to the sequence upstream of
D1 directly affect spliceosomal assembly at the respective 3’ ss. Although examples
have been described, in which an RNA duplex formation results in looping out a
complete series of introns and exons (221), bioinformatic analysis of the HIV-1 reporter
RNA used in this thesis did not support the formation of an RNA duplex between the
sequence upstream of D1 and the sequences neighbouring the internal 3’ ss cluster
(data not shown) [Mfold (http://mfold.bioinfo.rpi.edu/cgi-bin/rna-form1.cqi) (699)]. Since

insertion of the ISE within the p17-ins element downstream of D1 indicated that the

efficiency of the upstream 5 ss may influence internal 3’ ss selection, it might be
imagined that the sequence upstream of D1 influences the kinetic of the splicing
reaction. Therefore, these findings might support a strong impact of splicing kinetics on

internal 3’ ss competition in the HIV-1 pre-mRNA.

Improving splicing kinetics of the proximal intron is conceivable to be achieved by
promoting recognition of D1 itself. However, the experiments revealed that overall
splicing at D1 is not affected by substitution of the upstream sequence arguing against a
direct impact of the sequence upstream of D1 on recognition of this 5’ ss (Fig. 111-30D,
lane 2). Alternatively, the upstream sequence might slow down the kinetic of the splicing
reaction by interfering with the transition from the exon-defined early spliceosomal
complex at exon 1 to subsequent intron-defined spliceosomal complexes (522), in which
splice site of both exons are paired in a common spliceosomal complex. Restructuring
spliceosomal components from an exon-defined to an intron-defined complex has
recently been shown to regulate the neuron-specific inclusion of the N1 exon into the c-
src-mRNA (541). However, in the c-src-mRNA an intronic element was shown to bind
an hnRNP family member, PTB, which interferes with the formation of an intron-defined

spliceosomal complex. If an impaired switch from exon- to intron-definition is likewise
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involved in the regulation of splicing kinetics at D1, the sequence upstream of the 5’ ss

due to its exonic position likely acts by recruiting an alternative splicing regulatory factor.

Analyses of predicted binding sites for SR proteins SF2/ASF and SRp55 within the
sequence upstream of D1 revealed that they are not involved in the unbalanced 3’ ss
activation and the decreased splicing of the distal intron mediated by the 24 nt upstream
of D1 (Fig. lll-24C). Likewise, abrogating hnRNP H binding within the sequence
upstream of D1 did not resemble the effect of the complete substitution of the 24 nt
upstream of D1 (Fig. IlI-27). The recent finding that the hnRNP H binding site upstream
of D1 is not essential for in vitro splicing at D1 (521) was extended in this thesis
showing that also in vivo another mutation, which was confirmed to abrogate hnRNP H
binding, did not affect splicing at D1 (Fig. llI-27). In summary, since the impact of the
sequence upstream of D1 on splicing of the reporter RNA could neither be attributed to
binding sites for the SR proteins SF2/ASF and SRp55 nor to hnRNP H binding, this
work did not identify cis-acting factors mediating unbalanced 3’ ss activation and
reduced splicing of the distal intron. However, since many proteins bound to an RNA
target containing the 24 nt upstream of D1 (Fig. I11-29, lane 1), it cannot be ruled out that
binding sites for other splicing regulatory proteins exist within the sequence upstream of
D1, which possibly affect internal 3’ ss selectivity and splicing efficiency of the distal

intron.

The hypothesis that the splicing kinetics of the upstream intron is influenced by the
sequence upstream of D1 was nevertheless further supported by the finding that a
second substitution of this sequence encoding two RNA hairpin structures appeared to
promote 3’ ss selectivity and induced partial skipping of the internal exon (Fig. I11-26C,
lane 4). From this result it might be deduced that increasing the secondary structure
immediately upstream of D1 might reduce the efficiency of D1 usage and favour the

usage of the internal 3’ ss with the higher overall strength.

