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ABSTRACT.

During HIV-1 assembly, the Gag structural protein specifically encapsidates two copies
of viral genomic RNA in the form of a dimer. An RNA stem-loop structure (SL1) in the
5’ untranslated region, known as the dimerization initiation site (DIS), is important for
dimerization and packaging of HIV-1 genomic RNA; however, the mechanisms involved
are not fully understood. The major goal of this PhD study was to further understand
HIV-1 RNA dimerization, and to study the role of the Gag protein in the dimerization and
packaging processes. Despite the known involvement of the DIS in RNA dimerization,
DIS-mutated viruses still contain significant levels of dimerized RNA, and electron
microscopy studies suggest that the RNA molecules are linked at the extreme 5' end. We
show here that RNA sequences on both sides of the DIS are also required for HIV-1
genome dimerization, suggesting that multiple RNA elements are involved. We have also
examined the contribution of specific amino acids within Gag to the dimerization and
packaging processes. Previous work showed that partial deletion of the DIS impacted on
viral replication capacity, but could largely be corrected by compensatory point mutations
within Gag. To further elucidate the mechanism(s) of these compensatory mutations, we
generated DIS mutants lacking the entire SL1, or only the SL1 loop sequences, and
combined these deletions with various combinations of compensatory mutations.
Analysis of virion-derived RNA showed that the relevant mutant viruses contained
increased levels of spliced viral RNA compared to wild type, indicating that a defect in
genome packaging specificity was present. However, this defect was corrected by our
compensatory mutations, and a T12I substitution in p2 was shown to be solely
responsible for this activity. These results suggest that the p2 spacer peptide plays a
critical role in the specific packaging of viral genomic RNA. In summary, these findings
provide new insight into the RNA-RNA and RNA-protein interactions involved in HIV-1
RNA dimerization and packaging.
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RESUME

Pendant 1’assemblage du VIH-1, la protéine structurale Gag encapside spécifiquement
deux copies de I’ARN génomique viral sous la forme d’un dimére. Une structure d’ARN
tige-boucle (SL1), située dans la région non-transcrite en 5°, nommée site d’initiation de
dimérisation (DIS), est importante pour les processus de dimérisation et d’encapsidation.
Toutefois, les mécanismes impliqués ne sont pas complétement €lucidés. Le but majeur
de ce projet fut de caractériser davantage la dimérisation de I’ARN du VIH-1, ainsi que
d’étudier le réle de la protéine Gag dans la dimérisation et 1’encapsidation. Malgré
I’implication connue du DIS dans le processus de dimérisation, les virus mutés dans cette
région contiennent des niveaux significatifs d’ARN dimérisé, et des études de
microscopie €lectroniques suggerent que les molécules d’ARN sont liées par leur
extrémité en 5°. Nous démontrons que des séquences d’ARN flanquant de part et d’autre
le DIS sont aussi requises pour le processus de dimérisation d’ARN, suggérant que de
multiples éléments d’ARN peuvent étre impliqués. Nous nous sommes aussi intéressés a
la contribution des acides aminés de Gag dans la dimérisation et I’encapsidation. Des
travaux précédents ont démontrés que la délétion partielle du DIS affectait la capacité de
réplication virale mais était largement corrigée par des mutations ponctuelles
compensatoires dans Gag. Pour élucider les mécanismes de ces mutations
compensatoires, nous avons générés des mutants DIS manquant la région compléte SL1,
ou manquant la séquence bouclée du SL1, et nous avons combiné ces délétions a
différentes combinaisons de mutations compensatoires. L’analyse de I’ARN dérivé de
virus a montré que les virus mutants avaient contenu des niveaux supérieurs d’ARN viral
épissé comparativement au type sauvage, indiquant un défaut dans la spécificité
d’encapsidation du génome. Toutefois, ce défaut a été corrigé par les mutations
compensatoires et cette activité a été attribué a la présence de la substitution T211I dans la
région p2. En résumé, ces résultats donnent une nouvelle perspective des interactions
ARN-ARN et protéines-ARN impliquées dans la dimérisation et I’encapsidation du
génome du VIH-1.
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CHAPTER 1

INTRODUCTION



1. INTRODUCTION

In this chapter, I will provide a brief description of the current global status of
HIV/AIDS, and highlight some of the significant advances that have been made in the
field of HIV research since the discovery of the virus. I will then give a detailed
description of the viral genome, structure, and life cycle, followed by a comprehensive
review of the literature that forms the Basis for the objectives and hypotheses that will be

addressed later in this thesis.
1.1 Global Status of HIV/AIDS

In July of 1999, when I sat down to write my MSc thesis, it was estimated that there
were nearly forty million people worldwide living with HIV, and almost twelve million
people had already died'””. Today, in March of 2004, while I sit down to write my PhD
thesis, there are still forty million people in the world living with HIV, but the number of
deaths has risen to over twenty million. And the most upsetting statistic is that the
majority of the people living with HIV can still be found in sub-Saharan Africa and
Southeast Asia, where most of them don’t have access to antiretroviral therapy, and fnany
are children under the age of fifteen®®.

Despite these discouraging statistics, the body of knowledge that has been gathefed
on the topics of HIV and AIDS in only two decades is quite astdnishing. Although it has
been debated as to whether AIDS represents the most devastating disease known to man,

there is no argumeilt against the fact that HIV represents the single most studied pathogen



in history. In only twenty years of known existence, there have been over 135,000
scientific articles published on HIV, compared to malaria at 36,000, and influenza at
35,000, both of which had 30 years of documented research before HIV was discovered.
In just the five years that I’ve been doing my PhD, there have been 55,000 articles related
to HIV registered in the PubMed database. I haven’t had time to read them all. But
despite this enormous body of literature, there is still no effective vaccine available, and
although current antiretroviral therapy has significantly decreased AIDS morbidity and
mortality, these drugs do not cure, and problems of drug resistance and establishment of
latent pools of virus are inevitable in almost every infected individual. So. what have we
learned in twenty years?

After Luc Montagnier’s group in France obtained experimental evidence for an
association between a retrovirus and AIDS in 1983'%, and Robert Gallo’s group at the
NIH proved that HIV was indeed the cause of AIDS?*, a frenzy of research in the field of
molecular virology led to the rapid characterization of the nine viral genes and the
identification of all fifteen viral proteins'®. Since then, it has been determined that HIV-1
probably originated as a result of an accidental species jump from the Pan troglodytes
troglodytes species of chimpanzees®. Sensitive and specific antibody tests were
developed in the same year that the virus was identified as the causative agent for
AIDS**!, which allowed large-scale screening of blood and blood products, resulting in
the prevention of potentially millions of new infections. The immunopathogenesis of HIV

infection, although quite complex and still not fully understood, has been studied
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intensively™’. And in trying to understand the complex interplay between HIV and the

human immune system, many basic immunological concepts have been rapidly



characterized, of which the chexﬁokines and their receptors represents an excellent
example’®. The first effective drug against HIV, i.e. AZT, was identified only five years
after the discovery of the virus itself'*2, and today there are twenty different approved
compounds that together target four different steps in the viral life cycle, and many more
are in development®’. With respect to vaccines, there is still heated debate over what

actually defines protective immunity against HIV infection, but significant progress has
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been made™", and numerous vaccine candidates are now in various stages of preclinical

and clinical development™.

Despite all of these significant advances, the HIV pandemic still rages throughout the
world, and even if an effective vaccine is developed soon, which is highly unlikely, we
will still face the challenge of treating the forty million that are already infected with
HIV. Therefore, the need for new and better anti-HIV therapy is as strong as ever, and the
developﬁlent of such therapies will depend on continued basic virological research and
the complete elucidation of the HIV-1 life cycle. In this regard, I will focus the remainder
of this chapter on the description of what is known about the viral life cycle, and

highlight some questions that still remain.
1.2 The HIV-1 Virion
1.2.1 The Viral Genome and Proteins

The HIV-1 proviral DNA consists of a typical retroviral genome with gag, pol, and env

genes flanked by 5’ and 3’ long terminal repeats (LTRs) containing U3, R, and U5



regulatory elements (Fig. 1.1, top). Once the provirus is transcribed by the host cell’s
transcriptional machinery, a 9.2kb mRNA is produced that is capped and polyadenylated
like normal cellular mRNA (Fig. 1.1, middle). Within the 5’ untranslated region of this
mRNA, which also acts as the viral genomic RNA, are a number of stem-loop (SL) RNA
elements that are important for various aspects of the viral life cycle. These include the
transactivation response element (TAR), the primer-binding site (PBS), the dimerization
initiation site (DIS), the 5’ major splice donor (SD) and the major packaging signal (SL3;
y). The genome contains nine open reading frames (Fig. 1.1, bottom; viral proteins and
functions listed in Table 1.1), the first of which codes for the group-specific antigen
(Gag; Pr55), the major structural protein, which is cleaved by the viral protease into
matrix (MA; p17), capsid (CA; p24), nucleocapsid (NC; p7), p6, and two spacer peptides,
p2 (SP1) and pl (SP2). The pol gene encodes the three essential viral enzymes, protease
(PR), integrase (IN), and reverse transcriptase (RT), which also contains an RNase H
domain. An infrequent —1 ribosomal frameshift at a slippery sequence near the 3’ end of
the gag coding region results in a readthrough event and allows the production of a Gag-
Pol (Pr160) precursor protein. Splicing of the 9.2kb mRNA results in the production of a
160kD envelope glycoprotein (gp160), which is cleaved by cellular proteases into the
surface (SU; gp120) and transmembrane (TM; gp41) glycoproteins. HIV also encodes six
proteins that used to be known as accessory proteins, but have since been realized to play
various important roles in the viral life cycle. These include the transcriptional
transactivator (Tat), regulator of gene expression (Rev), negative regulatory factor (Nef),
viral infectivity factor (Vif), viral protein R (Vpr), and viral protein U (Vpu) (Reviewed

in Coffin et al.*®)



Figure 1.1. The HIV-1 Genome. Schematic representation of the HIV-1 proviral DNA
and genomic RNA organization, as well as the open reading frames coding for the 15
viral proteins. The proviral DNA consists of a typical retroviral genome with gag, pol,
and env genes flanked by 5’ and 3’ LTRs containing U3, R, and U5 sequences. The
primary mRNA transcript, which is capped, and polyadenylated, serves as both mRNA
and genomic RNA. MA, CA, and NC, along with 3 peptides, p2, pl, and p6, are cleaved
from Gag, while PR, RT, and IN are generated from Pol. Env, Vpr, Vpu, and Vif are
translated from partially spliced transcripts, while mRNAs coding for Tat, Rev, and Nef
are generated by multiple splicing events. (Adapted from Coffin et al*> )
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Table 1.1. Main Functions of HIV-1 Proteins and Peptides

Protein

Function

Gag (Pr55)

Matrix (MA; pl17)

Capsid (CA; p24)

p2 spacer peptide (SP1)

Nucleocapsid (NC; p7)

pl spacer peptide (SP2)

p6 peptide

Gag-Pol (Pr160)

Protease (PR; p10)

Reverse transcriptase
(RT; p66/51)

Precursor polyprotein for MA, CA, p2, NC, pl, and p6; main
structural component of the immature virion; specifically binds
to viral genomic RNA to facilitate encapsidation®’; directs the
virion assembly process; targets assembly to the plasma
membrane; self-multimerizes to allow particle formation; directs
the budding and release of the virus by recruiting vacuolar
sorting complexes*®

Main structural component of the mature virion; contains the M
domain, consisting of a myristoylation signal and a basic amino
acid cluster that help Gag target to the plasma membrane;
proposed to form trimers to assist in virion assembly*; assists in
nuclear localization of the PIC'®

Multimerizes to form a cone-shaped core®; binds cyclophilin
A105

In the context of Gag, required for higher order
multimerization'® and virus productionz’m; contains key amino
acid residues that affect Gag multimerization and membrane

targeting'®®; affects genome packaging specificity''

Contains the I domain which provides the major contribution to
Gag-Gag interaction; binds specifically to viral genomic RNA to
direct packaging; binds non-specifically to viral genomic RNA
within the core*’; increases the efficiency of tRNA placement on
the PBS; assists in strand transfer and RNA dimer maturation??

Proposed to cooperate with the L domain to facilitate budding®’

Binds Vpr to incorporate it into the virion'®; contains the L
domain that binds Tsg101 to facilitate virus budding and
release’; binds AIP1 to facilitate virus budding and release®®

Brings PR, RT, and IN into the virion as part of the precursor
polyprotein; cleavage generates MA, CA, p2, NC, PR, RT, and
IN*; required for packaging of tRNA'”

Cleaves viral precursor polyproteins (Gag and Gaig-—Pol) into
mature final products™

Reverse transcribes single-stranded viral genomic RNA into
double-stranded proviral DNA; contains an RNase H domain
which digests viral RNA as reverse transcription proceeds



Table 1.1. (cont.) Main Functions of HIV-1 Proteins and Peptides

Protein

Function

Integrase (IN; p32)

Envelope (Env; gp160)

Surface glycoprotein
(SU; gp120)

Transmembrane
glycoprotein (TM; gp41)

Tat (p14)

Rev (pl19)

Nef (p24)

Vpu

Vpr (pl5)

Vif (p23)

Integrates proviral DNA into the host chromosome™"; influences
nuclear localization of the preintegration complex (PIC)'®’

Cleaved by cellular proteases to produce SU and TM*’; interacts
with Gag during virion assembly and may affect assembly site
selection’®

Viral receptor; responsible for binding to CD4 and to
coreceptors105

Fusion peptide; mediates fusion of the viral envelope with the
plasma membrane'®

Binds TAR RNA structure to enhance RNAPII elongation of the

viral DNA template; proposed to inhibit premature reverse
transcription'®

Binds RRE to inhibit viral RNA splicing; promotes nuclear
export of incompletely spliced viral RNA'®

Downregulates surface expression of CD4 and MHC I; inhibits
apoptosis of infected cells; enhances virion infectivity; alters
activation state of infected cells; increases the rate of disease
progression in HIV-infected individuals'®

Promotes CD4 degradation; influences virion release'®

Induces cell cycle arrest in infected cells; influences nuclear
localization of the PIC'®

Binds viral genomic RNA in regard to an unknown function’’;
blocks the activity of an innate antiviral factor, CEM15*
(APOBEC3G)



1.2.2 The Structure of the Virion

As shown in Fig. 1.2, the HIV-1 virion contains two identical copies of positive-sense
full-length viral genomic RNA, non-covalently linked at the 5’ ends in the form of a
dimer. The RNA is extensively coated by the NC protein, and closely associated with RT.
This ribonucleoprotein complex, along with the IN enzyme, are contained in a cone-
shaped core consisting of hexameric rings of CA protein. An outer shell, consisting of
MA protein, reinforces the structure o‘f the virus and maintains the integrity of the virion
itself (Reviewed in Coffin et al.>®). The viral envelope is composed of a host cell-derived
lipid bilayer that is acquired during the budding process, and therefore contains an array
of cellular membrane proteins, such as leukocyte-function associated antigen (LFA-1)
and intercellular adhesion molecule-1 (ICAM-1), both of which may actually play a role
in HIV-1 infection'"’. The viral gp120 and gp41 glycoproteins are embedded within this
lipi.d envelope and fit together in a knob-and-socket-like trimeric structure and serve as

243

the viral receptors®®”. The viral proteins PR, Nef, Vpr,*’ and Vif'* are also incorporated

into the virion, along with a variety of cellular factors whose functions will be discussed

in detail below?'2.
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Figure 1.2. The HIV-1 Virion. Schematic representation of the mature virion, showing
the host cell-derived lipid membrane epvelope and the protruding virus receptor, gp160.
MA and CA proteins make up the virion and core structures, respectively. The genomic
RNA, shown in red, is coated with NC. Essential viral enzymes, RT, IN, and PR are also

shown. Colors correspond to the proteins shown in Fig. 1.1. (Adapted from Coffin et

al.>)
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Figure 1.2. The HIV-1 Virion.
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1.3 The Viral Life Cycle.
1.3.1 Attachment and Entry

Like all viruses, HIV-1 takes advantage of many cellular proteins and processes in
order to make its way into the host cell and carry out its life cycle. The first such cellular
factor to be identified was the CD4 receptor’ 8138 to which HIV directly binds through a
specific interaction with the viral receptor gp120'®! (Fig. 1.3). Although the CD4
molecule was found tb be the cellular receptor for HIV entry very soon after the virus
was identified, it wasn’t until ten years later that it was realized that the virus also needs
to bind to a coreceptor in order to gain entry into the cell. These coreceptors, which
turned out to be chemokine receptors normally involved in lymphocyte homing, bind to
the viral envelope protein, gp120, after a conformational switch induced by the initial

interaction with CD4%467:

7% HIV can utilize a number of these chemokine receptors
to gain entry into a variety of cell types, but it is clear that the two most commonly used
are CCR5 and CXCR47%, Today, HIV isolates are classified as RS (CCR5-using), X4
(CXCR4-using), or R5X4 for dual tropic isolates, based on coreceptor preference. One
interesting point from tropism studies is that RS viruses appear to mediate both mucosal
and intravenous transmission of HIV, whereas X4 isolates are more commonly found at
later stages of disease’®. Equally important was the ﬁﬁding that a small proportion of the

world’s population carries a naturally occurring 32 base-pair deletion in the gene

encoding CCRS5 that is associated with almost 100% resistance to HIV infection'?"'®.

13



Figure 1.3. The Viral Life Cycle. The virus attaches to the cell via an interaction
between gpl120 and the host receptors CD4 and CCRS5 or CXCR4. This interaction
exposes the fusion peptide, gp41, which triggers the fusion of the viral and plasma
membranes, allowing.the virus to enter the cell. Once inside, the virus uncoats and
reverse transcription begins in the reverse transcription complex (RTC). After the viral
RNA has been converted to double-stranded DNA, the preintegration complex (PIC)
translocates to the nucleus where the viral DNA is integrated into the host cell’s genome.
Transcription of the provirus generates full-length viral RNA molecules that are spliced
in the nucleus and transported to the cytoplasm to be translated. Once all of the necessary
viral components are produced, the viral proteins and genomic RNA assemble at the
membrane and an immature virus particle buds away from the cell. After budding from
the plasma membrane, the virion undergoes a PR-dependent maturation into an infectious

virus particle.
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Figure 1.3. The Viral Life Cycle.
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The fact that these individuals display no apparent deleterious immunological phenotype
suggests that interference with the expression of thié protein should not have any harmful

side effects, and therefore identified CCRS as a potential target for antiretroviral and gene

therapy13 280,

The molecular interactions between gp120, CD4, and the coreceptor induce a second
conformational change that exposes gp41, also known as the fusion peptide. A trimer of

gp41 projects into the lipid bilayer of the target cell resulting in the fusion of the viral and

cell membranes, facilitating the release of the viral core into the interior of the cell**.

1.3.2 Uncoating and Reverse Transcription

The events that take place immediately after the core enters the cell are not nearly asb _
well characterized as other steps in the viral life cycle. But what is known is that the virus
somehow disassembles and forms what is referred to as the reverse transcription complex
(RTC). The RTC contains the two copiés of viral genomic RNA, tRNA" which primes
the reverse transcription reaction, RT, IN, MA, NC, Vpr, and a number of host

12 Once liberated from the plasma membrane, the RTC associates with actin

proteins
microfilaments®’. At this point, reverse transcription, which has already been initiated
within the virion, continues via a complex mechanism involving two strand jumps, and

results in the conversion of the single-stranded RNA genome into a double-stranded viral

~ cDNA®.

1.3.3 Nuclear Localization and Integration
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Once reverse transcription is complete, a structure known as the preintegration
complex (PIC) forms, which is composed of double-stranded viral cDNA, RT, IN, MA,
Vpr, and a cellular factor termed the high-mobility group DNA-binding protein
[HMGI(Y)]"*. The mechanism by which the PIC transports to the nucleus is not entirely |
clear, but it has been suggested that it actually moves toward the nucleus on microtubule-

associated dynein motors'

. Nuclear-localization signals found on IN, MA, and Vpr,
along with a cDNA flap that is generated during reverse transcription, all help the PIC
migrate to, and enter, the nucleus. Although, it has also been shown that Vpr can mediate
direct binding of the PIC to components of the nuclear pore complex, which would allow
it to enter the nucleus independently of the importin system'®. In the nucleus, IN, along
with host factors HMGI(Y) and BAF (barrier to autointegration) whose specific

contributions remain unknown, efficiently integrates the viral DNA into the host

chromosome™®.
1.3.4 Proviral Transcription and Protein Production

Once integrated into the host chromosomal DNA, the HIV provirus acts like a normal
cellular gene. The U3 region of the 5’LTR contains a number of transcriptional promoter
elements, including an initiator, a TATA-box, and three Sp1 sites. These elements are
able to position RNA polymerase II (RNAPII) and initiate transcription of the provirus;
yet, elongation is very inefficient at this point, producing only incomplete transcripts.

However, the U3 regulatory region also contains a number of upstream transcriptional
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enhancer binding sites for NF-xB, NFAT, and Ets family members (Reviewed in Jones

125

and Peterlin'~). Once the cell is activated, NF-xB and NFAT migrate to the nucleus, and

increase the efficiency of initiation and elongation of proviral transcription enough to
generate a low number of full-length HIV transcripts. These first RNA molecules are
spliced by the host cell’s splicing machinery, and the regulatory proteins Tat and Rev, as

well as Nef, are produced (Reviewed in Greene and Peterlin'®

). Once Tat is made in the
cytoplasm, it shuttles back into the nucleus where, in association with cyclin T1, it binds
the transactivation response element (TAR) within the R region of newly-transcribed
viral mRNAs. After binding to TAR, Tat recruits Cdk9 as part of the transcription-
elongation factor b (P-TEFb) complex, which in turn phosphorylates the C-terminal
domain of RNAPII, thereby increasing the efficiency of transcription elongation by as
much as 100-fold (Reviewed in Liang and Wainberg‘“).

After Tat has boosted the production of full-length viral genomic RNA into high gear,
* many of the transcripts get rapidly spliced and transported to the cytoplasm, but some
singly spliced and unspliced transcripts remain in the nucleus. In order for the viral life
cycle to move into the next phase, i.e. virus production, these viral RNA transcripts must
be transported to the cytoplasm, and this step depends mainly on the levels of Rev protein
in the nucleus®’. As Rev is produced from the multiply spliced transcripts and shuttles
back into the nucleus, it binds to an RNA stem-loop known as the Rev response element
(RRE) lolcated in the env gene'’. The binding of Rev to the RRE leads to a
multimerization of Rev, and once a threshold level of Rev has multimerized on a given

RRE, the RNA transcript is transported out of the nucleus and into the cytoplasm via the

nuclear-export sequence (NES) on Rev and the CRM1 cellular export pathway®’. Then, in
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the cytoplasm, the partially spliced viral RNA transcripts are translated to produce Env,
Vif, Vpr, and Vpu. The full-length unspliced viral RNA transcripts are translated,
producing Gag and Gag-Pol precursor proteins, and also serve as genomes to be

packaged into newly forming virions (Reviewed in Coffin et al.>>).

1.3.5 Assembly and Budding

With all of the components required to form a new infectious particle now available
in the cytoplasm, retroviruses can generally utilize one of two types of assembly
pathways. Virus particles can be preformed in the cytoplasm and transported to the
plasma membrane; this is classified as assembly types B and D, as seen in the case of
Mouse mammary tumor virus (type B) and Mason-Pfizer monkey virus (type D). HIV, on
the other hand, ié an example of a retrovirus that uses the type C pathway of virion
assembly. In this case, virion constituents accumulate at the plasma membrane at which
the necessary interactions and multimerizations take place that allow the virus to
assemble into a particle and bud away from the cell’>. However, recent studies in
macrophages have shown that HIV-1 virions can assemblei and bud into multivesicular
bodies (MVBs) within the cell, so this dogma might eventually change (Reviewed in
Amara and Littman’). But for now, most of what we know about HIV-1 assembly has
been derived from studies involving transfection of cell lines such as COS-7, HeLa, and

293T fibroblast-like cells with plasmids that express the complete viral genome, or even

Gag alone.
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Expression of the retroviral Gag polyprotein by itself is sufficient to direct the
formation of virus-like particles (VLPs), and therefore Gag is believed to be the major
player in the HIV-1 assembly process. In order to assemble a virus particle and get it out
of the cell, Gag must perform a number of important functions, such as membrane
targeting and genomic RNA binding, and therefore must contain all of the necessary
signals and domains required to carry out these activities (Reviéwed in Cimarelli and
Darlix*). The first of these activities, plasma membrane targeting, is facilitated by an N-
terminal 31 amino acid Stretch, known as the M domain®°, which is sufficient to target
heterologous proteins to the plasma membrane®’. A cotranslational modification of Gag
removes the first Met and adds a myristate to the first Gly'®'. This M domain also
contains a cluster of basic amino acids between residues 17 and 31. The myristate is
thought to insert hydrophobically into the lipid bilayer, and the basic amino acids form
electrostatic interactions with the charged headgroups of the phospholipids on the inner
leaflet of the membrane. It has also been shown that Gag does not bind to just any
membrane, but has a preference for specific microdomains, known as rafts, that are
enriched in sphingomyelin, glycosphingolipids, and cholesterol (Reviewed in Cimarelli
and Darlix*).

Another important feature of the Gag polyprotein that is key to virus assembly is its
ability to multimerize. This feature allows approximately 1500-2000 molecules of Gag to
self-associate, and form the basic virion particle structure®’®, Although the details of the
multimerization process have yet to be fully determined, this process probably involves
multiple contacts between different domains of ‘Gag (Reviewed in Cimarelli and

Darlix*®). The NC domain, for example, is proposed to be the major contributor to the
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Gag-Gag interaction, and has therefore been termed the I domain®. It has been suggested
that the binding of NC, in the context of full-length Gag, to the viral genomic RNA,
might concentrate Gag proteins onto one or more RNA molecules, thereby facilitating
Gag-Gag multimerization in a template-driven manner. In this way, the viral genomic

RNA has been termed as a structural element, or scaffold, on which the virion can
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assemble”®. The crystal structure of MA is said to be trimeric'®, and trimers of Gag that

are dependent on MA have been found in solution'®, suggesting a role for MA in the
multimerization process. In vitro studies using purified CA or CA-NC fusion proteins
have shown that these domains can form core-like structures, which is strong evidence
for the involvement of the CA domain in Gag multimerization*®. However, studies aimed
at identifying the minimal determinants for multimerization have shown that only the C-
terminal domain of CA along with the p2 spacer peptide are required for proper assembly
of VLPs>*. It is also important to keep in mind that for every twenty Gag proteins in the
virion, there is also one Gag-Pol molecule present, which raises the possibility for
additional PR-PR, IN-IN, and RT-RT interactions to contribute to the multimerization
process=’,

Once Gag has carried out its membrane binding and multimerization functions, the
virus particle begins to take shape just beneath the plasma membrane and is ready to
begin its budding and release from the cell. Despite the fact that this VLP quite closely
resembles a nascent virion, it is not yet an infectious virus particle. In order to be
infectious, the virus must incorporate a number of components that contribute to its
infectivity, such as the Env and Vif proteins. The most important component still absent

from the virion at this point is viral genomic RNA that must be encapsidated into all
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infectious retroviral particles. This critical function of RNA packaging is also carried out
by the Gag polyprotein via an RNA-protein interaction between the NC domain of Gag
and the packaging signal contained within the 5° untranslated region (UTR) of the viral
genomic RNA. This interaction involves specific binding between the Cys-His boxes (Zn
fingers) in NC and a series of four RNA stem-loop structures (SL1-4 in Fig. 1.4) known
as the  or E element (Reviewed in Berkowitz er al.?’, Cimarelli and Darlix*®, Rein er
al.?%). Within this packaging element, the loop of SL3 hés been shown by nuclear
magnetic resonance (NMR) to bind with high specificity to both Zn fingers of NC, and is
therefore considered to be the major packaging signal. Conserved basic amino acids
clustered around the Zn fingers also contribute non-specifically to this interaction by
forming a 310 helix that penetrates the major groove of the SL3 stem®’. As a result of this
interaction, two copies of viral genomic RNA are specifically selected from the pool of
more abundant spliced viral and cellular RNA, that are present within the cytoplasm, and
packaged into the newly forming infectious virion. Interestingly, one report has shown
that the p2 spacer peptide at the N-terminus of NC can contribute to the specific
packaging of genomic RNAm.

The final step that takes place during assembly is budding. Mutations in the C-
terminal region of Gag that block this step induce a phenotype in which the budding
process appears to arrest just prior to viral detachment from the cell. Since this event
takes place during what is considered to be a late stage of the viral life cycle, the domain
responsible for this phenotype was termed the L, for late, domain, and was mapped to a
P(T/S)AP motif in p6*¢. Incidentally, this phenotype, which was first described in 1991'®

had been a mystery for about 10 years; recently, it was shown that a cellular protein,
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Tsgl01, binds directly to the PTAP motif’*, The fact that this protein is known to be
involved in the vaculolar protein sorting pathway suggests that HIV-1 might usurp this
mechanism in the same manner that cellular membranes bud away from each other, in
order to facilitate release of the virus from the plasma membrane during budding. This is
indeed the case, and the last three years have seen an explosion in this area with the
identification of a number of cellular factors required for assembly and budding of HIV
and other viruses. Since this is an active area of research at this time, I will now give it
special attention.

It is known that an inactive ubiquitin-binding domain at the N-terminus of Tsg101
binds directly to the PTAP motif in the HIV-1 p6 domain, and that in yeast, the
homologue of this protein is a component of a 350kD complex required for the sorting of
endosomal membrane cargo proteins into MVBs. This complex, known as the endosomal
sorting complex required for transport, or ESCRT-, is recruited to the membrane of
endosomes, where it recruits two more large complexes, ESCRT-II and ESCRT-HI.
These complexes then function together to initiate MVB formation by invagination of
membrane patches into the lumen, a process that topologically resembles virus budding.
During the final stages of HIV-1 assembly and budding, the PTAP motif is thought to
recruit Tsgl01, which, in turn, recruits members of the ESCRT pathway, in order to
perform the final pinching off that is required for the virus to leave the cell (Reviewed in
Amara and Littman’). This model fits well with the L domain phenotype described over
10 years ago'®, since mutation of the PTAP motif would eliminate the recruitment and
binding of Tsgl01, and subsequently, the ESCRT complexes. This would give rise to a

phenotype in which the virus appears to be assembled normally but remains tethered to
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the cell membrane. Interestingly, knock-down of Tsgl101 by small interfering RNAs in
cells producing HIV-1 duplicates the exact phenotype observed in L domain mutants,
thus confirming the role of Tsgl01 and the ESCRT pathway in HIV-1 assembly®*,
Research devoted to this topic over the last three years has not only solved the
longstanding mystery of the L domain phenotype, but, as a direct result of this work, the
interaction network of the human ESCRT protein pathways are now better
characterized'®*****’®, This represents another example of how HIV research has
hastened the rate at which information in a different field has been attained.

During the assembly and budding process, the Gag and Gag-Pol polyprotein
precursors are processed. The virus particle that begins to bud away from the cell is
considered to represent an “immature” particle, which is characterized morphologically
by the appearance of an electron-lucent center, and one or two concentric electron dense
rings, based on electron microscopy (EM). The Gag and Gag-qu polyproteins are
unprocessed, and the two copies of full-length viral genomic RNA are noncovalently
linked in the form of a loose unstable dimer. The maturation of the virus particle to the
“mature” form is regulated by the activation of PR, and although the exact timing of this
event remains unclear, it is generally believed that proteolysis takes place after assembly
and perhaps during the budding process. Autoproteolysis of PR liberates it from the Gag-
Pol precursor and allows the sequential cleavage of both Gag and Gag-Pol polyproteins,
which results in the reorganization of the particle structure into the mature form. EM
analysis of mature virus particles displays a condensed conical core of electron-dense
material made up of cleaved CA protein. During the virus maturation process, the loose

unstable RNA dimer is converted to a stable extended duplex that is typical of all
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retroviruses. Once the cleavage of the virion-associated polyproteins and the conversion
of the loose RNA dimer to a stable one have taken place, the new infectious virus is ready

to initiate another round of the viral life cycle (Reviewed in Coffin ef al.”).

1.3.6 Vif: A Mystery is Solved

As mentioned earlier, the major function of most HIV-1 proteins was determined not
long after the virus itself was identified. However, the true role of the Vif protein
remained a mystery for about fifteen years. Recently, however, a paper describing the
function of Vif in association with a cellular factor in HIV-1 replication was published®*,
Not since the discovery of the coreceptors has there been so much excitement in the field
of HIV research, and because this work has had major impact, it also deserves special
attention.

Vif was discovered in 1987%%%°

, and it was quickly realized that HIV-1 mutant
viruses lacking Vif (AVif) displayed two infectivity phenotypes that depended on the cell
line from which the virus was produced, hence its name, ‘virion infectivity factor’.
Basically, AVif viruses generated by ‘non-permissive’ producer cells are unable to
replicate when subsequently incubated with target cells. On the other hand, ‘permissive’
cell lines produce AVif viruses that subsequently replicate well in target cells. This
fascinating paradigm led to the hypothesis that a factor must be present in some cell lines
but not others that could potentially inhibit HIV-1 replication; and, that the antiviral

activity of this factor could be overcome by the Vif protein (Reviewed in Pomerantz**").

This factor was assumed to have a negative effect on HIV-1 replication because elegant
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heterokaryon studies showed that the non-permissive phenotype was dominant over the

permissive' 124

. Based on this assumption, a PCR-based complementary DNA
subtraction strategy was used to study two genetically related cells lines, one non-
permissive and one permissive, and identified the factor, which was called CEM15, after
the cell line in which it was discovered®*. Protein sequence analysis of CEM15 revealed
it to possess significant amino acid similarity with apobec-1, the cytidine deaminase that
is the catalytic subunit of the mammalian apolipoprotein B mRNA editing enzyme. The
significance of this homology led to the proposal that CEM15 might represent a form of
innate antiviral immunity, against which HIV evolved to produce Vif**. This work also
points to Vif as a novel target for anti-HIV drug development.

These findings have been confirmed by many reports, and CEM15 is now referred to
as APOBEC3G (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G).‘
In the absehce of Vif, APOBEC3G is packaged into the assembling virion, and, at the
reverse transcription stage of the next round of infection, APOBEC3G extensively edits
dC nucleotides to dU on the DNA minus strand, thereby disrupting proper provirus
formation and inducing G-A hypermutations in the subsequent progeny positive strand
viral RNA®17318L3 However, Vif blocks this innate antiviral effect by specifically
binding to APOBEC3G during virus assembly to prevent its incorporation into the virus
particle, an_d induces ubiquitination of APOBEC3G, thereby targeting it for degradation
in the proteosomess'm’l81"82’193’246’256’282. More recently, it was shown that a single amino
acid in the host APOBEC protein determines whether or not Vif proteins from various
HIV and SIV strains can block the antiviral activity of APOBEC>*17624227 Thjg finding

may help to explain why certain strains of SIV have been able to make the species jump
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from primates to humans while others have not. A direct application of this finding is that
it might eventually lead to the design of HIV mutants with broader host ranges; these

would be valuable in the study of HIV pathogenesis and vaccine development.

1.4 Current and Future Therapies

As stated earlier, the enormous body of knowledge on the topic of HIV over the last
two decades is impressive, and the work of the last two or three years with respect to the
relationship between Gag and Tsgl01, and the Vif/APOBEC story, has been exciting. In
my opinion, both of these stories represent excellent ‘examples of how answers to
longstanding basic questions can lead to the unforeseen discovery of novel strategies that
may qltimately broaden the arsenal of drugs available to fight this virus. Currently
available anti-HIV therapies include numerous combinations of drugs that target RT and
PR, and more effective drugs of these classes are continually being developed®.
Compounds designed to inhibit viral adsorption and entry are currently in development,
and fusion inhibitors, such as T-20, have now been approved for use’®, although their
usage is presently limited by high costs. IN and NC inhibitors have been in development
for some time, without clinical success to date®®. Future targets may involve the
disruption of interactions between viral and host components. In this regard, many
questions still remain regardiﬁg the HIV-1 life cycle and interactions with host factors.
For example, the first event after viral entry into cells is uncoating. While this process is
poorly understood, one can imagine that .its timing must be tightly regulated by the virus,

so that the RNA is protected from degradation by the cell until the proviral DNA is
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formed. Once this process is better elucidated, drugs might be designed to either block
the uncoating process or even cause it to happen earlier than it should. Both of these
approaches would have the benefit of arresting the virus life cycle before the provirus is
established, thereby blocking virus replication before drug resistance mutations can occur
and decreasing the size of the latent reservoir of proviral DNA.

Multiple host proteins are believed to be required for the HIV replication process?'?,
however, the exact role played by some of these proteins is not fully understood. For
example, the integrase interactor 1 (INI1) is believed to be recruited by IN in order to
take advantage of the chromatin remodeling machinery. Further characterization of the
interaction between IN and INI1 might also uncover a region on the IN protein that could
be a target for rationally designed inhibitors that would block the recruitment of
chromatin remodeling components,‘ thereby hindering the integration reaction'®’.
Assembly inhibitors are probably next on the horizon, and a few potential compounds
have already been reported in the literature!*®%*?¥; these will be discussed in detail
below. Small-molecule inhibitors aimed at disrupting the Gag/Tsgl01 and the
Vif/APOBEC interactions are already in development.

During assembly, the virus needs to encapsidate two copies of full-length viral
genomic RNA. These two strands of genomic RNA have to be specifically selected from
a pool of RNA that contains twice as much spliced viral RNA, and a hundred times as
much cellular RNA, and they have to be dimerized at some point in time>. Without
proper encapsidation of this diploid dimeric genome, these assembled viruses would not
be infectious. It is unlikely that viral RNA is passively recruited into the particle during

the assembly process, since RNA can act as a template or scaffold for Gag assembly®®.
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Also viral RNA contributes to the stability of the particle itself, as virions containing less
than adequate compliments of RNA genome are unstable and disassociate rapidly after
leaving the cell?’**”, Thus, the role played by viral RNA, and the interactions that take
place between viral RNA and other viral and/or cellular proteins during the assembly
process needs to be better understood. The remainder of this chapter will provide a
concise review of the processes of retroviral RNA dimerization and packaging, and how

RNA sequences within the HIV-1 5’ region are involved in these processes.
1.5 HIV-1 RNA Structure and Function

The HIV-1 genome has been referred to as the most extensively studied 9,700 bases

of genetic sequence on the planet**!

. By the same analogy, the 335 nucleotides upstream
of the Gag sfart codon comprise one of the most frequently studied RNA segments. This
region comprises the 5° UTR, and, as in all retroviruses, contains a number of sequence
and structural elements that are crucial to various steps of the viral life cycle™, though
controversy exists in regard to the structure-function relationships that exist within the
HIV-1 5’ UTR. While many models have been proposed to represent overall RNA

secondary structure within the region!2+?6-5282235:284

, there is disagreement as to which
RNA sequences are absolutely required for the various functions attributed to it. We will

now review what is known about some of these viral RNA elements and their suggested

roles in the HIV-1 life cycle.

1.5.1 Structural Elements in the HIV-1 5° UTR
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The first comprehensive model depicting all of the secondary structural elements present
within the HIV-1 5’ region was based on secondary structure analysis of conserved
sequences with known function (Fig. 1.4) and shows the various RNA elements as a
series of independent stem-loop structures®*. Although the actual RNA elements present
in the virus particle and the cell undoubtedly exist as tertiary, and probably quaternary
complexes, mutational analyses of most of these sequences suggest that these structures
do exist at some point during the viral life cycle as independent stem-loops. The first is
the TAR element, which is bound by Tat in order to transactivate transcription of the
provirus, but ﬁas also been shown to affect reverse transcription and genome packaging.
The poly(A) hairpin is also known to play a role in genome packaging, and is thought to
repress the proximal polyadenylation signal. The US-PBS complex contains the primer
binding site (PBS) that is bound by tRNA™* to prime reverse transcription. Downstream
of the US-PBS are a number of stem-loop structures (SL1-4) that bind the NC protein in
vitro, and SL1, SL3, and SL4 are also known to be critical for packaging specificity in
vivo. SL1 is known as the dimerization initiation site (DIS) since it is believed to
facilitate the first contact between two strands of viral genomic RNA, thereby initiating
dimer formation®*.

The main focus of the work in this PhD thesis has been fhe identification and
characterization of novel viral RNA and proteinv sequences involved in the HIV-1 RNA
dimerization and packaging processes. Therefore, I will now provide a brief review of
what is known about HIV-1 RNA encapsidation, as genome encapsidation is a process

that must be performed by all viruses. I will then provide a detailed compilation of the
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Figure 1.4. HIV-1 5’ RNA Structural Elements. Illustration of a working model of the
HIV-1 5’ UTR showing the various stem-loop structures important for virus replication.
These are the TAR element, the poly(A) hairpin, the U5-PBS complex, and stem-loops 1-
4 containing the DIS, the major splic‘e donor, the major packaging signal, and the gag
start codon,‘respectively. Nucleotides and numbering correspond to the HIV-1 HXB2

sequence. (Adapted from Clever ef al.*® and Berkhout and van Wamel®®)
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Figure 1.4. HIV-1 5’ RNA Structural Elements.
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discovery of retroviral RNA dimerization, which is essential for all retroviruses, followed

by a review of what is known about HIV-1 RNA dimerization and a summary of the

work that led to the studies undertaken in this PhD thesis.