D.2.4 Future perspectives: Regulation of D1 usage

The major regulatory effect on the expression of genomic unspliced HIV-1 RNA
identified in this work was exerted by the p17-ins element. The analysis of 2-intron
minigenes carrying additional ins/syn-ins hybrid sequences will likely identify the

particular sequences within the p17-ins element required for its splicing enhancer
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function and for Rev-mediated expression of completely unspliced RNA. Mutation of the
hnRNP H binding site at nt 28 of the Gag-ORF (521) in the 2-intron minigene might
reveal whether this site essentially contributes to the function of the p17 ISE. In addition,
analysing the splicing pattern of the 2-intron minigene harbouring the p17-ins element in
cells expressing decreased levels of hnRNP H might evaluate whether hnRNP H act as
trans-acting factor regulating splicing of the HIV-1 pre-mRNA at D1. Finally, analysis of
cryptic splice site activation in the presence of the 396 nt syn-ins sequence in the
2-intron minigene by 5 RACE (Rapid Amplification of cDNA Ends) might uncover
splicing regulatory mechanisms underlying splicing of the HIV-1 pre-mRNA that

remained unnoticed so far.
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E. Conclusions

The viral pre-mRNA employs a number of cis-acting regulatory sequences to ensure the
timely coordinated expression of viral genes. This thesis reveals that almost the
complete sequence of exon 5 is essential for inclusion of the alternative exons 4c, 4a,
4b and 5 into early mRNAs encoding the regulatory proteins Rev and Nef by generating
a functional network of cross-exon interactions. The GAR ESE within exon 5 was found
to constitute a complex substantial splicing regulatory element throughout HIV-1 gene
expression. Although less conserved between different HIV-1 isolates than the GAR
ESE, the E42 sequence located in the 3’ half of exon 5 is also crucial for internal exon
inclusion. However, the low level of sequence conservation might indicate that the
mechanism that underlies the contribution of the E42 sequence to internal exon
inclusion is more variable than that of the GAR ESE and might be fulfilled by different
proteins in various HIV-1 isolates or by a factor requiring a considerable less stringent
binding sequence. Since GAR ESE-mediated activation of the downstream located 5’ ss
and the upstream located 3’ ss cluster is essential to generate almost all spliced mRNA
isoforms during viral gene expression, the functional network emanating from the
GAR ESE, the E42 element, and the flanking splice sites substantially contributes to the
regulation of viral replication. The GAR ESE has recently been successfully targeted to
inhibit HIV-1 multiplication (21), and further insights regarding the mechanism of GAR
ESE-mediated splice site activation and selectivity might create new strategies to

specifically inhibit generation of essential regulatory HIV-1 mRNAs.

In the second part of this thesis the sequences flanking D1 and the p17-ins element in
the downstream intron were found to regulate splicing of the HIV-1 pre-mRNA. Slight
effects were observed for the sequences directly neighbouring D1 on splicing of the
downstream intron defined by D4 and A7 indicating that sequences upstream in the viral
pre-mRNA may also affect distant downstream splicing events. However, the most
substantial effect on the expression of genomic RNA appeared to be exerted by the
p17-ins element within the Gag-ORF, which is essential for the expression of completely
unspliced RNA but not for vpu/env-mRNAs. This might suggest that Rev applies
different mechanisms to inhibit splicing of the downstream and the upstream intron of
the HIV-1 pre-mRNA resulting in the expression of vpu/env-mRNAs and completely
unspliced RNA. Understanding these virus specific mechanisms interfering with the

cellular splicing machinery might provide additional options to restrict HIV-1 replication.
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G. Appendix