1.5.2 HIV-1 RNA Packaging

Viruses are generally classified on the basis of the type of genome that they contain,
i.e. RNA versus DNA, ahd the structure of that genome, be it linear, circular, single-
stranded, double-stranded, etc. This classification puts retroviruses into a unique
category, as the Retroviridae family of viruses all contain a single-stranded, but diploid,
dimeric RNA genome. Why a class of viruses would evolve to have such a unique
genomic structure is not reallyl clear, but it is speculated that the availability of two copies
of the genome would be advantageous during the complex feverse transcription process,
that is key to the retroviral life cycle'”. Indeed, the dimeric nature of the genome is
thought to be responsible for a high rate of recombination during infection. Regardless,
the virus is faced with the challenge of specifically packaging two copies of full-length
viral genomic RNA ‘into the newly forming virion during the retroviral assembly process.
Despite the fact that viral RNA represents <1% of the total RNA in an infected cell,
>75% of the nucleic acid found in the virion is full-length viral genomic RNA™, which
indicates how specific this packaging process is. Even though there is twice as much
spliced viral RNA in the cytoplasm as there is genomic, the viral RNA contained within
wild-type virions is made up of 90-95% unspliced genomic. This highly specific

packaging of viral genomic RNA strongly indicates that sequences absent from the
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spliced viral RNAs are necessary for packaging. This, combined with the fact that Gag
alone is able to form VLPs containing viral RNA, led to the hypothesis that the left half
of the gag gene and its adjacent 5 UTR are responsible for the specific packaging of
viral genomic RNA™. |

The first studies aimed at identifying the HIV-1 RNA packaging signal found that
deletion of RNA sequences between the major splice donor (SD) and the gag coding
region (i.e. SL3 and adjacent sequences) decreased the levels of genomic RNA packaged
into virions>’"*", Since these sequences were downstream of the major 5’ SD, and
therefore would not be found in any spliced Vifal RNA species, it was plausible that this
region could be responsible for the selective packaging of genomic RNAs. Analysis of
the putative W locus from a variety of retroviruses showed that these sequences had the
ability to direct selective encapsidation of heterologous RNAs to which they had been
linked artificially®'17:7140.179.261L274 1y H1v_1, such autonomous packaging signals were

mapped to the regions extending 30-40 nt immediately upstream and downstream of the

113

gag start codon . However, subsequent studies showed that RNA sequences upstream

of the 5’ SD site also affected RNA packaging'**. It was also known that retroviral
encapsidation required trans-acting amino acid sequences in the Gag

protein5’74’ 100,197,209,253

, and several groups reported that HIV-1 Gag and NC exhibit
specific binding affinity for the HIV-1 v site in vitro®®*9¢%168235 Thege ﬁndings,
- combined with chemical and RNase accessibility mapping and computerized sequence
analysis, led to the generation of a model for the HIV-1 y site that comprised four

independent stem-loops*® (SL1-4 in Fig. 1.4). These stem-loop structures were each

shown to serve as specific, high-affinity binding sites for Gag in vitro, and were proposed
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to contribute individually to overall packaging efficiency. Among these, SL1, SL3, and
SL4 were later shown to be critical for packaging specificity in vivo'*"'®. However,
more recent work indicates that SL2 and SL3 display much higher affinities for NC than
SL1 and SL4 in vitro®®. Based on these findings, the same group later proposed a model
for the initial complex formed between the NC domains of assembling Gag molecules
and the dimeric y region’. In this model, SL1 is shown to form an RNA duplex between
the two strands, while SL4, instead of directly binding Gag, contributes additional RNA-
RNA interactions that stabilize the tertiary structure of the y element. The conformation
resulting from this folding pattern is thought to expose SL2 and SL3 for high-affinity
binding to Gag.

Despite the clear results obtained from simplified in vitro studies such as those
mentioned above, the SL1-4 region alone is not sufficient to target RNA into HIV-1
virions in vivo®°, and the minimal region required to confer autonomous packaging
activity actually maps to a larger region covering the first 350-400 nt of the genome,
including =240 nt upstream of SL1''*#13%189:219 1 agreement with these studies,
mutations that alter the stability of the poly(A) hairpin stem region, or delete the upper
part of the hairpin, severely inhibited HIV-1 replication®>. And, these defects in
replication were shown to correlate with redﬁced RNA packaging levels in virions,
suggesting that the formation of the poly(A) hairpin is necessary for normal packaging of
viral genomes. Subsequent research confirmed the importance of the poly(A) hairpin in
the RNA packaging process’', and it was shown that similar disruption of base-pairing in
the stem of the TAR element also caused profound defects in packaging’"''*. Finally,

deletion analyses of RNA sequences between the poly(A) hairpin and SL1 suggest that
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unspecified sequences within the US-PBS region also contribute to HIV-1 RNA
packaging®"'®,

In summary, all of the seven predicted stem-loop structures in the HIV-1 5° UTR
have been shown to be important for genome encapsidation, and all of these RNA
structural elements have also been assigned other functions in various steps of the viral
life cycle, e.g. the role of SL1 in initiation of dimerization. The existence of such
overlapping functions for these RNA structures raises the possibility that some of these
functions, such as dimerization and packaging, might be linked. This question of a link
between RNA dimerization and packaging will be discussed in greater detail below, and

the concept of retroviral RNA dimerization and the RNA sequences involved in this

process will be reviewed.
1.5.3 The Discovery of Retroviral RNA Dimerization

All modern virology textbooks state that a unique characteristic of the Retroviridae
family of viruses is théir possession of a dimeric RNA genome. It is interesting to review
the key experiments, and their interpretation,‘ that led to discovery of the retroviral RNA
dimerization process.

One landmark study in 1967 demonstrated that viral RNA from RSV, AMV, MLV,
and MTV, when subjected to zone sedimentation in sucrose gradients, displayed
sedimentation constants between 64 and 74S%%, It was also reported that the RNA had
two components, a large =70S component, which was assumed to be the intact genome,

and a smaller one of =4S, which was thought to represent degraded viral RNA. It was
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also suggested that the genomes of all four viruses were single-stranded, since only 2% of
the RNA could be recovered after RNase digestion in single-strand-specific conditions.
However, since these reported sedimentation constants and corresponding molecular
weights were much larger than those of most other known viral RNAs, the structure of
these RNA genomes became a matter of great interest. It now seems obvious that this
seemingly large 70S component was actually a dimer of two copies of the smaller 35S
genomic RNA, which would be comparable in size to other viral RNAs, and in 1968, it
was shown that the fast-sedimenting (62S) RSV RNA was actually an aggregate of
smaller (36S) RNAs’®. This was proven by experiments showing that the 62S RSV RNA
species could be converted to a 36S species by heat treatment, suggesting a
disaggregation of the 62S RNA into smaller RNAs. Further analysis showed that this
conversion took place over a slow transition that depended on the incubation temperature
and the duration of incubation. Based on these results, it was proposed that weak bonds,
such as base-pairing, held the RSV RNA aggregate together.

With the clear demonstration that the 60-70S RNA .aggregates were actually made up
of 30-40S subunits, many questions arose about the nature of the linkage between the
subunits, as well as the timingband function of such an RNA association. In one study
aimed at addressing such questions, it was observed that RSV harvested from cells at
intervals of 5 min contained heterogeneous RNA smaller than the 60-70S RNA of virus
harvested at hourly intervals. This raised the possibility that the 30-40S subunits
represented a precursor of the 60-70S RNA, and this was soon shown to be true, since
RSV harvested from infected cells at intervals of 3 min contained 3-6 times more 30-40S

RNA than 60-70840. Furthermore, in virus harvested after 3 min, but then incubated for
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45 min at 40°C, most of the 30-40S RNA in the virion becomes converted to 60-70S
RNA. More importantly, once the 30-40S RNA had been extracted from the 3 min virus,
it could not be converted to the 60-70S form, which implied that some component of the
virus was required for proper RNA conversion. Other research showed that the
intersubunit linkages found in immature (3 min virus) B77 sarcoma virus RNA were
unstable and rapidly dissociated upon extraction?>. However, this linkage could be
stabilized by extracting the RNA in ‘the presence of high concentrations (0.5 M) of NaCl,
as seen by an increase in the melting temperature (Tm) of the 60-70S RNA. The authors
suggested that this increase in Tm results from an increase in the stability of base-paired
regions and insightfully proposed possible mechanisms, one of which was that a
rearrangement of the subunits in the virion might increase the length of base-paired
regions. Years later, this model was shown to represent the mechanism by which the
loose unstable RNA dimer present in the immature virion is rearranged into a more stable
extended duplex by the activity of the NC protein.

Another major subject in the 1970s was the composition of these RNA aggregates.
The first real understanding of this putative aggregate RNA structure came in 1975 in a
paper in which RNA from the endogenous feline retrovirus, RD-114, was visualized by
EM. This paper showed that the 52S RNA molecule existed as an extended single strand
that contained a central Y- or T-shaped secondary structure'*’. It appeared that this 52S
molecule actually consisted of two half-size molecules, joined together by the Y- or T-
shaped structure, which was referred to as rabbit ears (RE). Melting: of the RE using
strongly denaturing conditions caused a dissociation of the 52S molecule into smaller

subunits. In support of the studies mentioned above, the authors presumed a base-paired
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structure between two identical subunits might give rise to a dimer, which was joined at
the RE. In order to determine which regions of the RNA genome actually formed this RE,
or dimer linkage structure, as it was renamed, a convenient EM label was developed that
allowed the mapping of poly(A) sequences on large RNA molecules'®. Another group
had already constructed a label for poly(A) mapping by linearizing SV40 DNA circles
with endonuclease, and then polymerizing short poly(dT) stretches on the 3’ ends of the
DNA using terminal deoxynucleotidyl transferase*'. Unfortunately, when such a
molecule was hybridized to a single-stranded RNA, it was difficult to distinguish
between the RNA and the label. However, this system was improved in studies showing
that terminal transferase could also extend poly(dT) tails from nicks in the circular SV40
DNA. This led to the creation of circular SV40 DNA molecules that contained an average
of 2 poly(dT) tails per circle, with each tail being about 175 bases long. With such a
molecule in hand, it was possible to localize the poly(A) on an RNA molecule by EM,
based on the position of the SV40 DNA circle. Using this system, the 52S RNA from
RD-114 virions was shown to form a circular structure with 2 free ends attached to a
single SV40-poly(dT) circle at different dT tails, with the dimer linkage structure in the
center of the RNA. This meant that the 525 RD-114 RNA had a poly(A) sequence at each
of the two free ends, but more importantly, that nucleotides involved in the dimer linkage
structure resided in the 5’ region of the RNA genome. The same group also reported that
two other type C RNA viruses, BKD, an endog¢nous baboon virus, and WoMYV, a simian
sarcoma virus isolated from a woolly monkey, also contained a 525 RNA dimeric

genome, comprised of two monomer subunits joined at their non-poly(A) ends'*. Based
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on these findings, the authors proposed that this dimer linkage structure might be a
common feature of all type C virus RNAs.
The existence of a dimer linkage structure (DLS) was subsequently demonstrated in a

number of type C viruses tested, including Friend virus”’ (FV), Moloney Sarcoma

Virus'? (MSV), an endogenous murine ecotropic virus'® (AKR), an endogenous
xenotropic virus'® (NZB), avian reticuloendotheliosis virus'*®® (REV), and Moloney
murine leukemia virus®®’ (M-MuLV). In 1986, the hypothesis that conversion of the 35S
RSV RNA to the more stable 70S form involved a rearrangement of the subunits within
the virion, was shown to be true. A modified Northern Blot allowed the visualization of
native RNA, which was then applied to the structural analysis of RNA viral genomes'*>,
Using this system, both the dimeric (70S) and monomeric (35S) forms of RSV RNA
could be detected on a gel, and, it was shown that NC protein played a role as a cofactor
in RNA dimer formation'™*. Further analysis showed that RSV particles containing
mutations in the Cys-His boxes of NC displayed abnormal ratios in regard to 70S and
35S RNAs, indicating that NC was indeed involved in the structural maturation of the
70S dimer'”. More importantly, these defects in dimer maturation correlated with
decreased infectivity observed in these mutant viruses, suggesting that the formation and
maturation of the 70S stable dimer was required for normal retroviral replication. By this
time, HIV had been discovered and shown to be a retrovirus, and it was assumed that the

dimerization process must be critical to the retroviral life cycle. Hence, inhibition of

RNA dimerization was proposed as a possible therapy for HIV, and HIV-1 RNA

dimerization became an intensely studied topic.
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1.5.4 Identification of the HIV-1 DIS

Both in vivo and in vitro approaches have been used to study retroviral RNA
dimerization. The in vivo approach is that whereby RNA is isolated from virions
produced in tissue culture and then analyzed by native Northern Blotting'*>. The other
method involves synthesis of short segments of viral RNA in vitro, and then studying the
ability of these segments to form dimers in an Eppendorf tube. Valuable information can
be obtained by both methods. Unfortunately, both also have advantages and
disadvantages, and it is often difficult to correlate results obtained with the different
systems. The HIV-1 DLS was originally identified by in vitro analysis showing that an in
vitro transcribed segment of HIV-1 RNA, representing nucleotides (nt) 28-1333, could
form two major bands when incubated at 37°C for 15 min®. The lower band had the
expected size of =1300 nt, while the upper band corresponded to a dimer. In agreement
with the in vivo RSV studies mentioned above, this in vifro dimer also disappeared upon
heat denaturation at similar temperatures. These data provided strong evidence that the
HIV-1 RNA genome indeed existed as a dimer linked at the 5’ end. However, this group
also attempted to map the minimal nucleotide sequence required for this dimerization
activity, and found that RNA sequences from positions 316-346 and 311-415 were
required and sufficient for dimerization of HIV-1 RNA. However, these segments were
later shown not to be the most important dimerization sequences'®, which highlights the
major disadvantagé of the in vitro approach, since the outcome of the reactions are very
sensitive to the conditions of the assay. This study also showed that the NC protein, when

included in these dimerization assays, could bind to the HIV-1 RNA and increase the rate
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of dimerization of the RNA fragments. Based on these results, 2 model was proposed in
which NC binds to a specific site in the dimer domain and induces a conformational
change in the RNA that facilitates the dimerization process™.

In a similar report, the in vitro RNA dimerization process was shown to depend on
the concentration of RNA, mono- and multivalent cations, temperature, and pHm.
Furthermore, high Mg®* concentrations could yield HIV-1 RNA dimerization iz vitro in
the absence of NC, making subsequent in vitro studies easier to perform, since NC is
difficult to purify. More importantly, it was shown that antisense HIV-1 RNA did not
form dimers, from which it was inferred that sense RNA must adopt a specific structure
required for proper dimerization. This group then reevaluated the dimerization activity of
a number of HIV-1 RNA fragments, but this time with 0.1 mM MgCl, contained in the
gel and the running buffer. Under these conditions, they found that an RNA fragment
representing nt 1-311 of the HIV-1 RNA (Mal strain; subtype A) could not only form
dimers, but that RNAs containing these first 311 nt could dimerize 10 times faster than

the 311-415 RNA that had been previously shown to be sufficient for HIV-1 RNA

184

dimerization °". Based on these results, the authors concluded that sequences upstream of

the splice donor site are involved in the dimerization process, and proposed that
sequences in this region somehow hastened the reaction.

This surprising finding raised an important question about the link between
dimerization and packaging of genomic RNA. The notion that sequences required for
dimerization would reside downstream of the major splice donor fit nicely with the
proposed model that only full length genomic RNA contained the RNA dimerization

sequences, and that dimerization was a prerequisite for packaging. In this model, only
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full-length genomic RNA could dimerize and then be subsequently recognized and
packaged into the virion. The abundant spliced RNAs present in the cytoplasm would not
contain the dimerization sequences and hence would not be packaged. However, these
new findings .implied that all viral RNAs, including the spliced species, contain
sequences that are able to dimerize. The fact that spliced viral RNAs were not packaged
at high levels implied that relevant interactions must also take place downstream of the
splice donor.

In a follow-up study, the same group set out to localize, at the nucleotide level, the

sequences involved in HIV-1 RNA dimerization®'

. Using chemical modification of RNA
fragments representing the HIV-1 5’ region, they showed that nucleotides whose
modification was able to inhibit dimerization were centered around a palindromic
sequence, 274-GUGCAC-279, between the PBS and the major splice donor. The authors
noted that the RNA sequences on both sideé of this palindrome could form a stem-loop
structure with this palindrome in the hairpin loop. Deletion of this stem-loop motif (nt
265-287) completely abolished dimerization of the 1-615 HIV-1 RNA fragment in vitro.
Based on NMR analysis of RNA fragments, a similar structure had been proposed for
HIV-IIB'"!. The dimerization model, similar to the one shown in Fig. 1.5, whereby two
monomers would recognize each other through a loop-loop interaction initially involving
just the two palindromic sequences was proposed; this interaction would then induce
subsequent annealing of the stems. The palindromic region was then termed the
dimerization initiation site (DIS) and it was proposed that this structural element could be

exploited for targeted antiviral therapy by antisense oligonucleotides®'.
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Shortly thereafter, a publication appeared demonstrating that a 19 nt sequence
upstream of the 5> major SD was part of the HIV-1 RNA dimerization domain'?’. In an
attempt to map the 5’ and 3’ boundaries of the dimerization domain, it was shown that
RNA fragments lacking DIS stem nt 233-251 (Lai strain; subtype B) were fully
monomeric. The results in this article complemented those described above, and it was
proposed that the 248-270 nt region might be a core dimerization domain. The
importance of this autocomplementary sequence (ACS) was confirmed by others who
observed that in vitro dimerization of a 224-402 nt RNA fragment was completely
blocked by an antisense oligonucleotide that targeted the ACS**. This led to a “loop-loop

kissing complex™*"

or “kissing-loop model”'*’ of HIV-1 RNA dimerization, in which the
6 nt palindromes on two monomeric RNA molecules interact through Watson-Crick
base-pairing. This initial interaction Was said to shift the equilibrium toward the
formation of the dimers, allowing the stems to melt and anneal to their complementary
sequences on the other RNA molecule, thus forming the stable extended duplex (Fig.
1.5). This model fits with the idea that immature virions contain a less stable dimer
involving only base-pairing of the palindromes, but that the mature virions contain a
more stable structure, the extended duplex. Subsequent phylogenetic analysis of over 50
HIV-1, HIV-2, and SIV nucleotide sequences showed an absolute conservation of a
predictable structure similar to the DIS, with the hallmark of the HIV-1 DIS motif being a
6 nt palindrome consisting of either a GCGCGC or a GUGCAC sequence®>'®!. The

kissing-loop model has also been proposed for a number of other retroviruses including

ASLV38220 M y689697.268 Q1126 and HIV-2""1%, although, in the latter case, a few
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Figure 1.5. The Kissing-Loop Model of HIV-1 RNA Dimerization. HIV-1 RNA
dimerization is initiated by a Watson-Crick base-pairing interaction between two
palindromes in the loops of SL1 on two monomeric genomic RNAs. This interaction
forms the loose unstable kissing-loop complex. Coincident with virus particle maturation,
this unstable dimer is rearranged to form a more stable extended duplex that involves a
mechanism whereby the base-pairs in the stems melt and then re-anneal to their
complementary sequences on the opposite strand. Nucleotides and numbering correspond

to the HIV-1 HXB2 sequence. (Adapted from Skripkin er al.**' and Laughrea and
Jetté!?")
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Figure 1.5. The Kissing-Loop Model of HIV-1 RNA Dimerization.
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different RNA sequences have been proposed to act as the DIS, including the TAR
element?, the PBS'?, and SL1%. One report even showed that HIV-2 RNA could use
either SL1 or the PBS to initiate dimerization of RNA fragments in vitro, depending on
the different experimental conditions employed'**. Based on this finding, the authors
concluded that HIV-2 is able to utilize alternate dimerization initiation sequences.
However, this might be another example of how the experimental conditions used in in
vitro dimerization experiments can affect outcome and raises questions about the

relevance of approaches that rely exclusively on cell-free assays.

1.5.5 Viral Proteins Involved in Dimerization

Despite‘ample in vitro evidence supporting the above model of dimer maturation, it
was not known where or when the dimer was actually formed in vivo. However, a report
in 1993 used a native Northern Blotting'*® approach to analyze the conformation of
dimeric RNA present in Moloney murine leukemia virus particles®®. They found that
RNA extraéted from MoMuLV virions every 5 min and electrophoretically analyzed,
contained a single species of RNA that migrated more slowly than RNA isolated from 24
hr virus preparations. The authors interpreted this difference in mobility to indicate that
dimeric RNA must indeed undergo some change after the virus is released from the cell.
They also showed that the dimeric strucfure of RNA from rapid-harvest Qirus was less
stable than in mature virus, as it dissociated into monomers at a slightly lower
temperature, 51.3°C compared to 53.8°C. These authors then turned their atténtion to the

question of the mechanism of this RNA maturation event, whose timing coincided with
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the well-known cleavage of the Gag polyprotein, which is catalyzed by the viral PR
enzyme and also takes place after virus release. Thus, they investigated the conformation
of dimeric RNA in the context of a PR-deficient (PR-) mutant and found that RNA from
two PR- mutants migrated more slowly, and displayed lower melting temperatures, than
wild-type RNA. Based on these results, it was concluded that PR function is required for
RNA maturation in MuLV. In the same paper, similar experiments with a related virus,
KiSV, also suggested that the RNA maturation event required an intact, unsubstituted
Cys array. On the basis of these results, they proposed a maturation pathway for MuLV
in which Gag polyprotein molecules assemble into a nascent virion containing an
immature dimer. The particle would then be released from the cell, and once Gag is
cleaved by PR, NC would act on the immature dimer, converting it to the mature fbrm.

With a clear link established between PR activity and dimer maturation in MuLV, this
group then tested whether the same link existed in HIV. Previous work had shown that
RNA from PR- HIV-1 mutant viruses also‘migrated more slowly, and displayed lower
thermal stability, than wild-type RNA, indicating that RNA dimers in HIV-1 also
undergo a PR-dependent maturation event’'. The same PR-dependent model of dimer
maturatio.n could then be applied to the situation of HIV-1, but it remained to be
determined which Gag cleavage product was actually involved in this mechanism.

The retroviral NC protein, a small, highly basic protein, is known to possess a
nucleic-acid-chaperone activity that has been demonstrated in a number of critical events
in the retroviral life cycle, including reverse transcription and genome packaging. Since
NC proteins were known to associate with viral RNA within the mature virion, and

because it was known to facilitate the formation of the most thermodynamically stable
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structures in nucleic acids, NC became the obvious choice for the Gag cleavage product

responsible for RNA dimer maturation (Reviewed in Rein et al

). This hypothesis was
directly confirmed by in vitro analysis of the effects of HIV-1 NC on Harvey sarcoma
virus-derived dimeric RNAs®. Fragments representing nt 34-378 of HaSV RNA were
allowed to form dimers at 37°C and were then treated with NC. When the
thermostabilities of these dimers were compared to those of untreated dimers, the NC-
treated dimers were more stable, suggesting that NC could convert the less thermostable
dimers to a more stable conformation. The authors then attempted to elucidate the
mechanism responsible for this activity of NC by testing the ability of various NC
mutants to induce this conversion. They found that if eight basic amino acids flanking the
N-terminal zinc finger were changed to Ala, or if an Ala was substituted for a Phe at
residue 16 in the first zinc finger, the mutant NC proteins were unable to stabilize the
dimers. However, mutation of all six Cys residues within the two zinc fingers had no
effect on the ability of NC to carry out this function. The authors proposed that NC-
mediated RNA maturation involved electrostatic interactions between basic amino acids
and phosphate groups on the RNA, as well as a stacking interaction between a zinc finger
aromatic residue and basgs of the RNA. These putative interactions were hypothesized to
transiently break intramolecular bonds in the less stable dimer, thereby facilitating the
conversion to the more stable form containing more intermolecular base-pairs. Similar
results were obtained by others showing that HIV-1 NC could activate dimerization of a
77-402 nt fragment of HIV-1 Lai RNA%. This group also demonstrated the conversion
of an unstable dimer, corresponding to the kissing complex, to a stable one, after

incubation with NC. Taken together, the thermostability conversions described in these
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two papers seem to resemble the RNA maturations reported in vivo, and strongly suggest
that NC is responsible for the dimer maturation depicted in Fig. 1.5. Subsequent in vivo
analysis of a panel of HIV-1 viruses containing mutations in NC showed that Cys-Ser
substitution of amino acid residues within the second zinc finger decreased genomic
RNA dimerization to the same extent as disruption of the DIS'*. This finding confirmed
the involvement of NC in the dimerization process and suggests that the kissing-loop

model also applies to the in vivo situation.
1.5.6 Dimerization and Virus Replication

With the viral RNA sequences involved in.RNA dimerization now well characterized
in vitro, and the existence of an RNA maturation event conclusively demonstrated in
vivo, the next important question to be addressed was whether the same RNA and protein
components identified in vitro were also involved in the dimerization process in the
context of replicating virus. This question has been addressed by a number of groups,
using a broad array of HIV-1 strains, mutants, assays, and quantitation methods. Hence,
the results obtained, and fhe interpretation thereof, were often different.

The -ﬁrst report to address this issue showed that viruses containing the same
mutations that disrupt dimer formation in vitro also lacked a stable dimeric RNA genome
in vivo'®. More specifically, this group created an HIV-1 mutant virus in which the first
three nucleotides of the GCGCGC palindrome were changed to AAA, thereby disrupting
the complementarity in the loop sequence that was proposed to initiate the dimerization

process. When théy purified virus from infected cultures of C8166 cells and analyzed the
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viral RNA by non-denaturing Northern Blotting, they found that the mutant viruses
contained less dimeric RNA than did the wild-type viruses. This indicated that the same
sequences required for dimerization of HIV-1 RNA in vitro strongly influenced genome
dimerization in vivo. One surprising result, however, was that RNA dimers extracted
from the mutant viruses were as thermostable as those of wild-type HIV, which is
contrary to what one would expect if the kissing—loop model also applied to the in vivo
situation. Although the mutant viruses grew more slowly than wild-type, they were still
infectious in tissue culture. The authors concluded that the sequences required for
formation of the kissing-loop dimer in vitro are not absolutely essential for virus
replication, but are important for the in vivo dimerization process.

A comprehensive phylogenetic analysis of the untranslated leader regions of the RNA
genomes of several HIV and SIV virus isolates has been performed®’. Interestingly, a
structure similar to the DIS hairpin (SL1) proposed for HIV-1 RNA could be generated in
similar regions for most virus isolates. And, despite considerable sequence heterogeneity
in both the stem and loop domains, a 6 nt palindrome within the loop was conserved
among the different viruses, consistent with the idea that HIV-1 RNA dimerization
involves Watson-Crick base;pairing. In an effort to study the role of the DIS palindrome
in HIV-i replication, two mutant viruses were constructed. The wild-type palindrome,
containing the GCGCGC sequence, was truncated to GC or enlérged to GCGCGCGCGC
in mutants GC1 and GCS, respectively. When these mutants were cultured along with the
wild-type virus in SupT1 T-cells, delayed replication kinetics were observed for both.
However, in agreement with the above article, neither DIS mutant was fully replication

impaired. Non-denaturing Northern analysis of the viral RNA showed that only one RNA
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species was present in the wild-type and mutant virions, suggesting that both mutants
were able to form dimeric RNA genomes, and RNA from all three viruses displayed
identical melting temperatures. Based on these results it was concluded that the DIS motif
is not essential for formation of an RNA dimer. However, when the levels of viral RNA
contained V\;ithin the virus particles were measured, both mutants apparently packaged
lower amounts compared to wild-type, and these packaging defects were consistent with
replication defects. It was suggested that the replication defect seen in their DIS mutants
argues for an important role of this sequence in virus replication, but that the presence of
a fully dimeric RNA genome shows that the DIS palindrome is not absolutely required
for virus replication or RNA dimerization. They also proposed that oﬁe possible
explanation for the DIS being less critical in virus infection studies could 'be that
additional RNA elements might be involved in RNA dimerization, e.g. the upstream
poly(A) hairpin which also contains a palindrome, or sequences downstream of the splice
donor. In light of the packaging defects observed with their mutants, they proposed that
their DIS loop mutants experienced a partial dimerization defect that led to inefficient
RNA packaging, but that the fraction of RNA that ended up in the particle was dimeric,
suggesting an intrinsic link between dimerization and packaging. Incidentally, this
putative link is still strongly debated in the current literature.

The two papers mentioned above focused on the role of the DIS palindrome in the in
vivo RNA dimerization process. Another addressed the function of the complete DIS
stem-loop structure in the virus replication process through construction of a number of

DIS mutant viruses, two of which lacked either the upper stem-loop sequences (nt 248-

214

270), or the whole stem-loop structure (nt 243-2'77) . Unlike the viruses containing
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minor DIS mutations above, these large deletion mutants grew poorly when cultured in
SupT]1 cells, displaying 1000-fold lower infectiousness than wild-type. Analysis of the
RNA content in virions isolated from COS-7 cell transfections failed to show any
signiﬁéant differences in the RNA packaging levels of these mutants. However, virions
produced during T cell infections contained substantially less viral RNA than wild-type,
indicating that the complete DIS stem-loop structure contributes to the HIV-1 genomic
RNA packaging signal. To further investigate the nature of the defects caused by these
DIS mutations, this group also tested their effects on reverse transcription by analyzing
viral DNA synthesized during SupT1 cell infections. Although the first-strand transfer
activity was not significantly altered, when they amplified DNA using primers that
detected products generated after the second-strand transfer had occurred, they observed
10-fold and 3-fold decreases for the large and small deletion mutants, respectively. The
authors concluded that the complete DIS structure is a cis element acting on both
genomic RNA packaging and synthesis of proviral DNA. The fact that these larger DIS
deletions had such a pronounced impact on virus replication was interpreted to suggest
melting of the stem and formation .of an extended intermolecular interaction, i.e. the
stable extended dimer, can occur in vivo. With respect to reverse transcription, they
proposed that the ability of the DIS to bring the viral nucleic acids in close proximity
would favor strand transfer.

Based on the above-sited in vivo studies, it is likely that the same RNA components
shown to be important for in vitro dimerization are also involved in the dimerization
process in the context of a replicating virus'®®, suggesting that the kissing-loop model

also applies to in vivo RNA dimerization. All three studies reported defects in virus
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replication when DIS sequences were mutated®'%?!%, and it appears that larger

mutations, e.g. deletion of the complete DIS stem-loop?'*, had greater impact on virus
replication. Despite the critical role of the DIS palindrome in in vitro studies, mutations

within the palindrome caused only minor defects in virus replicationzs"og

, indicating that
the DIS stem-loop structure might be more biologically important to the virus that the
DIS palindrome itself. We can also conclude from these studies that DIS sequences affect
both viral RNA packaging®*'* and reverse transcription®', therefore highlighting the
importance of the dimerized genome to other aspects of the viral life cycle. Finally, one
paper reported that mutations in the DIS had no major effect on levels of dimerized RNA
contained in viruses?, and both studies that tested the thermostability of RNA dimers
extracted from mutant viruses, found that these dimers were as stable as those extracted
from wild-type virus?>'%. Thus, RNA sequences outside the DIS must be involved in the
formation and/or maintenance of the RNA dimer. |

Our laboratory had already been studying the effects of 5’ UTR mutations on various
aspects of virus replication, and Michael Laughrea’s lab in our instiiute was well
established in the in vitro aspects of HIV-1 RNA dimerization. In a collaborative effort,
similar in vivo studies were initiated and a paper was published describing two HIV-1
kissing-loop domain (KLD; i.e. DIS) mutants, an ACS-, which contained a mismatch at
the top of the stem-loop, and had 3 mutations in the upper loop that disrupted the ACS,
and a deletion mutant (A248-261), missing the right side of the upper stem, and the
ACSY!. The infectivity of these mutant viruses, based on TCIDso, was decreased by at
least 99%. To investigate the cause of this low infectivity, genomic RNA encapsidation

and dimerization were also analyzed. It was observed that genomic RNA encapsidation
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levels were decreased by 75 and 50% of wild-type for the ACS- and A248-261 mutants,
respectively. On the basis of these findings, it was concluded that mutations in the
kissing-loop hairpin (DIS) have moderate effects on genomic RNA encapsidation. When
the effects of these mutations on RNA dimerization were studied by non-denaturing
Northern analysis, the proportion of dimeric genomic RNA was reduced from >80% for
the wild-type to 40-50% for the mutants. In agreement with some of the results from each

of the studies mentioned above®>!%%2!4

, it was concluded that the kissing-loop hairpin
plays a role in genomic RNA dimerization and encapsidation, and has dramatic effects on
viral infectivity. It was also concluded that encapsidation and dimerization are to some
extent coupled, and that the kissing-loop hairpin could be profitably targeted by antisense
constructs within an AIDS therapeutic program.

By this time, the question of a link between dimerization and packaging had received
much interest, since the location of the y locus was shown to coincide with the most
stable point of interstrand binding of genomic RNA in many retroviruses, including SL3
and SL1 in HIV-1. A working model of the HIV-1 y locus had been proposed to
comprise stem-loops 1-4*%, to which bacterially expressed Gag or NC had been shown to
bind specifically?”?*****% with SL1 SL3, and SL4 each providing independent high-
affinity biding sites*®. Given the potential for overlapping dimerization and encapsidation
signals within the y locus, and the required presence of Gag and/or NC for these
activities in vivo, HIV-I mutants were designed in an attempt to create viruses that would
display selective defects in dimerization or encapsidation®®. By analyzing a panel of
mutants containing substitutions or deletions in SL1 and SL3, it was found that deletion

of either SL1 alone, or SL3 plus adjacent flanking sequences, reduced genome packaging
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to 19 or 12%, respectively. Deleting both elements together caused a further reduction to
5%. One SL3 mutant, in which the left side of the stem was mutated to prevent base-
pairing, reduced packaging to 42% of wild-type, but packaging efficiency was fully
restored when the right side of the stem was also mutated to restore the base-pairing.
Since mutations in the loop region of SL3 also had little effect on packaging specificity, it
was concluded that the structure, and not the actual sequences, of SL3 contributes to
genome packaging. Disruption of the base-pairing in the upper stem of SL1 also
markedly inhibited packaging, but unlike SL3, compensatory mutations predicted to
restore the base-pairing did not significantly restore packaging efficiency. Substitution
and deletion of the 3-base bulge in SL1 also severely impaired genomic RNA content,
indicating that stem and bulge sequences in ’SLl were required for normal packaging
efficiency. Incidentally, it was later shown that “stem-loop B”, which is comprised of the
lower stem of SL1 and this “bulge”, plays a crucial role in genome dimerization and
reverse transcription'>. It was also shown that mutation of the palindromic sequence
known to be important for initiating dimerization had only modest effects on
encapsidation, implying that the loop palindrome was not critical for genomic RNA
paékagingso. Another interestiﬁg result of this work, was that mutant viruses that
packaged reduced amounts of viral genomic RNA tended to incorporate proportionally
incréased amounts of spliced viral RNA. The authors interpreted this to signify that
spliced RNA may be encapsidated by the mutants in quantities sufficient to fill the space
normally occupied by genomic RNA molecules. If this is the case, it implies that genomic
RNA can be packaged as a monomer, and would be taken as evidence against

dimerization being a prerequisite for packaging.
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Infectivity assays performed on these viruses showed that mutants defective in
genome encapsidation exhibited corresponding defects in infectivity. With respect to
dimerization, the effects of the SL1 mutants were tested, and in agreement with the above
reports, they observed that complete deletion of SL1, or even disruption of the base-
pairing in the upper stem, resulted in the appearance of elevated amounts of monomer-
sized RNA species on native Northern Blots, again confirming the importance of this
region for the in vivo HIV-1 RNA dimerization process. Yet, these mutant genomes could
still be packaged, which also suggested that HIV-1 RNAs need not be dimers in order to
be packaged. Moreover, one mutant containing only a single substitution in the
palindrome showed defects in infectivity that could not be explained by deficiencies in
dimerization or packaging, suggesting that mutants lacking a functional DIS were
defective in some later step in their life cycle which mﬁst also depend on dimerization.

To summarize, the two previous papers confirmed the importance of the DIS
(KLD"!, SL1%%) with respect to viral infectiousness, as reported above®'%?', and both
papers also observed significant defects in RNA dimerization and packaging in the
context of DIS-mutated viruses, further confirming the role of the DIS in these activities.
RNA packaging analysis of both SL1 and SL3 mutant viruses showed an inverse
relationshii) between the levels of spliced versus genomic RNA packaged into virus
particles®. This relationship suggests that the virus somehow prefers to package a certain |
critical quantity of viral RNA; when the specific packaging of genomic RNA is

compromised, the virus may compensate by nonspecifically incorporating other RNA

species.
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By 1997, the dimeric RNA feature of the retroviral genome was considered to be
important for the regulation of a number of critical steps in the viral life cycle. It was
suggested that genomic RNA dimerization could be a negative regulator of gag and gag-
pol expression'®. Although heavily debated, the proximity between dimerization and
packaging signals in numerous retroviral genomes led many groups to postulate that
dimerization was linked to genome encapsidation®>247606L113129,157178,180,183,225,281 * p g
the presence of a dimeric genome was found to be important for recombination events
during reverse transcription, thereby contributing to genetic diversity>*!'*2'8260265_Giyen
the demonstrated importance of the DIS and various other 5 RNA sequences in these
important aspects of the viral life cycle, our lab became interested in the structure and
function of the HIV-1 5* UTR for two main reasons. First, due to the multiple functions
of these RNA sequences, and the strong phenotypes observed when these sequences were
mutated, our lab designed HIV-1 mutant viruses containing large deletions in these 5’
RNA sequences that could potentially be used to test the feasibility of live attenuated
vaccine candidates for HIV-1. Second, on a more basic level, the elucidation of the role
of these 5’RNA sequences in various RNA-RNA and RNA-protein interactions would
not only contribute to the basic understanding of the HIV-1 life cycle, but could
potentially identify novel targets for anti-HIV therapy.

One of the first such studies initiated by Chen Liang formed the basis for much of the
work described in this thesis. In a study aimed at further investigating the role of SL1 in
HIV-1 replication, two DIS mutanfs were constructed, BH10-L.D3, lacking nt 238-253 of

SL1, and BH10-LD4, lacking nt 261-274'¢'. Analysis of the BH10-LD3 mutant viruses

generated from COS-7 cell transfections showed that this mutant was defective in both
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packaging of viral genomic RNA and replication capacity. However, long-term culture in
MT-2 cells for 18 passages resulted in the evolution of revertant viruses with near wild-
tyﬁe infectivity. When proviral DNA from these infected cells was sequenced, the
original deleted sequenceé were still missing from the viral genome, but sequencing of
the gag gene revealed two point mutations. The first was a C-T nt substitution resulting in
a THr-Ile mutation in the 12 position of the 14 amino acid p2 spacer peptide between
CA and NC (termed MP2 for mutation within p2). The second was a C-T nt substitution
that caused a Thr-Ile mutation at position 24 of the NC coding sequence within fhe first
zinc finger (termed MNC for mutation in NC). To confirm the relevance of these
compensatory point mutations, they were combined, alone and together, with the original
BH10-LD3 deletion to generate mutant viruses LD3-MP2, LD3-MNC, and LDV3-MP2-
MNC. When these viruses were cultured in MT-2 cells it was observed that neither point
mutation alone could restore wild-type replication capacity to the BH10-LD3 mutant.
However, both MP2 and MNC together were able to restore replication capacity to
almost wild-type levels. Next, to determine the mechanism of these compensatory point
mutations, the levels of viral RNA paékaged into wild-typé and mutated viruses were
analyzed. The results showed that BH10-LD3 packaged 4 to 5-fold lower levels of viral
RNA. However, RT-PCR and slot blot analysis of viral RNA from the BH10-LD3-MP2-
MNC revertant viruses showed that RNA packaging levels were restéred to wild-type
levels. The single mutant BH10-LD3-MNC also showed significant restoration of

packaging, whereas viruses containing only the MP2 compensatory point mutation were

still significantly impaired in this regard.
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To test whether the effects of these mutations were specific for the BH10-LD3
deletion mutant, the same compensatory mutations were then combined with the BH10-
LD4 deletion. MT-2 cell infections showed that the BH10-LD4 deletion mutant had a 6
day delay in peak viral replication compared to wild-type. The BH10-LD4-MP2-MNC
mutant, on the other hand, showed only a 2 day delay in peak growth, indicating that
these compensatory mutations could compensate for defects caused by two different DIS
mutations.  Overall, these results confirmed the involvement of SL1 in the efficient
packaging of viral RNA. But more importantly, this strategy of forced evolution,
identified a cémpensatory amino acid modification in the NC domain of Gag in response
to deletion of RNA sequences in the 5° UTR. This finding represents in vivo evidence
that a specific RNA-Protein interaction between SL1 and the first zinc finger of NC
contributes to viral RNA packaging.

The contribution of the MP2 compensatory mutation to the overall reversion
mechanism remained unclear at this point, but a subsequent paper showed that both the
.BH10-LD3 and BH10-LD4 mutants displayed abnormal ratios of CA to CA-p2 cleavage
products'®. These data suggested that both mutations resulted in a delay in Gag
processing, and raised the‘possibility that non-coding viral RNA sequences may play a
role in this process. Further evidence for this possibility was apparent when virus
particles from BH10-LDS5 (BH10-LD3 and BH10-LD4 deletions combined) were
examined by EM. In the case of wild-type BHI10, approximately 70% of the virus
particles observed contained a condensed conical core, indicating that proper Gag
cleavage and particle maturation had occurred. However, when virus particles from the

BH10-LD5 mutant were subjected to the same analysis, only about 25% of the virions
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appeared to be mature, consistent with delayed processing of the CA-p2 Gag cleavage
product, as seen by radiolabeling and immunoprecipitation assays. Interestingly, when
the MP2 and MNC compensatory mutations were combined with the LDS deletion, both
the Gag processing and particle maturation defects were corrected. Taken together, these
data suggest thaf the MP2 and MNC compensatory mutations act through a concerted
mechanism to restore replication capacity in which MNC increases packaging, while
MP?2 exerts its affects at the Gag processing level.