G.1 Experimental data

A #2578
#1544 D1 D4
-
SV leader SD1 -I /_m_ 7
SAS env nef SV40 - :m(_ P(A)
#2577 #2576
#1543 #1542
Adc, 4a, 4b, 5 A7
B 154 nt 23 nt 50 nt
22 20 nt
#2578 #1544 #2577 #1543 #1542 #2576
768 bp
3041 bp
630 bp
2794 bp
C
transcript |comment SV leader SV leader SV leader SV leader SV leader SV leader
isoform SD1 SA5 env |SD1 SA5 ESE | SD1 SA5 2xPP7 SD1 2xPP7 SD1 SD1 ins(llIB)
nef H- SD4 env 2xMS2 SD4 |SA5env nef |SA52xMS2 SA5 env nef
nef env nef SD4 env nef
#1542-|#2576-|#1542-|#2576-|#1542- | #2576-|#1542- | #2576-|#1542- |#2576-| #1542- | #2576-
#1544 (#2578 |#1544 (#2578 |#1544 |#2578 |#1544 |#2578 |#1544 (#2578 |#1544 |#2578
us #1544/#1543 630 768 593 731 663 801 679 817 712 8501 1011 1149
4.7 minigene only 470 717 433 680 503 750 519 766 552 799 851| 1098
1.4cE 418 556 381 519 451 589 467 605 500 638 418 556
1.4aE . . 400 538 363 501 433 571 449 587 482 620 400 538
intron-containin
1.4bE 394 532 357 495 427 565 443 581 476 614 394 532
1.5E 378 516 341 479 411 549 427 565 460 598 378 516
1.4c.7 258 505 221 468| 291 538 307 554 340 587 258 505
1.4a.7 . . 240 487 203 450 273 520 289 536 322 569 240 487
exon inclusion
1.4b.7 234 481 197 444 267 514 283 530 316 563 234 481
1.5.7 218 465 181 428 251 498 267 514 300 547 218 465
1.7 exon skipping 149 396 149 396 149 396 198 445 198 445 149 396

Fig. VII-1: Primer position and PCR product sizes for 2-intron minigenes with varying exon and

intron sizes.

(A) Primer positions for amplification of alternatively spliced reporter RNA (ASR) expressed from parental

and mutant 2-intron minigenes.

(B) PCR product length after amplification of unspliced RNA from 2-intron minigenes using primers

#1542-#1544 or #2576-#2578.

(C) PCR product sizes for alternatively spliced reporter RNA applying primers depicted in (B).
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Fig. VII-2: Negative controls for 2D-gel electrophoresis of proteins isolated from GAR ESE-

containing RNA targets.

During RNA affinity chromatography, control reactions were processed in the absence of short (A) or

extended (B) target RNA displaying several proteins binding to the immobilisation bead matrix. Protein

isoforms detected in negative controls were excluded from further analyses.
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A
wt single mutations double mutations 5'- all all
SR- | SR- [SC35-
sc3s5(1) + - + + - - + . - -
sc352) 1 + + - + - + - - - -
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SRp55(1) [ + + + + + + + + - +
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Fig. VII-3: Mutation of SR protein binding sites overlapping D1 does not affect the expression of
1.4a.7- and 1.5.7-mRNA.

Experimental data showing the splicing pattern of the parental 2-intron minigene and derivate constructs
carrying mutations in predicted SR protein sites overlapping D1 as indicated in (A) were analysed

regarding the expression of doubly spliced 1.4a.7- (B) and 1.5.7-mRNA isoforms (C).
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Tab. VII-1: Published constructs

Thesis Publication Reference

SV leader SD1 SA5 env nef pSV-1-env Asang et al. 2008
SV leader SD1 SA5 env nef SV-1-env Caputi et al. 2004
SV leader SD1 SA5 SF2 1- SF2 2- SRp40- env nef pSV-1-env SF2- SRp40- Asang et al. 2008
SV leader SD1 SA5 SF2 1- SF2 2- SRp40- env nef SV-1-env SF2- SRp40- Caputi et al. 2004
SV leader SD1 SA5 SF2(1)- SRp40- SF2(2)- env nef | pSV-1-env ESE- Asang et al. 2008
SV leader SD1 SA5 SRp40- SF2(2)- env nef pSV-1-env SRp40- SF2(2)- Asang et al. 2008
SV leader SD1 SA5 SF2(1)- SRp40- env nef pSV-1-env SF2(1)- SRp40- Asang et al. 2008
SV leader SD1 SA5 SF2(1)- SF2(2)- env nef pSV-1-env SF2(1)- SF2(2)- Asang et al. 2008
SV leader SD1 SA5 SRp40 15- env nef pSV-1-env SRp40- Asang et al. 2008
SV leader SD1 SA5 SF2(2)- env nef pSV-1-env SF2(2)- Asang et al. 2008
SV leader SD1 SA5 SF2(1)- env nef pSV-1-env SF2(1)- Asang et al. 2008
SV leader SD1 SF2- SA5 env nef pSV-1-env SF2(3)- Asang et al. 2008
SV leader SD1 SF2- SA5 ESE- pSV-1-env SF2(3)- GARmut Asang et al. 2008
SV leader SD1 SA5 3U env nef pSV-1-env 3U Asang et al. 2008
SV leader SD1 SA5 3U env nef SV-1-env 3U Caputi et al. 2004
SV leader SD1 SA5 cs+1'% env nef pSV-1-env cs+1" Asang et al. 2008
SV leader SD1 SAS5 cs-2" env nef pSV-1-env cs-2" Asang et al. 2008
SV leader SD1 SA5 H- env nef pSV-1-env AE42 Asang et al. 2008
SV leader SD1 SA5 HIV#18 env nef pSV-1-env HIV#18 Asang et al. 2008
SV leader SD1 SA5 GTV env nef pSV-1-env GTV Asang et al. 2008
SV leader SD1 SA5 GTV 15A env nef pSV-1-env GTV 15A Asang et al. 2008
SV leader SD1 SA5 SD2 env nef pSV-1-env SD2 Freund et al. 2003
SV leader SD1 SA5 -1G3U env nef pSV-1-env -1G3U Freund et el. 2003
SV leader SD1 SA5 4G7C env nef pSV-1-env 4G7C Freund et al. 2003
SV leader SD1 SA5 4C8U env nef pSV-1-env 4C8U Freund et al. 2003