Although the BH10-LD3 mutant could replicate to near wild-type levels in the
presence MP2 and MNC, these reverted viruses still showed a 2-3 day lag in growth
compared to wild-type. In a follow-up study, the revertant virus isolated from the original
18™ passage was continued in culture for an additional 11 passages, at which time it
reacquired full replication capacitym. When the 5’RNA and gag regions from 29"
passage revertant virus were sequenced, the original BH10-LD3 deletion as well as the
MP2 and MNC mutations still existed within the genome. However, the virus had
acquired two additional fnutations, a G-A nt substitution resulting in a Val-Ile mutation at
position 35 in MA (terrﬁed MAL1), and a T-C nt substitution causing an Ile-The mutation
at position 91 in CA (termed CAl). Site-directed mutageriesis studies with various
combinations of these 4 boint mutations showed that each of these mutations contributed
to the increase viability of the BH10-LD3 revertants, with MNC being the most important
in this regard. |

Similar extended culture was performed with the BH10-LD4 mutant virus, and, after
13 passages, a virus with wild-type replication properties emefged. As with BH10-LD3,

sequencing of the S’RNA and gag regions revealed that the original deleted nt were still
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missing, but the revertant viruses had generated three point mutations in gag. These were
the same MP2 and MNC described above, and an additional Val-Leu substitution at
position 35 in MA (termed MAZ2). All three of these point mutations were required to
restore infectiousness of BH10-LD4 to wild-type levels. One interesting, but at that time
peculiaf, observation was that MP2 alone was sufficient to confer some viability to
BH10-LD4. The relevance of this observation will be more apparent below.
Unfortunately, the exact mechanisms employed by these compensatory point
mutations to restore replication to the deletion mutants were still unclear. Since the
original deletions were located within the DIS, it seemed plausible that these revertant
mutations might somehow correct putative RNA dimerization defects caused by these
deletions. However, this was not the case, and, it was later shown in collaboration with
Michael Laughrea, that the BH10-LD3 mutant virus indeed showed decreased levels of
dimeric genomic RNA compared to wild-type, but MP2 and MNC failed to increase the
percentage of dimerized RNA contained within the virions**®. Thus, these compensatory
point mutations apparently act to restore viral replication to the deletion mutants by some
mechanism that allows an overall increase in the amount of genomic RNA packaged into
the virions, without any correction of dimerization defects. If such a mechanism were
truly at work, it might mean that dirﬁerization is not required for packaging, and these
data would argue against the idea of a link between dimerization and packaging.
However, it cannot be ruled out that the monom.ers detected on the gels were originally

packaged as weak dimers that dissociated during extraction.

1.5.7 Remaining Questions
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By the time I began my PhD project, a vast number of in vitro and in vivo studies had
been carried out on the topic of RNA dimerization in HIV-1, but many important
questions remained. Unfortunately, most of them still do. For example, it is still not
known when Gag first interacts with genomic RNA during the encapsidation process, nor
is it known whether the RNA is already dimerized during this initial interaction. As for
Gag, it may also be in a dimeric or multimeric state when it first binds to the RNA.
Dimerization is believed to take place during assembly and budding, but the exact timing
of the formation of the loose dimer, and the subsequent rearrangement, is not known. In
| addition, the involvement of cellular factors in HIV-1 assembly and potentially, RNA
dimerization, is of interest. It is also believed that the RNA may act as a scaffold for virus

assembly’® and can affect virus particle morphogenesis®®>**>2%

and structural
stability?’>?”, but the mechanisms involved in these activities are currently unclear.

The first question addressed in my PhD project was whether RNA sequences outside
the DIS could play a role in the HIV-1 RNA dimerization process. Results from in vivo
dimerization. studies showed that HIV-1 mutant viruses lacking large portions of the DIS,
still displayed significant levels of dimerized RNA, and this mutant RNA dimer was as
thermostable as that of wild-type. In contradiction to other retroviruses, EM ahalysis also
showed that the free 5’ ends of HIV-1 RNA could not be located, but instead, resembled
a loop or ring-like structure. Assuming that the 3’ contact point was generated by an

interaction between DIS sequences on the two strands of RNA, then the other contact

point must be somewhere upstream of the DIS. Ch. 2 of this thesis describes how we tried
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to identify such upstream dimerization sequences and found that GU-rich regions in the
poly(A) and U5-PBS stems were needed for efficient RNA dimerization.

Once we had established that RNA sequences outside the known DIS could play a
role in HIV-1 RNA dimerization, and since these Poly(A) and U5-PBS regions, as well as
the DIS, were all known to be important for genome packaging, we wondered whether
other packaging signals might also contribute to the dimerization process. In Chs. 3 and 4
of this thesis, SL3, as the major packaging signal, and adjacent GA-rich sequences, were
tested for their ability to affect dimerization as well as packaging. These chapters
demonstrate that the structure but not the actual sequence of SL3 is imporfant for HIV-1
RNA dimerization.

When I joined the lab, I was curious about the underlying mechanism(s) of .the
identified compensatory point mutations and performed work on this topic. We made two
other DIS deletions, and combined these with various combinations of the compensatory
point mutations that had been identified earlier by Dr. Liang. Even a virus completely
lacking the DIS stem-loop, that never showed any sign of replication in tissue culture,
was able to replicate to significant levels in the context of the compensatory point
mutations, but the mechanism of these mutations still eluded us. Ch. 5 describes how we

were eventually able to gain some insight into how one of these mutations works to

restore replication.
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CHAPTER 2

DEFICIENT DIMERIZATION OF HUMAN IMMUNODEFICIENCY VIRUS

TYPE 1 RNA CAUSED BY MUTATIONS OF THE US RNA SEQUENCES

This chapter was adapted from an article that appeared in Virology, 2002, 303(1):152-
63. The authors of this paper were R.S. Russell, J. Hu, M. Laughrea, M.A. Wainberg,
and C. Liang. Over 50% of the data presented in this chapter were ﬁom experiments
performed by myself under the supervision of Drs. Liang and Wainberg. J. Hu and Dr.
Liang constructed some of the plasmids and performed all of the virus replication

analyses. Dr. Laughrea critiqued the manuscript and offered suggestions for revision.
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2.1 Preface to Chapter 2

Despite the fact that the DIS had been shown to play the major role in RNA
dimerization initiation, and its biological significance had been demonstrated in vivo,
results from many of these studies raised the possibility that RNA sequences outside the
DIS might be involved in the HIV-1 RNA dimerization process. For example, the various
DIS mutations decreased in vivo RNA dimerization to levels ranging from 0 to 40% of
wild-type, and none of the mutations reported had any effect on the thermostability of the
RNA dimer?*?%108:131.239248 " pe explanation for these observations is that other
sequences must be involved in the formation and/or maintenance of the dimer structure.
Other evidence comes from an EM study that was performed on HIV-1 genomic RNA. In
this study, HIV-1 RNA, unlike that of most other retroviruses, lacked the characteristic
Y- or T-like structures that were assumed to be the free 5’ ends of the RNA'!S, Instead,
HIV-1 RNA displayed two contact points that appeared to form a loop in the 5’ region.
Assuming that one of these contact points was generated by the DIS interaction, the other
was then assumed to be formed by RNA éequences upstream of the DIS, possibly a
palindromic sequence contained within the crown of the poly(A) hairpin, as suggested by
others®, |

Based on these observations, we attempted to identify these putative RNA
dimerization sequences. The first region we tested was a GU-rich region in the poly(A)
and U5-PBS stems. We chose this region because it is known that G and U can form
weak base-pairs, so we hypothesized that these GU-rich regions might bind to each other
on the two strands of RNA to contribute to the formation and/or maintenance of the RNA
dimer. The second region that we tested was the palindromic sequence contained within
the loop of the poly(A) hairpin. Because this structure resembled the known DIS, we
thought it might contribute to the RNA dimerization process through a kissing-loop

mechanism similar to the one described for the DIS.
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2.2 Abstract

The human immunodeficiency virus type 1 (HIV-1) virion contains two copies of
genomic RNA that are non-covalently attached along a region at their 5’ ends, in which
two contact sites have been observed by electron microscopy. One of these sites is
believed to be the stem-loop 1 (SL1) sequence which serves as the dimerization initiation
site (DIS), and the other site, closer to the 5’ end of the viral RNA, may involve the R or
US RNA sequences. In this study, we present biochemical evidence showing that
alteration of the U5 RNA sequence in the context of full-length viralvRNA leads to
diminished dimerization of virion RNA. In particular, two stretches of GU-rich
sequences, that are located at nucleotides (nt) 99 to 108 and nt 112 to 123 within U5,
were either deleted or substituted with exogenous sequences. The mutated viruses thus
generated all exhibited deficient RNA dimerization. This dimerization deficit was not
corrected by second-site mutations that preserved local RNA structures, such as the
poly(A) hairpin, and was overcome to only a limited extent by compensatory mutations
within Gag that were identified after long-term culture of the relevant mutant viruses in
permissive cell lines and were able to restore viral infectiousness and RNA packaging to
wild-type levels. Therefore, these GU-séquences do not regulate RNA dimerization by
formation of local secondary structures nor by maintenance of efficient v.iral RNA
’packaging; instead, they may mediate direct RNA-RNA interactions in the dimer
structure. In contrast, mutation of a palindrome 5’-AAGCUU-3", that resides within R

and crowns the poly(A) hairpin, did not affect either RNA dimerization or packaging.
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2.3 Introduction

All retroviruses possess diploid RNA genomes that are non-covalently dimerized in a
parallel orientation near their 5 ends'®'*'**2% This diploid status is believed to increase
the rate of genetic recombination'?, and contribute to the overall genetic diversity>>***"!,
The dimer linkage site (DLS) of HIV-1 was originally mapped to a region downstream of
the 5° major splice donor (SD) site that partially overlaps the gag coding region®.
Existence of purine-rich sequences in this DLS suggests formation of “purine quartet”
structures during RNA dimerization'®3*%62, Sul;sequently, it was discovered that HIV-1
RNA sequences located upstream of the 5’ SD site can form dimers in cell-free assays
without the assistance of the originally defined DLS element'®*. In this RNA fragment, é
stem-loop structure, termed SL1, that is located between the primer binding site (PBS)
and the 5’ SD site, was shown to be indispensable for the dimerization process'*1>%5!,
The palindromic nature of the SL1 loop sequence (5’-GCGCGC-3’ in HXB2) led to a
“kissing-loop” model to explain the mechanisrﬁs involved in the initiation of
dimerization; SL1 was thereafter termed the dimerization initiation site (DIS)*'°. This
hypothesis has been supported by results from both in vitro and in vivo studies*->%1%814%
152,215,216,248

However, the understanding of HIV-1 RNA dimerization has been complicated by the
finding that significant amounté of dimerized viral genomic RNA can be found in mutant
viruses that contain severe disruptions of the DIS structure; this implies the involvement

of other viral RNA sequences in the dimerization processzs’”g. Also, a recent electron

microscopy (EM) study of HIV-1 genomic RNA revealed two linkage sites at the 5° ends
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of dimerized RNA molecules''®. One of these two linkage sites can be attributed to the
DIS sequence, whereas the other one, closer to the 5’ end of the viral RNA, may involve
the R or US RNA sequences. Conceivably, even though disruptions of the DIS structure
eliminate one linkage site, the other one may persist and thus still stabilize RNA dimers
to a certain extent.

Sequence analysis reveals two types of RNA sequences within R and U5 that may
participate in dimerization. One of these consists of two segments of GU-rich sequences
that are located at nucleotides (nt) 99 to 108 and nt 112 to 123 in U5 (Fig. 2.1A). Since G
and U can form base pairs, it follows that these GU-rich RNA sequences may bind to
their counterparts in a second RNA molecule and therefore, contribute to the stabilization
of RNA dimers. The other sequence is a 5’~AAGCUU-3’ palindrome that is located at ﬁt
77 to 82 (Fig. 2.2A). Since this palindrome is positioned at the top of the poly(A) hairpin
(Fig. 2.2A), a feature that resembles the DIS structure, we speculate that it may also play
arole in RNA dimerization via a “kissing-loop” mechanism similar to that of the DIS.

To assess the roles of the aforementioned RNA sequences in RNA dimerization, we
mutated these RNA sequences in the context of a full-length viral genome and measured
their effects on the conformation of virion-associated genomic RNA by performing
native Northern blots. Our results revealed that the GU-rich sequences within US, but not

the 5’-AAGCUU-3’ palindrome in the R region, were needed for efficient RNA

dimerization.

2.4 Materials and Methods
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2.4.1 Plasmid construction

The BH10 infectious HIV-1 cDNA clbne was used as starting material for
mutagenesis studies. The AGU2 and AGU3 deletions lack viral sequences at nt 99 to 108
and nt 112 to 123, respectively (Fig. 2.1A). The nucleotide positions refer to the first nt of
the 5° R region. These two deletions were further recombined to generate construét
AG‘U2-3. AGU2 was engineered by PCR wusing primer pair pAGU2 (5°-
GCCTTGAGTGCTTCAACCCGTCTGTTGTGTGACTCTGG-3’ [nt 83 to 130])/pA (5°-
CCATCGATCTAATTCTCCC-3" [383 to 365]). The PCR product was used as a primer
in a second round of PCR together with primer pHpa-S (5’-CTGCAGTTAACTGGAAG
GGCTAATTCACTCCC-3’ [nt -454 to -433]). The final product was digested with
restriction enzymes Hpa 1 and BssH 11 and inserted into BH10 to generate AGUé. AGU3
and AGU2-3 were generated with a similar strategy through use of primers pAGU3 (5°-
GCTTCAAGTAGTGTGTGCCCACTCTGGTAACTAGAGATCS’ [nt 92 to 142]) and
pAGU2-3 (5’-GCCTTGAGTGCTTCAACCCACTCTGGTAACTAGAGATC-3’ [nt 83
to 142]), respectively.

Constructs AS4 and ASS5 contain substituted sequences at nt 97 to 104 and nt 58 to
65, respectively (Fig. 2.2A). A(A) lacks the RNA sequence 5’-AAUAAA-3’ at nt 73 to
78 (Fig. 2.2A). These constructs were engineered by PCR using primers pAS4 (5’-
CTTGAGTGCTTCTCCATCATTGTGCCCGTCTGT-3" [nt 85 to 117]), pASS5 (5’-
CAAGCTTTATTGAGGCTTTCCATCATGGTTCCCTAGTTAGCC-3’ [nt 83 to 42]),

and p(AA) (5’-CCCACTGCTTAAGCCTCGCTTGCCTTGAGTGCTTC-3’ [nt 56 to

96]), respectively.
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The T12I point mutation was generated as previously described'®! (Fig. 2.3A). The
V13G substitution in the NC protein (Fig. 2.3A) was constructed by PCR using primer
pair pV13G (5’-CCAAAGAAAGATTGGTAAGTGTTTCAATTG-3’ [nt 1490 to 1519])/
pAPA-A (5’-CCTAGGGGCCCTGCAATTTCTG-3’ [nt 1562 to 1541]). This PCR
product was used as a primer in a second round of PCR together with primer pSph-S (5°-
AGTGCATCCAGTGCATGCAGGGCC-3’ [nt 977 to 1000]). The final PCR produét
was digested with Apa I and Sph I and inserted into BH10, AGU2 or AGU3. All primers

were purchased from Invitrogen (Burlington, Ontario, Canada).
2.4.2 Cell culture, transfection and infection

COS-7 and MT-2 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI 1640 medium, respectively, supplemented with 10% fetal calf
serum. Transfection of COS-7 cells was performed with Lipofectamine (Invitrogen).
Progeny viruses were harvested 48 hrs after transfection and quantities of viruses were
determined by measuring levels of p24 (CA) antigen by enzyme-linked immunosorption
assays (ELISA) (Vironostika HIV-1 Antigen Microelisa System, Organon Teknika
Corporation, Durham, NC).

Amounts of virus equivalent to 3 ng of p24 were used to infect 3x10° MT-2 cells.
Cells were washed twice at 2 hrs after infection and cultured in complete RPMI 1640

medium. Reverse transcriptase (RT) activity in culture fluids was measured at various

times to monitor viral growth.
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2.43 Analysis of viral proteins by Western blots

The culture fluids from transfected COS-7 cells were first clarified at 3,000 rpm in a
Beckman GS-6R bench top centrifuge at 4°C for 30 min. Progeny viruses were then
pelleted through a 20% sucrose cushion using a SW41 rotor in a L8-M ultracentrifuge at
40,000 rpm for 1 hr at 4°C. The virus pellet was suspended in NP-40 lysis buffer**’. The
transfected COS-7 cells were washed twice with cold phosphate-buffered saline and
scraped from the plates. The cells were then lysed in NP-40 lysis buffer. Both virus and
cell lysates were fractionated on sodium dodecyl sulfate (SDS)-12% polyacryiamide gels
(PAGE) and proteins were transferred onto a PVDF membrane (Roche Inc., Laval,
Quebec, Canada). Viral proteins were detected using IgG monoclonal antibodies (MAbs)

against HIV-1 p24 (CA) antigen (ID Labs Inc., London, Ontario, Canada).
2.4.4 Analysis of viral RNA by Northern blots and RT-PCR

To prepare sufficient amounts of viral RNA from virus particles for native Northern
blots, approximately 60 ml of culture sﬁpernatants from transfected COS-7 cells were
collected and spun in 70 ml tubes at 35,000 rpm for 1 hr at 4°C using a Ti45 rotor in a
Beckman L8-M ultracentrifuge. Virus pellets were suspended in 10 ml of DMEM and
spun through a 20% sucrose cushion in TN buffer at 40,000 rpm for 1 hr at 4°C using a
SW41 rotor. Virus pellets were resuspended in 300 pl of TN buffer; a 2 pl portion was
removed for p24 determination, and remaining virions were disrupted using a 4X lysis

buffer (final concentrations of 50 mM Tris-Cl [pH7.4], 10 mM EDTA, 1% SDS, 100 mM
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NaCl) as previously described’". Samples were digested with proteinase K (100 pg/ml) in
the presence of yeast tRNA (100 pug/ml) (Invitrogen) for 20 min at 37°C, then extracted
twice with an equal volume of phenol/chloroform/isoamylalcohol (25:24:1) (Invitrogen),
and once with chloroform. The RNA was precipitated in 2.5 volumes of 95% ethanol and
a 0.1 volume of 3 M sodium acetate [pHS5.2]. RNA pellets were washed with 70% ethanol
and dissolved in TE buffer.

Native Northern blots were performed as follows. An amount of viral RNA
equivalent to 300 ng of p24 was separated on 0.9% agarose gels at 100v in 1X TBE
buffer for 4 hrs at 4°C. RNA was transferred to a nylon membrane (Amersham
Pharmacia Biotech., Montreal, Quebec, Canada) and baked at 80°C for 2 hrs. The
membranes were prehybridized for 3 hrs at 42°C in a hyhridization buffer containing 6X
SSPE [pH7.4], 50% formamide, 0.5% SDS, 5X Denhardt's, and 80 pg/ml herring sperm
DNA (Invitfogen). A 2 kb HIV-1 DNA fragment at nt 1 to 2000 was nick-labeled with
p.0—dCTP (ICN, Irvine, CA) and used as a probe. After prehybridization, the
membranes were hybridized with 1.5x10° cpm (400 ng DNA) of probe for 18 hrs.
Membranes were washed for 10 min at room temperature, then 65°C, with each of 2X-,
1X-, and 0.2X SSPE, 0.1% SDS and exposed to X-ray films.

To determine the thermostability of virion-derived RNA, RNA samples were first
treated at different temperatures (i.e. 40°C, 45°C, 50°C, and 55°C) for 10 min in the
presence of 100 mM NaCl before being fractionated on 0.9% agarose gels.

An amount of progeny virus equivalent to 10 ng of p24 was used to prepare viral
RNA using the QIAamp Viral RNA Mini Kit (QIAGEN, Mississauga, Ontario, Canada).

Viral RNA from viruses containing 0.2 ng of p24 was first treated with 20 units of
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RNase-free DNase I (Invitrogen) to remove any possible DNA contamination and was
" then subjected to reverse transcription (RT)-PCR (Titan One-Tube RT-PCR system,
Roche Inc.) using primer pair pGAG1/pST-A'®". The RT-PCR products were fractionated
on 5% native polyacrylamide gels and visualized by exposure to X-ray films.

Cellular RNA was studied by denaturing Northern blots as follows. The transfected
COS-7 cells were washed twice with cold phosphate-buffered saline and lysed with NP-
40 lysis buffer. The cell lysates were digested with proteinase K (100 pg/ml) for 20 min
at 37°C, and RNA was extracted as described above. A 1% denaturing agarose gel
containing 1X MOPS buffer and 18% formaldehyde was prepared as described**’. RNA
samples were denatured by heating in the presence of formamide and formaldehyde, then
loaded onto the gels, and run at 100 volts for 4 hrs. After electrophoresis, the gel was
rinsed in distilled water and RNA was transferred onto nylon membranes.
Prehybridizé.tion and hybridization were performed as described above. Similar amounts
of RNA were also run on a 1% agarose gel and stained with ethidium bromide (EtBr) in

order to visualize 28S and 18S ribosomal RNAs.

2.5 Results

2.5.1 Deletions of the GU-rich sequences in the HIV-1 US region cause deficient

viral RNA dimerization and packaging

Two stretches of GU-rich sequences are located at nt 99 to 108 and nt 112 to 123

within the US region (Fig. 2;1A). We assessed the roles of these RNA sequences in RNA
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dimerizationbby deletion of nt 99 to 108 in construct AGU2 and deletion of nt 112 to 123
in construct AGU3. To study the potential synergistic effects of these two RNA stretches,
both sequences were deleted to produce the AGU2-3 construct (Fig. 2.1A). When these
mutant viral DNA and wild-type BH10 were transfected into COS-7 cells, the mutant
viruses thus generated showed only minor effects in the processing of Gag proteins
compared to wild-type, as demonstrated by the results of Western blots performed either
with cell lysates or with virus particles (Fig. 2.1B). Next, we used denaturing Northern
blots to examine the viral RNA species expressed upon transfection of these mutant DNA
constructs into COS-7 cells. Three major viral RNA bands were observed for all of the
DNA constructs tested, these represented full-length (9.2k nt) and spliced (4k and 2k nt)
viral RNAs (Fig. 2.1C). Of the three mutant constructs, AGU2 and AGU2-3 exhibited
moderate reductions in overall quantities of viral RNA (Fig. 2.1C).

Infectiousness of mutant viruses was then examined by infection of MT-2 cells with
an amount of virus containing 3 ng of p24 antigen. In comparison to wild-type virus, the
AGU3 deletion delayed viral replication by approximately 8 days. High levels of viral
replication were not seen with the AGU2 mutant virus until the end of the fourth week in
culture, whereas infectious virus was never recovered with the AGU2-3 mutation (Fig.
2.1D). Therefore, the AGU2 deletion caused a more severe deficit in viral replication than
did AGU3, and both deletions together virtually eliminated viral infectiousness.

To investigate the effects of these deletion mutations on viral RNA dimerization, viral
RNA was extracted from each of the AGU2, AGU3, and AGU2-3 mutant viruses under
mild conditions and fractionated on native agarose gels, followed by Northern blot

analysis. The results shown in Fig. 2.1E demonstrate that the BH10 wild-type virus
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contained mainly the dimeric form of viral RNA. In contrast, each of the mutated viruses
displayed predominantly the monomeric form of viral RNA. The relative percentages of
dimer versus monomer for each mutant are summarized in the bar graph on the right. It
was also observed that the AGU2 and AGU2-3 mutated viruses exhibited weak RNA
signals due to low overall levels of viral RNA packaging. To clearly visualize the viral
RNA bands associated with these two mutant viruses, additional analysis was performed
with increased amounts of viral RNA and these results confirmed that AGU2 and.AGUZ-
3 mutant viruses contained mainly monomeric RNA (Fig. 2.1E, bottom panel). To verify
dimer versus monomer features of the observed RNA bands, RNA samples prepared
from either AGU3 or BH10 viruses were first treated at various temperatures before being
separated on native agarose gels. In the case of BH10, RNA dimers dissociated at 50°C
and migrated as monomers on the gels (Fig. 2.1F). Similarly, the weak dimer bands
associated with AGU3 disappeared at high temperatures and migrated as monomers (Fig.
2.1F). Taken together, we conclude that these GU-sequences are needed for efficient viral
RNA dimerization.

It is also noticeable that these three deletion mutations exhibited lower levels of viral
RNA (including both the dimeric and monbmeric forms) than those of the wild-type
BH10, with AGU2 and AGU2-3 showing the most adverse effects (Fig. 2.1E, the top
panel). Since both the mutant and wild-type RNA were prepared from virus particles that
contained 300 ng of p24, it follows that these GU-rich sequences, especially those located
at nt 99 to 108, are apparently involved in RNA packaging. This conclusion was further
supported by results of RT-PCR (Fig. 2.1G). A fragment of gag RNA was amplified to

measure the quantities of full-length viral RNA prepared from either mutant or wild-type
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Figure 2.1. Various effects of two stretches of GU-rich sequences, located within the
US region, on viral gene expression, viral replication, viral RNA packaging and
dimerization. (A) Illustration of the GU-sequences and their locations within US5. The
sequences at nt 99 to 108 and nt 112 to 123 were deleted in constructs AGU2 and AGU3,
respectively. Both nucleotide stretches were eliminated in AGU2-3. (B) Viral protein
analysis by Western blots using antibodies against p24 (CA). Western blots were
performed either with cell lysates from transfected COS-7 cells or with lysed virus
particles harvested from culture fluids by ultracentrifugation. (C) Viral RNA analysis by
denaturing Northern blots. Transfected COS-7 cells were first lysed in NP-40 lysis buffer.
RNA was extracted from cell lysates using phenol/chloroform/isoamylalcohol and then
subjected to denaturing Northern blots. To rule out possible saturation of the
hybridizatidn signals, two dilutions for each RNA sample (1:1 (lanes 1 to 5) and 1:3
(lanes 6 to 10)) were loaded on the gels. RNA was prepared from mock transfected COS-
- 7 cells and also used in the hybridization experiments to serve as negative controls. Three
major RNA bands were seen that represent full-length (9.2k nt) and spliced (4k and 2k nt)
viral RNA species. Ribosomal RNAs (28S and 18S) were visualized by staining the
agarose gels with EtBr, and the signals serve as internal controls for RNA integrity and to
ensure that the same amounts of total cellular RNA had been loaded for each construct.
(D) Infectiousness of the mutant and wild-type viruses in MT-2 cells. Progeny viruses
generated by transfected COS-7 cells were used to infect MT-2 cells. Viral growth was

monitored by measuring RT activities in the culture fluids at various time points.
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Figure 2.1. Various effects of two stretches of GU-rich sequences, located within
the U5 region, on viral gene expression, viral replication, viral RNA packaging and
dimerization.
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Figure 2.1. (cont.) Various effects of two stretches of GU-rich sequences, located
within the US region, on viral gene expression, viral replication, viral RNA
packaging and dimerization. (E) Analysis of viral RNA within virus particles by native
Northern blots. Viral RNA for each construct was prepared from virus particles
containing 300 ng of p24 (CA) under mild conditions (in the presence of 100mM NaCl)
and then fractionated on native agarose gels before being subjected to Northern blotting.
Positions of RNA dimers and monomers are labeled on the left side of the gels. The
proportion of each RNA form in each construct was measured using the NIH Image
program and plotted. The data shown are calculated from one representative experiment.
RNA levels in wild-type BH10 were arbitrarily set at 100. In order to clearly visualize the
two RNA forms in the mutant viruses, higher amounts of RNA samples were loaded on
the gels and the results are shown in the bottom panel. (F) Thermostability of RNA
dimers. Virion RNA was first treated at various temperatures (40°C, 45°C, 50°C, and
55°C) for 10 min in the presence of 100 mM NaCl before being separated on agarose
gels. (G) Measurement of full-length viral RNA by semi-quantitative RT-PCR. Three
dilutions of virion RNA for each construct were used in RT-PCR (1:1 (lane 1), 1:3 (lane
2) and 1:9 (lane 3)). RNase A-treated RNA samples were amplified by RT-PCR to serve
as negative controls. Proviral DNA representing 10, 10% 10* and 10* copies of HIV were

subjected to RT-PCR to demonstrate the linear range of the reactions.
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Figure 2.1.(cont.) Various effects of two stretches of GU-rich sequences, located
within the U5 region, on viral gene expression, viral replication, viral RNA packaging
and dimerization.
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virus particles. Consistent with the observations made with the native Northern blots (Fig.
2.1E), AGU2 and AGU2-3 caused significant reductions in RNA packaging, whereas

AGU3 alone showed a modest defect in this regard (Fig. 2.1G).

252 A second-site mutation can correct deficient RNA packaging, but not the

diminished dimerization, caused by mutations of the GU-sequence [nt 99 to 108]

Next, we selectively mutated part of the GU-sequence [nt 99 to 108] and generated
construct AS4 in which the nt sequences 5’-AAGUAGUG-3’ [nt 97 to 104] were
changed to 5’-UCCAUCAU-3’ (Fig. 2.2A). This AS4 mutant virus exhibited severe
defects in both RNA dimerization and packaging (Fig. 2.2B), concurrent with
significantly attenuated infectivity in permissive cells (Fig. 2.2C).

Since these GU-sequences [nt 99 to 108] constitute part of the poly(A) hairpin (Fig.
2.2A), an RNA structure that has been shown to participate in RNA packaging’"*>!'® it is
possible that the AS4 mutation exerted its effects on RNA dimerization and packaging by
disrupting this RNA structure. Indeed, the Iresults of RNA secondary structure modeling

based on the M-Fold program!'®?!

, revealed a negative impact of AS4 on the poly(A)
structure (F ig. 2.2A). To further evaluate the sequence versus structural effects of the
AS4 mutation, a second-site mutation AS5 was designed and further recombined with
AS4 in order to restore the poly(A) stem (Fig. 2.2A). The resultant structures were
predicted on the basis of the M-Fold program'®®! and are shown in Fig. 2.2A. The AS5

mutation alone caused moderate defects in viral RNA packaging and dimerization
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Figure 2.2. Substitutions of the poly(A) stem or loop sequences and their effects on
viral infectivity and viral RNA dimerization. (A) Illustration of the A(A), AS4, ASS,
and AS45 mutations. The A(A) mutation lacks the RNA sequence 5’-AAUAAA-3’ at nt
73 to 78. The bottom stem structure of the poly(A) hairpin was destabilized by mutations
AS4 and ASS and restored in construct AS45. The modified sequences in mutations AS4,
ASS5, and AS45 are highlighted. The given structures and the relevant AG values

(kcal/mol) were predicted by the M-Fold program %!

. (B) Effects of these mutations on
viral RNA dimerization and packaging as determined by native Northern blots. Viral
RNA was prepared from virus particles containing 300 ng of p24 antigen. Intensities of
RNA signals were measured using the NIH Image program and data from one
representative experiment are shown. RNA levels from wild-type BH10 were arbitrarily
set at 100. (C) Replication kinetics of the AS4, ASS, AS45, or A(A) mutant viruses. Virus
growth in MT-2 cells was monitored by measuring RT activity in culture fluids at various

times.
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Figure 2.2. Substitutions of the poly(A) stem or loop sequences and their effects on
viral infectivity and viral RNA dimerization.
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(Fig. 2.2B). Recombination of AS4 and ASS5 in AS45 led to wild-type levels of RNA
packaging in contrast to severely deficient dimerization. Consistent with the elevated
RNA packaging, AS45 mutant viruses showed increased infectiousness compared with
AS4 (Fig. 2.2C). Therefore, deficient RNA dimerization caused by mutations of the GU-
sequence [nt 99 to 108] persisted in the face of wild-type RNA packaging restored by a
second-site mutation that preserves the poly(A) RNA structure. These results suggest that
the GU-sequences studied are directly involved in RNA-RNA interactions within the

dimer structure.

2.5.3 The palindrome residing on the top of the poly(A) hairpin does not

contribute to RNA dimerization

Next, we deleted part of the loop sequence at nt 73 to 78 in construct A(A) to
determine whether the palindrome 5’-AAGCUU-3’ [nt 77 to 82], that crowns the 5'
poly(A) hairpin, is able to regulate dimerization via a “kissing-loop” mechanism as does
the DIS motif (Fig. 2.2A). It is important to note here\that ﬁo mutations were made in the
3' poly(A) region, thus the polyadenylation of viral RNA transcripts would not be
affected in any of these mutants since the 5' poly(A) is silenced®®>6>10%136137 The
results of Fig. 2.2B show that the A(A) mutant virus contained wild-type levels of dimeric
RNA. Consistently, the A(A) deletion Had no apparent effect on viral replication (Fig.

2.2C), as would be expected since this mutation would quickly revert to the wild-type

sequence during reverse transcription due to its position in R. Based on these results, we
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believe that the loop sequence of the poly(A) hairpin is not involved in viral RNA

dimerization.

2.5.4 The T12I (in p2) and V13G (in NC) point mutations restore the replication

capacity of AGU3 but not of AGU2 to nearly wild-type levels

The AGU3 mutated_virus was able to produce high levels of viral RT activity and
cause syncytium formation after 15 days, indicating that rapid viral replication had
occurred (Fig. 2.1D). The AGU2 mutated virus yielded infectious virus after 28 days
(Fig. 2.1D). In contrast, AGU2-3 failed to replicate over 60 days after a single infection
event (data not shown). Viruses derived from the AGU2 and AGU3 infections were
further used to infect fresh MT-2 cells over multiple infection cycles until wild-type

replication 'kinetics had been established. Proviral DNA was then extracted from the
infected MT-2 cells and assessed by PCR, cloning and sequencing. We found that the
AGU3 deletion had been .sustained during this time, while the viral sequences that had
been deleted in AGU2 had been restored.

In order to identify any second-site mutations that might have conferred wild-type
replication kinetics to AGU3, the 5’ non-coding leader sequences and the gag-coding
region of AGU3 proviral DNA were sequenced. Two point mutations were identified, i.e.
a T121 substitution in p2 and a V13G substitution in NC (Fig. 2.3A). These two
substitutions were then recombined either separately or together with the AGU3 deletion
to test whether they were sufficient to rescue the defect caused by this mutation. The

results in Fig. 2.3B show that V13G only slightly increased the infectivity of AGU3,
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while T12I markedly stimulated viral replication. When both of these mutations were
present (AGU3-T12I-V13G), replication kinetics close to wild-type levels were observed
(Fig. 2.3B). Therefore, both T12I and V13G play key roles in the rescu‘e of the AGU3
mutant virus,

Since the sequences that were deleted in AGU2 and AGU3 are similar, we wished to
know whether the T12I and V13G4 substitutions, identified in AGU3, could also rescue
AGU?2. Toward this end, these two point mutations were inserted into AGU2 and the
progeny viruses that were recovered after transfection with these recombinant constructs
were used to infect fresh MT-2 cells. The results in Fig. 2.3C show that no viral
infectiousness resulted from this step. Based on these results, we conclude that T12I and
V13G were unable to rescue AGU2 and that the location of the deleted sequence within
AGU?2 as opposed to AGU3 may be of critical importance in this regard. In addition, the
results of infectivkity studies showed that neither V13G nor T12I alone, or in combination,

compromised the replication capacity of the wild-type BH10 (Fig. 2.3C).

2.5.5 The T12I and V13G mutations compensate for defective RNA packaging

caused by the AGU3 deletion

Next, we measured the levels of dimeric RNA in the recombinant viruses AGU3-
T121, AGU3-V13G, and AGU3-T12I-V13G by native Northern blots. In comparison with
the AGU3 construct, AGU3-T121 displayed slightly higher levels of dimeric viral RNA
(Fig. 2.3D). In the case of AGU3-V13G and AGU3-T121-V13G, marked increases in the

amounts of dimers were observed, however, these were still lower than that of wild-type
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Figure 2.3. Compensation of the AGU3 deletion by second-site mutations in Gag.
(A) Illustration of the second-site mutations found in p2 (T12I) and NC (V13G). The
mutated amino acids are underlined. The protease cleavage site between p2 and NC is
indicated by an arrow. (B) Rescue of the AGU3 mutated viruses by the T12I and V13G
mutations. T121 and V13G were recombined with the AGU3 deletion to generate
constructs AGU3-T121I, AGU3-V13G, and AGU3-T121-V13G. MT-2 cells were infected‘
with relevant recombinant viruses and RT activity in culture fluids was measured at
various times to monitor virus growth. (C) Effects of the T12I and V13G mutations on
infectiousness of AGU2 and wild-type viruses. (D) Effectiveness of the T12I and V13G
compensatory mutations in correcting the defective RNA dimerization and packaging
associated with the AGU3 deletion. Viral RNA was extracted from virus particles
containing 300 ng of p24 antigen and then analyzed by native Northern blots. RNA
signals were measured using the NIH Image program and relative levels of viral RNA
associated with each construct were plotted. RNA levels in wild-type BH10 were

arbitrarily set at 100. Data shown are from one representative experiment.
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virus (Fig. 2.3D). It was also found that the AGU3-T12I-V13G recombinant virus
contained wild-type levels of total viral RNA (inciuding both dimeric and monomeric
forms) (Fig. 2.3D). Therefore, the compensatory mutations T12I and V13G are able to
improve viral RNA dimerization in AGU3 to higher levels, which, together with the

restored RNA packaging, may account for the increased infectivity of the AGU3

revertants.
2.6 Discussion

EM observation of two tightly associated retroviral RNA molecules in diverse types
of retroviruses represents visual evidence for the existence of viral RNA dimers
1819,77,143,144,172.207,254 The region of RNA involved in dimerization commonly displays an
X-like strucfure in EM, indicating a single contact site present between the two RNA
molecules. In contrast, when the conformation of HIV-1 genomic RNA was studied by
EM, the 5’ regions of the two linked viral RNA molecules were found to display a ring-
like structure''®, suggesting two contact points between the RNA strands. One of these is
thought to be facilitated by the DIS, while the other may involve the R and U5 sequences.
Our studies now provide irn vivo biochemical evidenée supporting the participationAof UsS
RNA sequences in HIV-1 RNA dimerization.

In this study, we have focused on the potential dimerization roles of two stretches of
GU-rich sequences located within the U5 region. Sinpe G and U bases can form hydrogen
bonds and thus contribute to interactions between RNA strands, we hypothesize that GU-

sequences in U5 may assist in the stabilization of RNA dimer structures. Indeed, either
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deletions (i.e. AGU2, AGU3, and AGU2-3) or substitutions (i.e. AS4) of these GU-
sequences impaired RNA dimerization.

In order to understand the mechanisms by which these GU-sequences affect RNA
dimerization, two issues need to be clarified. First, since these GU-sequences, especially
the one located at nt 99 to 108, are believed to participate in complex RNA folding, it is
speculated that mutation of these GU-sequences may have disrupted the relevant RNA
structures and, as a consequence, indirectly compromised RNA dimerization. If RNA
structures, rathér than RNA sequences, play major roles in RNA packaging and
dimerization, then preservation of these structures with exogenous sequences should
ensure efficient RNA packaging and dimerization. However, when the disrupted poly(A)
structure caused by the AS4 mutation was restored by a second-site mutation, i.e. ASS,
the impairment in dimerization persisted, even though RNA packaging was restored to
wild-type levels (Fig. 2.2B). Hence, it appears that the GU-sequences [nt 99 to 108], that
were changed in the AS4 mutation, exert their effects on dimerization in a sequence-
specific manner. We are now in the process of establishing an in vitro dimerization
system to further analyze the contribution of these GU-sequences to the process of HIV-1
RNA dimerization. Another interesting possibility is that these‘ GU sequences may
actually be NC binding sites, as previously shown for other GU-rich sequences?'. If so,
our mutations might indirectly affect dimerization through some mechanism of reduced
NC-mediated activation of dimerization, or dimer maturation. This possibility is currently
under investigation, although it is doubtful since the dimers contained within the mutant

viruses are as thermostable as that of wild-type (Fig. 2.1F).
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The second issue concerns the potential mutual influences between RNA packaging
and dimerization. Diminished RNA packaging was repeatedly observed together with
impaired dimerization in various mutant viruses that harbored mutated GU-sequences. It
is thus reasonable to postulate that the mutated GU-sequences actually caused deficient
RNA packaging, which subsequently led to impaired dimerization, possibly due to
insufficient amounts of viral RNA within virus particles. If this is the case, then the GU-
sequences contribute to dimerization merely in an indirect manner. However, opposing
evidence argues against this hypothesis. The first clue comes from the AS45 mutation, in
which a second-site mutation, i.e. ASS5, restored RNA packaging in the context of the
AS4 mutation to wild-type levels, but failed to correct deficient RNA dimerization
caused by AS4. These findings are similar to those reported in a recent article in which
the authors describe HIV-1 mutants with defects in dimerization but display RNA

encapsidation ability that was comparable to wild-type particles®?’.