For clarity published 2-intron minigenes were renamed in respective manuscripts.
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G.2 Abbreviations and units

G.2.1 Abbreviations

3'ss
5'ss
Ac
AIDS
Amp
AP

as
ATP
BSA
CHAPS
CTP
DAPI
ddH,0
DMDC
DMEM
DNA
DNase
DTT
E.coli
EDTA
env
ESE
ESS
EtBr
FCS
gag

gap
GTP
HEPES
hGH
HIV-1
hnRNP
LB
LTR
mRNA
ORF
ori

PBS
PBSger
PCR
PMSF
POD
pol
poly(A)+
rev

288

3’ splice site

5’ splice site

Acetate

Acquired Immunodeficiency Syndrome

Ampicillin

Alkaline Phosphatase

antisense

adenosine-5'-triphosphat

bovine serum albumin
3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
cytidine-5'-triphosphate

4',6-diamidino-2-phenylindole

deionised and distilled water

dimethyl-dicarbonate

Dulbecco’s modified Eagle’s medium

deoxyribonucleic acid

deoxyribonuclease

dithiothreitol

Escherichia coli

ethylenediaminetetraacetic acid

gene for the viral membrane protein (envelope)

exonic splicing enhancer

exonic splicing silencer

ethidium bromide (3,8-Diamino-6-ethyl-5-phenylphenatridiumbromid)
fetal calf serum

gene for the viral structural proteins (group specific antigen)
glycoprotein

guanosine-5'-triphosphate
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

human growth hormone

Human Immunodeficiency Virus Type 1

heterogeneous nuclear ribonucleoprotein particle

Luria Broth base

long terminal repeat

messenger ribonucleic acid

open reading frame

origin of replication

polyadenylation signal

phosphate buffered saline

Dulbecco’s phosphate buffered saline deficient in Ca?* and Mg?*
polymerase chain reaction

phenylmethane-sulfonyl-fluoride

peroxidase

gene for the viral enzymes (polymerase)

polyadenylated

gene for the viral protein Rev (regulator of viral protein expression)
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RNA ribonucleic acid

RNase ribonuclease

RRE Rev-responsive element

RS arginine/serine-rich

S sense

SA splice acceptor

SD splice donor

SELEX Systematic Evolution of Ligands by Exponential enrichment
SDS sodium dodecyl sulfate

SR serine/arginine-rich

SSC standard saline citrate

SuU viral surface envelope protein

SV40 Simian Virus 40

TE Tris-EDTA buffer

™ viral transmembrane envelope protein
Tris Tris-(hydoxymethyl)-aminomethane
TTP thymidine-5’-triphosphate

uv ultraviolet

viv volume per volume

wiv weight per volume

G.2.2 Units

bp base pairs m meter

°C degree Celsius min  minutes

M molar

g gram n nano (10®)

h hour nt nucleotide

kb kilobase RLU relative light units
kDa kilodalton rom rotations per minute
I liter sec second

u micro (10°) U unit

m  milli (107) VvV volt
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