Second,
compensatory mutations T12I (in p2)_ and V13G (in NC) increased the AGU3 RNA
packaging to wild-type levels, but had a limited effect on the diminished levels of RNA
dimers associated with mutant viruses. Although the mechanism by which these

compensatory mutations contribute to the increase in packaging is unclear at this time, we
may gain some insight if we consider the interactions between HIV-1 NC and SL3.
Séluiion strubture analysis of NC complexed with SL3 RNA predicts that the V13
residue of NC is actually iﬁ contact with the viral RNA®. The authors report that nt G° of
the SL3 loop iﬁteracts with the FI knuckle of NC by binding to a hydrophobic cleft

formed by the side chains of V13, F16, 124, and A25. Based on these observations, we

propose that the substitution of the bulky methyl groups, associated with the Val residue,
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for the hydrogen associated with the Gly residue of our V13G mutation, might reduce the
extent of steric interaction in the cleft and allow the RNA to bind more tightly, thus
contributing to the increased packaging seen in these mutants. It is also interesting to note
that other groups have reported similar results that indicate a role for this region of NC in
the encapsidation process. In one study, mutation of position 10 and 11 in NC, adjacent to
the V13 mentioned above, decreased genomic RNA packaging levels, indicating the
importance of this region for genome recognition and encapsidation*’. The location of
our T12] compensatory mutation in the p2 domain of Gag, and its putative effect on
genome packaging is also in agreement with previous findings suggesting a possible role
for p2 in RNA encapsidation'>"**?, In another study, RNA packaging defects, but not
dimerizatioﬁ deficits, caused by elimination of a portion of the DIS sequences were

corrected by compensatory mutations within Gag**®

. This latter observation indicates that
the role played by DIS RNA in the dimerization process cannot be performed by
modified Gag profeins. Conceivably, the failure of the T12I and V13G compensatory
mutations to correct deficient RNA dimerization associated with the AGU3 deletion
suggests a possible direct participation of this GU-rich fragment in RNA dimerization.
The ability of the AGU2 mutated viruses to reestablish wild-type sequences may be
due to the fact that the AGU2 deletion is present only in the U5 region at the 5’ end of
proviral DNA. Although the 3’ US5 region is normally removed at the termination stage of
transcription, transcriptional error can occasionally result in retention of wild-type U5
sequences at the 3’ end of viral RNA. During reverse transcription, the first strand

transfer is usually directed by the binding of full-length minus (-) strand strong-stop

cDNA to 3’ R sequences™°. However, premature reverse transcription that occurs before
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nt 110 in U5 (Fig. 2.1) may result in a premature cDNA product being able to mediate the
first strand transfer if a U5 is still available at the 3° end of viral RNA. Reverse
transcription could then continue from the transferred cDNA to copy the wild-type 3’ U5
sequences. Previous studies that employed natural tRNA™*? as primer and synthetic viral
RNA templates identified a strong pause site around nt 111'%°, Such pausing may also
occur during in vivo reverse transcription and help AGU2 recapture lost sequences via
this mechanism.

These two GU-rich RNA stretches within US each contain a 5’-UGUGUG-3’ element
with a palindromic feature (Fig. 2.1A). It is postulated that the 5’-UGUGUG-3’
sequences can pair with their counterparts on a second RNA strand to mediate
dimerization. Although the G:U pairing may be less stable than that of G:C, the existence
of two stretches of 5’-UGUGUG-3’ within U5 may overcome any diminution in pairing
stability. And, furthermore, viral protein factors such as the NC protein may further
stabilize these interactions. GU-sequences may act either to trigger dimerization together
with the DIS or to stabilize dimers that are already formed. Detailed genetic analysis will
be required to sort out these possibilities.

We also confirmed that a 5°~AAGCUU-3’ palindrome, located within the loop of the

5'-poly(A) hairpin, did not contribute to RNA dimerization'>>

. This failure may be due to
certain structural features of this palindrome. Compared to the 5’-GCGCGC-3’
palindrome within the DIS, 5°~AAGCUU-3’ contains only one G and one C. Since G and
C form a stronger base pair than that formed by A and U, it follows that interactions

between RNA strands mediated by the 5’-AAGCUU-3’ would be weaker than those

mediated by the 5’-GCGCGC-3’. Therefore, the former palindrome may not be able to
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initiate RNA interactions that are strong enough to trigger RNA dimerization. Moreover,
structural studies reveal that the “A” residues within the DIS loop significantly contribute
to the stability of RNA dimers, in addition to the role played by the 5’-GCGCGC-3’
palindrome®?°""%2 Hence, specific structural features distinct from the palindrome
sequence are needed for an RNA motif to serve as a dimerization initiation site.

In conclusion, we propose that the GU-sequences studied above are involved in the
process of HIV-1 RNA dimerization, although this region does not necessarily constitute
a new 'dimerization initiation site'. Rather, these sequences rhay function to stabilize the
RNA dimer after the known DIS has started the process. This notion is compatible with
previous reports suggesting that the dimerized RNA are bound together by direct RNA-

RNA linkages along the entire genome®'!. In other dimer linkages, such as those seen in

85,169 0266,267

Harvey Sarcoma virus the involvement of

, and rat retrotransposon VL3
multiple regions in the dimerizatién process has been reported. It has also been reported
that the Moloney murine leukemia virus contains dual DIS elements, both of which
participate in the initiation of dimerization.!”%*'°, The authors further hypothesize that the
idea of multiple adjacent regions being involved in dimer linkages may prove to be a
common theme among retroviruses. In line with this notion, we propose that the

dimerization of the HIV-1 RNA genome in vivo may also involve multiple RNA

elements.
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CHAPTER 3

SEQUENCES DOWNSTREAM OF THE 5’ SPLICE DONOR SITE ARE
REQUIRED FOR BOTH PACKAGING AND DIMERIZATION OF HUMAN

IMMUNODEFICIENCY VIRUS TYPE 1 RNA

This chapter was adapted from an article that appeared in Journal of Virology, 2003,
77(1):84-96. Thé authors of this paper were R.S. Russell, J. Hu, V. Bériault, A.J.
Mouland, M. Laughrea, L. Kleiman, M.A. Wainberg, and C. Liang. Over 80% of the data
presented in this chapter were from experiments performed by myself under the
supervision of Drs. Liang and Wainberg. V. Bériault, from Dr. Mouland’s lab, performed
the RNase protection assays presented herein. J. Hu and Dr. Liang constructed some of
the plasmids and performed all of the virus replication analyses. Dr. Kleiman critiqued
the manuscript and offered valuable suggestions for revision. Dr. Laughrea critiqued an

earlier version of the manuscript.
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3.1 Preface to Chapter 3

The data presented in Ch. 2 confirmed our hypothesis that sequences other than the
known DIS can play a role in the HIV-1 RNA dimerization process. So, at this point, the
DIS and regions in the Poly(A) and U5-PBS stems had all been shown to contribute to
RNA dimerization, but all of theses regions are also known to represent important

51,62,189

packaging signals (and Ch. 1). Since numerous reports had already proposed a link

between dimerization and packagingzs’gl’15 1214

, we wondered whether other known
packaging signals, such as SL3%’, might also be involved in the dimerization process. In
support of this hypothesis, one study had shown that an antisense oligonucleotide
targeting SL3 and a downstream GA-rich region could inhibit dimerization of HIV-1
RNA fragments in vitro™®®. And, an earlier paper had shown that dimerized HIV-1 RNA
fragments representing nt 311-415, downstream of the DIS and the major splice donor,
were more heat stable than dimers formed between fragments representing nt 1-311,
which contained the DIS'®. On the basis of these reports, we set out to determine

whether sequences downstream of the 5’ splice donor are required for dimerization, in

addition to their known roles in packaging.
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3.2 Abstract

Two copies of human immunodeficiency virus type 1 (HIV-1) RNA are incorporated
into each virus particle and are further converted to a stable dimer as the virus particle
matures. Several RNA segments that flank the 5° splice donor (SD) site [at nucl.eotide
(nt) 289] have been shown to act as packaging signals. Among these, an RNA stem-loop
1 (SL1) [nt 243 to 277] can trigger RNA dimerization through a “kissing-loop”
mechanism and thus is termed the dimerization initiation site (DIS). However, it is
unknown whether other packaging signals are also needed for dimerization. To pursue
this subject, we have mutated stem-loop 3 (SL3) [nt 312 to 325], a GA-rich region [nt
325 to 336], and two G-rich repeats [nt 363 to 367 and nt 405 to 409] in proviral DNA
and assessed their effects on RNA dimerization by performing native Northern blots. Our
results show that the structure, but not specific RNA sequence, of SL3 is needed not only
. for efficient viral RNA packaging but also for dimerization. Mutations of the GA-rich
sequence severely diminished viral RNA dimerization as well as packaging; combination
of mutations in both SL3 and fhe GA-fich region led to further decreases, implicating
independent roles for each of these two RNA motifs. Compensation studies further
demonstrated that the RNA packaging and dimerization activity of the GA-rich sequence
may not depend on a putative interaction between this region and a CU-repeat sequence
at nt 227 to 233. In contrast, substitutions in the two G-rich sequences did not cause any
diminution of viral RNA packaging or dimerization. We conclude that both the SL3 motif
and GA-rich RNA sequences, locat.éd downstream of the 5’ SD site, are required for

efficient RNA packaging and dimerization.
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3.3 Introduction

Human immunodeficiency virus type 1 (HIV-1) contains a diploid RNA genome that
is noncovalently associated in dimer form at its 5 ends in a parallel orientation. These
attached viral RNA regions were first described as the dimer linkage structure (DLS) in

monkey sarcoma virus'**

and this term has been subsequently used to describe
dimerization in other retroviruses. Two models have been proposed to illustrate
molecular interactions that constitute the HIV-1 DLS. The first involves a tetra-stranded
RNA structure, termed a G-tetrad, that is formed by G-rich RNA sequencesl5 4 This
structure has been implicated in maintaining the integrity of chromosome telomeres in
which stretches of G-rich nucleotide sequences are present'’. G-rich RNA regions were
also identified at the 5 end of HIV-1 RNA downstream of the major splice donor (SD)
site. It was therefore hypothesized that formation of G-tetrad structures may contribute to
the maintenance of RNA dimers; this notion has been supported by studies performed
with synthetic viral RNA fragments, yet has not been extensively tested in the context of
 the full-length viral RNA genome!'>!%134262,

The second model involves a “kissing-loop” mechanism, and is derived from the
observation that the stem-loop 1 (SL1) RNA segment, located upstream of the 5’ SD site,
was able to spontaneously form dimers under appropriate buffer conditions'”"'%. This
reaction is believed to be initiated by the SL1 loop palindrome sequence (e.g. 5°-
GCGCGC-3’ in HXB2D) via the formation of regular “Watson-Crick” base-pairs; SL1

205,215,251

was thus termed the dimerization initiation site (DIS) . Subsequent studies

demonstrated that both the palindrome and the stem are essential for the dimerization
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activity of SL14°%1492%, However, substantial amounts of dimerized RNA were detected
in mutant viruses containing altered loop sequences or a disrupted stem structure of
SL125’239; thus, SL1 may constitute only part of the DLS structure.

The DLS of HIV-1 overlaps RNA packaging signals. Stem loop 3 (SL3) and its
flanking RNA sequences, together with SL1, represent major packaging signals®’. In
addition to the well-documented roles of SL.1 in RNA dimerization, cell-free assays using
syﬁthetic RNA molecules showed that an antisense nucleotide oligomer that binds to SL3
and a downstream GA-rich RNA region was able to inhibit RNA dimerization®®. In the
present study, we have addressed this subject in vivo by mutating relevant RNA
sequences in proviral DNA and analyzing virion-derived mutant RNA by native Northern
blotting. Our data shows that both SL3 and the GA-rich RNA segments are required for

both RNA packaging and dimerization.
3.4 Materials and Methods
3.4.1 Plasmid construction

An infectious HIV-1 cDNA clone BH10 was employed to generate the constructs
described below and all mutations were introduced by PCR-based strategies using the Pfu
enzyme (Stratagene, La Jolla, CA). MD1, MD2, and MD3 are deletion mutations that
were engineered by PCR using‘ primer pair pBssH-S (5°-
CTGAAGCGCGCACGGCAAGAGG-B’ [nt 252 to 273])/pD1 (5’-CCATCTCTCTCCT

TCTAGCGCTAGTCAAAATTTTTGGC-3’ [nt 339 to 298]), pBssH-S/pD2 (5’-GCTCT
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CGCACCCATCTCTTTCTAGCCTCCGC-3’ [nt 349 to 315]), and pBssH-S/pD3 (5’-
GCTCTCGCACCCATCTCTTTCTAGCGCTAGTCAAAATTTTTGGC-3’ [nt 349 to
298]), respectively (Fig. 3.1A, B). The PCR products were then used as primers together
with pSph-A (5’-GGCCCTGCATGCACTGGATGC-3’ [nt 1000 to 980]) in a second
round of PCR. Final PCR products were digested with the restriction enzymes BssHII and
Sphl and inserted into BH10. Constructs MS1 to MS6, MG1, MG2 and MG12 contain
substitutions (Fig. 3.1A, B) and were generated with similar strategies using primers pS1
(5’-CCATCTCTCTCCTTCTAGCTAGCGCTAGTCAAAATTTTTGGC-3’ [nt 339 to
298]), pS2 (5’-GCTCTCGCACCCATCTCTGATGTTCTAGCCTCCGC-3’ [nt 349 to
315)), pS3 (5’GCTCTCGCACCCATCTCTGATGTTCTAGCTAGCGCTAGTCAAAA
TTTTTGGC-3’ [nt 349 to 298]), pS4 (5’-CTCTCTCCTTCTAGCCTCCTTGTCTCA
AAATTTTTGGCGTAC-3’ [nt 335 to 294]), pSS (5’GCACCCATCTCTCTCCTTG
ACAACTCCTTGTCTCAAAATTTTTGGCGTAC-3’ [nt 349 to 294]), pS6 (5'-
CGCTCTCGCACCCATATGTCTCCTTCTAGCCTC-S’ [nt 350 to 318]), pGl (5°-
CCATCGATCTAATTCACCGCCGCTTAATACTGACGC-3’ [nt 383 to 348]), pG2 (5°-
TAATTTATATTTTTTCTTACCGCCTGGCCTTAACCG-3’ [nt 428 to 393)),
respectively (Fig. 3.1A, B). BH-GA contains a substitution of a 5'-CTCTCTC-3' [nt 227
to 233] by the sequence 5’-AGAG-3’ (Fig. 3.6A) and was generated as described

139 Construct MS7 was designed to contain a compensatory mutation for the

previously
MS6 mutant, and was generated using primer MS6C-A (5°’-CCTGCGTCGACATAGCT
CCTCTGG-3’ [nt 241 to 218]) in combination with primer U5-1S (5’-GAGA
TCCCTCAGACCCTTTTAG-3’ [nt 137 to 158]), using the MS6 construct as a template.

The PCR product was then used as a primer together with pSph-A in a second round of
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PCR and the final PCR products were digested with Narl and Sphl and inserted into
BHI10.

To generate an antisense riboprobe to be used in RNase protection assays (RPA), a
486 bp fragment was amplified from the BH10 proviral DNA sequence using primer pair
RPA-S (5’-CagggcccGAGA GCTGCATCCGGAG-3’ [nt -164 to -140]), which was
modified to contain an Apal restriction enzyme site (shown in lower case), and RPA-A
(5’-CCTCCGgaattcAAAATTTTTGGC G-3’ [nt 321 to 297]), which was modified to
contain an EcoRI restriction enzyme site (shown in lower case). The resulting PCR
product was digested with Apal and EcoRI and inserted into the pBluescript II KS*

cloning vector (Stratagene) that had been cut with the same enzymes to generate

construct RPA1.
3.4.2 Cell culture, transfection, and infection

COS-7, MT-2, and Jurkat cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI 1640 medium, respectively, supplemented with 10% fetal calf
serum. Transfection of COS-7 cells was performed using Lipofectamine (Invitrogen,
Burlington, Ontario, Canada). Quantities of progeny viruses were determined by
measuring levels of p24 antigen using enzyme-linked imrhunosorption assays (ELISA)
(Vironostika HIV-1 Antigen Microelisa System; Organon Teknika Corporation, Durham,
NC).

MT-2 or Jurkat cells (5x1.05) were incubated with aliquots of viruses equivalent to 5

ng of p24 in 2 ml of medium at 37°C for 2 hours. The cells were then washed twice and
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maintained in 10 ml of medium. Culture fluids were collected at various times to

determine levels of reverse transcriptase (RT) activity.

3.43 Native Northern blotting

Progeny viruses generated by transfected COS-7 cells were first clarified by
centrifugation in a Beckman GR-6S centrifuge at 3,000 rpm for 30 min at 4°C and then
pelleted through a 20% sucrose cushion by ultracentrifugation in a Beckman XL-80
ultracentrifuge using a SW41 rotor at 40,000 rpm for 1 hour at 4°C. Virus pellets were
suspended in 300 pl of TN buffer; a 2 pl portion was removed for p24 determination and
the remaining viruses were treated with virus lysis buffer (50 mM Tris-HCI [pH 7.4], 10
mM EDTA, 1% SDS, 100 mM NaCl, 50 ug of yeast tRNA/ml, 100 ug proteinase K/ml)
for 20 min at 37°C. Samples were then extracted twice with
phenol:chloroform:isoamylalcohol (25:24:1) and once with chloroform. Viral RNA was
precip'itated in 2.5 volumes of 95% ethanol. RNA pellets were washed with 70% ethanol
and dissolved in TE buffer. An amount of viral RNA equivalent to 150 ng of HIV-1 p24
was fractionated on 0.9% native agarose gels in 1XTBE buffer at 100 volts for 4 hours at
4°C and analyzed by Northern blots?* using a [**P]-0-dCTP (ICN, Irvine, CA) labeled 2
kb HIV-1 DNA fragment [nt 1 to 2000] as a probe. Bands were visualized by
autoradiography, and quantified by digital image analysis using the NIH Image program. ,
To determine the thermostability of viral RNA dimers, RNA samples were incubated at
various temperatures (e.g. 25°C, 40°C, 45°C, 50°C and 55°C) for 10 min in a buffer

containing 100 mM NaCl before being separated on native agarose gels.
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3.4.4 RNase protection assays

Preparation of riboprobes and RPA experiments were performed based on previously
described protocolsés’so. Briefly, radiolabelled probes were in vitro transcribed from
BspE1-linearized RPA1 plasmid using T7 RNA polymerase in the presencé of [**P]-ai-
UTP (ICN, Irvine, CA). RNA was isolated from viruses as described above. Cytoplasmic
RNA was isolated from transfected COS-7 cells by resuspending the cell pellets in 400 ul
of cell lysis buffer (10 mM Tris-HCI [pH 7.4], 140 mM NaCl, 1.5 mM MgCly, 0.5%
Nonidet P-40, 1mM dithiothreitol, 100 U of RNase inhibitor (Invitrogen)), then incubated
on ice for 5 min and centrifuged at 13,000 rpm for 10 min at 4°C. Supernatants were
treated with 0.2% SDS and 125 pg/ml of proteinase K at 37°C for 20 min, then subjected
to phenol:chloroform extraction and ethanol precipitation as described above. Quantities
of total cytoplasmic RNA were determined by spectrophotometry at 260 nm. Amounts of
virion RNA equivalent to 25 ng of p24 capsid antigen, or 250 ng of cytoplasmic RNA,
were treated with 10 U of DNase I (Invitrogen) for 30 min at 37°C to remove any plasmid
contamination, and then subjected to phenol:chloroform extraction and ethanol
precipitation, before analysis with the RPA II kit (Ambion Inc., Austin, TX). Briefly, the
RNA was incubated at 42°C overnight with an excess of labeled riboprobe (10° cpm),
followed by digestion with RNases specific for single-strand RNA. Protected fragments
were separated on 5% polyacrylamide-8M urea gels, visualized by autoradiography, and

quantified by digital image analysis using the NIH Image program.
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3.5 Results

3.5.1 SL3 is needed for both viral RNA packaging and dimerization

SL3 is known to be an important HIV-1 RNA packaging signal’ R
further assess the potential role of SL3 in viral RNA dimerization, we have generated a
series of mutations: Loop sequence 5’-GGAG-3’ [nt 317 to 320] was either deleted to
create construct MD1 or replacéd by a 5’-GCTA-3’ sequence to generate construct MS1
(Fig. 3.1A, B); the latter sequence was designed so as not to disrupt the secondary
structure of SL3 (Fig. 3.1B). Next, we destabilized the base-pairs within the stem by
changing the sequence 5’-CTAGC-3’ [nt 312 to 316] to 5’-GACAA-3’ in construct MS4
(Fig. 3.1A, B). To restore the stem structure, the right portion of the stem sequence 5’-
GCTAG-3’ [nt 321 to 325] was changed to 5’-TTGTC-3’ in construct MS5 (Fig. 3.1A,
B).

These various DNA clones were transfected into COS-7 cells and the progeny viruses
thus generated were used to infect MT-2 and Jurkat cells. Both of these cell lines are
CD4" and thus are permissive for HIV-1 infection. The results of Fig. 3.2A show that the
MD1 and MS4 mutations caused delays in virus growth in MT-2 cells; in contrast, the
MS1 and MSS mutants grew almost as well as did wild-type virus. Differences in levels
of infectivity between mutant and wild-type viruses were further verified in Jurkat cells
(Fig. 3.2B). Since HIV-1 grew with slower kinetics in Jurkat cells than in MT-2 cells, as

observed in the growth curves of wild-type BH10, replication differences between
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Figure 3.1. Description of the mutations generated in the HIV-1 RNA sequences
downstream of the 5’ major splice donor (SD) site. (A) Mutations MG1, MG2, and
MG12 are shown at the top; these altered the G-rich sequences without changing relevant
amino acid sequences in MA. Mutations in SL3 and the GA-rich region are diagrammed
at the bottom. Deleted nucleotides are indicated by a hyphen “-”. Numbers of nucleotides
refer to the first nt of the R region. A number of structural domains in the leader region
are shown: these include TAR, poly(A), US-PBS, SL1, SL2, and SL3. (B) Schematic
representation of all mutants listed in (A). MS1 changed the loop sequence without
disrupting the SL3 stem; MS4 replaced the left portion of the stem sequences and thereby
destabilized stem base-pairing; MSS5 restored the stem in SL3 by insertion of a
compensatory mutation; MD1 represents a deletion of the SL3 loop; MD2 represents a
deletion of the GA-rich sequence just adjacent to SL3; MD3 is a combination of the MD1
and MD2 deletions; MS2 contains a substitution of the GA-rich sequence just adjacent to
SL3; MS3 is a combination of the MS1 and MS2 substitutions; MS6 contains
substitutions of the two Gs at nt positions 332 énd 334. RNA structures were predicted by

the M-Fold programm’zg’.
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Figure 3.1. Description of the mutations generated in the HIV-1 RNA sequences
downstream of the 5" major splice donor (SD) site.
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Figure 3.2. Infectiousness of mutant viruses MD1 to MD3 and MS1 to MS6 in
permissive cell lines. MT-2 cells (A) and Jurkat cells (B) were infected by progeny
viruses containing 5 ng of p24 antigen. Virus growth was monitored by measuring RT

activity in culture fluids at various times. Mock infection represents exposure of cells to

heat-inactivated wild-type viruses.
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Figure 3.2. Infectiousness of mutant viruses MD1 to MD3 and MS1 to MS6 in
permissive cell lines.
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wild-type versus mutant viruses were more pronounced in the Jurkat system. The extent
to which these four viruses were able to replicate is MS1>MS5>MS4>MD1.

Viral RNA dimerization and packaging studies were performed on virus particles
derived from transfection of nonpermissive COS-7 cells. We used the latter
nonpermissive cells so as not to allow viral mutants to undergo reversions that might
- regularly occur over multiple rounds of infection during culture in permissive cells. In
order to determine the effects of these mutations on viral RNA dimerization and
packaging, we analyzed virion-derived RNA on native Northern blots (Fig. 3.3A, B). In
addition, viral RNA packaging was further investigated by RPA analysis (Fig. 3.3C-F).
Since all of our mutations were situated in or just downstream of SL3, we designed an
RPA probe that was complementary to sequences spanning the region from within U3 to
just before SL3. This particular probe generates the same digestion pattern for wild-type
HIV-1 RNA and each of our mutants, as depicted in Fig. 3.3C.

The results of these analyses demonstrate that the majority of wild-type viral RNA
was present as a dimer (Fig. 3.3A, lane 10). In the case of construct MD1, overall levels
of viral RNA were reduced compared fo wild-type BH10 (Fig. 3.3A, lane 1 vs 11; and
Fig. 3.3D, F) and more than 50% of the viral RNA migrated as monomers (Fi_g. 3.3A,
lane 1; and Fig. 3.3B). However, substitution of the SL3 loop sequence in MS1 did not
affect either RNA dimerization or packaging (Fig. 3.3A, D, lane 4; Fig. 3.3B, F),
suggesting that the loop sequence itself is not required for either of these activities.

The negative effect of the MD1 mutation on RNA dimerization anci packaging may
be due to a destabilization of SL3 secondary structure. To address this issue, the base-

pairing of the stem structure was disrupted by the MS4 mutation (Fig. 3.1B), and the
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results show that this led to a decrease in overall levels of both viral RNA and dimeric
RNA (Fig. 3.3A, D, lane 7; Fig. 3.3B, F). Restoration of the base-pairing in the stem
structure by a compensatory mutation in MS5 (Fig. 3.1B) corrected these defects (Fig.
3.3A, D, lane 8; Fig. 3.3B, F). Therefore, SL3 not only acts as a packaging signal but also
affects RNA dimerization, and SL3 secondary structure must play a major role in each of
these activities.

The wild-type and mutant proviral constructs produced relatively similar amounts of
viral RNA within the cytoplasm (Fig. 3.3E), with the exception of MS2 (lane 5), which
may have been due to a difference in transfection vefﬁciency. Analysis of the viral RNA
expressed within the cells revealed that all mutants tested generated approximately 2-fold
ratios of genomic to spliced viral RNA transcripts. As for viral RNA encapsidated into
virions, wild-type HIV-1 packaged genomic RNA almost exciusively, while all mutants
encapsidated detectable levels of spliced RNA. Therefore, SL3 and the downstream
region play important roles in the specific packaging of full-length genomic RNA, with
concomitant exclusion of the spliced. This observation is consistent with a previous
report on this subject™.

We then coﬁmpared the thermostability of the mutant versus wild-type RNA dimers by
incubating RNA samples at different temperatures before separation on native agarose
gels. The results show that wild-type viral RNA dimers began to dissociate at 50°C and
were completely converted to monomers at 55°C (Fig. 3.4). Similar results were obtained
with RNA samples containing any of the MD1, MS1, MS4, or MS5 mutations (Fig. 3.4).
Apparently, RNA dimers within these mutant virus particles displayed similar

thermostability as did wild-type RNA dimers. Our mutant viruses can be ranked as
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Figure 3.3. Effects of various mutations on viral RNA dimerization and packaging.
(A) Viral RNA was prepared from mutant viruses MD1 to MD3 and MS1 to MS6 (lanes
1-9) and wild-type virus BH10 (lane 10), equivalent to 150 ng of p24 antigen, and
fractionated on native agarose gels, followed by Northern blot analysis. Dimers and
monomers are indicated on the left side of the gels. Results are shown from one
representative gel. (B) Band intensities of dimer and monomer signals were measured
using the NIH Image program, and relative levels for each construct were plotted. The
results represent pooled data from three Northern blots using virion-derived RNA from
three indepéndent transfections of each mutant. (C) Schematic illustration of the RPA
system used to quantify viral RNA, based on the strategy used by Clever and Parslow™".
Shown are the 5' LTR sequences including U3, R, US, and stem loops 1-4. Below are the
probe (569 nt) and the protected fragments that would be generated from the various viral
RNA and DNA sequences; these include DNA (486 nt); full-length genomic RNA (310
nt; Fig. 3.3D, upper band), spliced RNA (288 nt; Fig. 3.3D, middle band), and 3' LTR
sequence (243 nt; Fig. 3.3D, lower band) which serves as an internal control for total
viral RNA. '
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Figure 3.3. Effects of various mutations on viral RNA dimerization and packaging.
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Figure 3.3. (cont.) Effects of various mutations on viral RNA dimerization and
packaging. (D) RPA performed on virion-derived RNA from mutant MD1 to MD3 and
MS1 to MS6 (lanes 1-9) and wild-type BH10 (lane 11) viruses. An amount of viral RNA
equivalent to 25 ng p24 capsid Ag was annealed to 10° cpm of radiolabelled riboprobe,
digested with RNases specific for single-strand RNA, and protected fragments were
separated by 5% denaturing-PAGE. Transfection of the pSP72 cloning vector served as a
mock experiment (lane 10). A dilution series of wild-type RNA was analyzed to show the
linear range of the assay (25, 18.75, and 12.5 ng p24 in lanes 11-13, respectively). Wild-
type RNA equivalent to 50 ng of p24 was also anzilyzed to demonstrate that the assay was
not saturated at 25 ng p24 (lane 14). One representative gel is shown from two
independent experiments. (E) RPA performed on cytoplasmic RNA from transfections of
mutants MD1 to MD3 and MS1 to MS6 (lanes 1-9) and wild-type BH10 (lane 11) DNA
constructs as described in (D) using 250 ng of RNA. A 2X sample (500 ng) of
cytoplasmic RNA from transfection of wild type BH10 was analyzed to demonstrate that
the assay was not saturated at 250 ng RNA (lane 12). A sample containing 10 pg of yeastb
tRNA was used as a negative control (lane 13). One representative gel is shown from two
independent experiments. (F) Packaging levels of mutant viral RNA expressed as a
percentage of wild-type virus BH10 (arbitrarily set at 100%). The bar graph represents
data pooled from three Northern blots and two RPA gels using RNA from five

independent transfections of each mutant. -
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Figure 3.3. (cont.) Effects of various mutations on viral RNA dimerization and
packaging.
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Figure 3.4. Measurement of RNA dimer stability, Virion-derived RNA was treated at
different temperatures before electrophoresis on native agarose gels. Lanes 1-5 represent

incubations performed at 25°C, 40°C, 45°C, 50°C and 55°C, respectively.
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Figure 3.4. Measurement of RNA dimer stability.
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MS1>MS5>MS4>MD1 on the basis of overall RNA levels, dimer levels within virions,
and infectivity (summarized in Table 3.1).

Since we were interested in studying the effects of our mutations on viral RNA
dimerization as well as packaging, various amounts of viral RNA were loaded onto native
Northern blots based on equivalent amounts of virus. However, some of our mutants
displayed packaging defects, thus lower amounts of viral RNA from these mutants were
assessed by Northern blot than for wild-type virus. In order to test the possibility that the
dimerization defects seen in our mutants might indirectly result from a lower RNA
concentration, we performed a Northern blot on RNA from one mutant which showed a
packaging defect (i.e. MD1), along with wild-type BH10 RNA.

We loaded a series of diluted viral RNA samples equivalent to 300, 200, 100 and 50
ng of p24. The results show that dimer:monomer ratios for neither MD1 nor wild-type
viral RNA were affected by decreasing the amount of RNA loaded in the well;
approximately 85-90% of wild-type RNA was present as dimers regardless of the
quantity of viral RNA employed (Fig. 3.5A, B). A comparison of lanes 2 and 7 (Fig.
3.5A) also shows that an increase in the amount of mutant RNA did not enhance RNA
dimer levels. Thus, the dimerization defects seen on our gels are not an indirect result of

RNA concentrations.

3.5.2 Mutations in GA-rich RNA sequences at nt 325 to 336 significantly reduce

levels of both viral RNA dimerization and packaging
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Figure 3.5. Effects of RNA concentration on viral RNA dimerization. (A) A series of
RNA samples containing 300, 200, 100 and 50 ng of p24 equivalent of the MD1 mutant
(lanes 1-4) and wild-type BH10 (lanes 5-8) virus RNA were analyzed by native Northern
blotting. Dimers and monomers are iﬁdicated on the left side of the gels. (B) Band
intensities of dimer and monomer signals were measured using the NIH Image program,

and relative levels for each lane were plotted.
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Figure 3.5. Effects of RNA concentration on viral RNA dimerization.
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Previous findings have shown that a GA-rich RNA sequence downstream of the SL3
structure participates in viral RNA packaging®*"'%%, To assess the role of this RNA
sequence in viral RNA dimerization, we either deleted the four nt, i.e. 5’-GGAG-3’
[nt327 to 330], in construct MD2, or alternatively, changed them to 5’-CATC-3’ in
construct MS2 (Fig. 3.1A, B). The results of infection assays showed that both mutations
markedly decreased viral replication capacity in each of MT-2 and Jurkat cells, with MS2
displaying the greater effect of the two (Fig. 3.2A, B); this is potentially attributable to
the fact that MS2, unlike MD?2, inserted C and T bases as well as removing G’s and A’s,
thus diminishing overall GA content more effec;tively (Fig. 3.1A, B). Both MD2 and
MS2 reduced viral infectivity to lower levels than did either the MD1 or MS4 mutations
in SL3 (Fig. 3.2A, B).

We next assessed viral RNA packaging and dimerization in the MD2 and MS2
mutant viruses and found that both displayed significant reductions in lévels of viral
genomic RNA (Fig. 3.3D, lanes 2 and 5; and Fig. 3.3F). Over 50% of the viral RNA
present in MD2 viruses existed as monomers as did 60% of MS2 viral RNA (Fig. 3.3A,
lanes 2 and 5; and Fig. 3.3B). When RNA samples were heated at different temperatures
before analysis on native agarose gels, mutant RNA dimers of MD2 and MS2 dissociated
at approximately 50°C as did wild-type RNA (Fig. 3.4).

To further evaluate the role of the GA-rich sequence [nt 325 to 336] in RNA
dimerization, two Gs at nt positions 332 and 334 were substituted in construct MS6 (Fig.
3.1A, B). MS6 resulted in diminished viral infectiousness iﬁ both MT-2 and Jurkat cells,
(Fig. 3.2A, B) as well as significant reductions in RNA dimerization (Fig. 3.3A, lane 9;

and Fig. 3.3B) and packaging (Fig. 3.3D, lane 9; and Fig. 3.3F) as shown by native
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Northern blotting and RPA, respectively. The results of these experiments are
summarized in Table 3.1. Thus, the GA-rich sequence at nt 325 to 336 is required for

efficient viral RNA dimerization and packaging.

3.5.3 Additive effects of SL3 and GA-rich sequences on viral RNA packaging and

dimerization

We next mutated both SL3 and the GA-rich sequences by either combination of the
MD1 and MD2 deletions in construct MD3 or by recombination of the MS1 and MS2
mutations in construct MS3 (Fig. 3.1A, B). The MD3 deletion caused a further decrease
in viral infectivity in comparison with either MD1 or MD2 (Fig. 3.2A, B); similar
observations were made with the MS3 mutant virus (Fig. 3.2A, B). When virion-.derived
RNA samples were examined by native Northern blots, both the proportions of RNA
dimers as well as overall levels of viral RNA in the MD3 mutant were shown to be lower
than those observed in either MD1 or MD2 (Fig. 3.3A, D, lane 3 vs 1 and 2; and Fig.
3.3B, F). Thus, both SL3 and the GA-rich region must independently contribute to viral
RNA dimerization and packaging. Combination of both the MS1 and MS2 substitutions
in MS3 caused _reductions in RNA dimerization and packaging similar to those observed
in MS2 (Fig. 3.3A, D, lane 6 vs 5; and Fig. 3.3B, F), presumably because MS1 did not
affect RNA dimerization or packaging (Fig. 3.3A, D, lane 4; and Fig. 3.3B, F) (see Table
3.1 for summary). Viral RNA dimers from MD3 and MS3 viruses dissociated at

approximately 50°C, in similar manner as wild-type RNA dimers (Fig. 3.4).
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3.5.4 Mutation of the CU-repeats at nt 227 to 233 results in diminished levels of

RNA dimerization and packaging

Our data suggest that secondary structure, rather than specific SL3 RNA sequences, is
required for dimerization and packaging. Computer modeling studies have also predicted
that the GA-rich region binds to a segment of CU-repeats at nt 227 to 233 (Fig. 3.6A)'"},
and that the SL1, SL2, and SL3 RNA motifs exist as independent domains (referred to as
stems II, III, and IV in ref. 14). To test whether the defective RNA packaging and
dimerization that was caused by mutations in the GA-rich region had resulted from
destabilization of RNA-RNA interactions in this region, we replaced the CU-repeats at
this site by the sequence 5’-AGAG-3’ to generate conétruct BH-GA (Fig. 3.6A)"*°. The
results of native Northern blots éhowed that BH-GA contained reduced levels of viral
RNA (Fig. 3.6D), as well as a diminished proportion of dimerized RNA (Fig. 3.6B, lane
1; and Fig. 3.6C), suggesting that RNA-RNA interactions between the CU-repeats [nt
227 to 233] and the GA-rich sequences [nt 325 to 336] might be important for both viral
RNA packaging and dimerization.

To further understand the potential interactions between the CU-repeats [nt 227 to
233] and the GA-rich sequences [nt 325 to 336] and the importance of their interactions
in viral RNA packaging and dimerization, we analyzed the ldcal secondary structure
using the M-fold algorithm'®?*!, We found that both the BH-GA and the MS6 mutations
disrupted predicted base-paring between these sequences, but we were unable to design
satisfactory compensatory mutations for the BH-GA mutant that would restore local

base-pairing in this region, possibly because of the relatively large number of nucleotides
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Figure 3.6. Mutation of the CU-repeat RNA sequence [nt 227 to 233] affects viral
RNA dimerization and packaging. (A) Illustration of a structural domain formed by
viral RNA sequences from nt 227 to 335. This domain contains the SL.1, SL2, and SL3
RNA motifs and are isolated from other RNA structures by a stem formed by long range
interactions between two stretches of RNA sequences at nt 227 to 231 and nt 332 to 336
(14). The BH-GA mutation replaced the RNA stretch at nt 227 to 233 with sequence 5°-
AGAG-3’, and presumably disrupted the highlightéd stem. (B) Native Northern blots of
BH-GA (lane 1) and BH10 (lane 2) RNA derived from virus particles equivalént to 150
ng of p24 antigen. The intensities of RNA signals were measured using the NIH Image
program. Dimers and monomers are indicated on the left side of the gels. Results are
shown of one representative gel. (C) Band intensities of dimer and monomer signals were
~measured using the NIH Image prograrh, and relative levels for each construct were
plotted. (D) RNA packaging levels were expressed as a percentage of the wild-type virus
BHI10 (arbitrarily set at 100%). Results shown in (C) and (D) represent pooled data from

three Northern blots of three independent transfections of each mutant.
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Figure 3.6. Mutation of the CU-repeat RNA sequence [nt 227 to 233] affects viral
RNA dimerization and packaging.
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changed in BH-GA. However, we were able to restore putative stem base-pairing by
mutating the two Cs at nt 223 and nt 225 to a G and A, respectively, in the context of the
MS6 mutation (Fig. 3.7A, B). This newly generated mutation was termed MS7.
Surprisingly, native Northern blotting showed that the viral RNA dimerization defect was
not corrected despite the predicted restoration of base-pairing to a wild-type pattern (Fig.
3.7C, lane 2 vs 1; and Fig. 3.7D). Similarly, the packaging defect seen with the MS6
mutant was not overcome by the restoration of base-pairing in this region in MS7 (Fig.
3.7E). Data regarding these mutants are summarized in Table 3.1. It is likely that both the
CU-repeats and the GA-rich sequences are important for viral RNA packaging and

dimerization, but not necessarily through a direct base-pairing interaction.

3.5.5 Mutations in two stretches of G-rich sequences neither affect viral replication

nor viral RNA dimerization

Previous studies suggested that two stretches of G-rich sequences at nt 363 to 367 and
nt 405 to 409 contribute to viral RNA dimerization through formation of G-tetrad
structures'>'#%2, To determine whether these two RNA segments are involved in
genomic RNA dimerization, they were either individually mutated in constructs MG1 and
MG2 or simultaneously changed in construct MG12 (Fig. 3.1A). The substituted
nucleotides were designed such that relevant amino acids in MA were not altered. None
of the three mutations affected viral growth in either MT-2 or Jurkat cells (Fig. 3.8A, B).
In addition, wild-type levels of dimerized RNA were present in each of the MG1, MG2,

and MG12 mutant viruses (Fig. 3.9A, B, C; and Table 3.1). Therefore, the G-rich features
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Figure 3.7. Analysis of the putative RNA-RNA interactions between the CU-repeats
[nt 227 to 233] and the GA-rich sequences [nt 325 to 336]. (A) Illustration of a
structural domain formed by viral RNA sequences from nt 227 to nt 336. Nucleotides
changed in MS6 and MS7 are underlined. (B) Secondary structure models representing
the region shown in (A) for MS6, MS7, and wild-type BH10 based on the M-fold
algorithm'®*!, (C) Native Northern blots of MS6, MS7, and BH10 (lane 1-3) RNA
derived from virus particles equivalent to 150 ng of p24 antigen. The intensities of RNA
signals were measured using the NIH Image program. Dimers and monomers are
indicated on the left side of the gels. Results are shown from one representative gel. (D)
Band intensities of dimer and monomer signals were measured using the NIH Image
program, and relative levels for each construct were plotted. (E) RNA packaging levels
were expressed as a percentage of wild-type virus BH10 (arbitrarily set at 100%). Results

shown in (D) and (E) represent pooled data from three independent experiments for MS6
and BH10, and two for MS7.
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Figure 3.7. Analysis of the putative RNA-RNA interactions between the CU-repeats
[nt 227 to 233] and the GA-rich sequences [nt 325 to 336).
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Figure 3.8. Effects of the MG1, MG2, and MG12 mutations on viral replication.
Virus growth was monitored by infection of MT-2 cells (A) and Jurkat cells (B) followed

by measurement of RT activity in culture fluids at various times.
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Figure 3.8. Effects of the MG1, MG2,and MG12 mutations on viral replication.
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Figure 3.9. Effects of the MG1, MG2, and MG12 mutations on viral RNA
dimerization and packaging. (A) Native Northern blots were performed on MG1, MG2,
MG12 (lanes 1-3), and wild-type BH10 (lane 4) RNA derived from virus particles
equivalent to 150 ng of p24 antigen. The intensities of RNA signals were measured using
the NIH Image program. Dimers and monomers are indicated on the left side of the gels.
Results are shown from oﬁe representative gel. (B) Band intensities of dimer and
monomer signals were measured using the NIH Image program, and relative levels for
each construct were plotted. (C) RNA packaging levels were expressed as a percentage of
the wild-type virus BH10 (arbitrarily set at 100%). Results shown in (B) and (C)

represent pooled data from three independent experiments.
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Figure 3.9. Effects of the MG1, MG2,and MG12 mutations on viral RNA dimerization
and packaging.
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Table 3.1. Effects of various mutations on viral RNA packaging and dimerization

as well as replication.

Virus % Dimer * % Packaging® Replication®
MD1 45+3 68 £ 11 +++
MD2 44 +3 49+6 ++
MD3 36+5 51+8 +
MS1 78+ 1 8711 ++++
MS2 41+6 58+ 11 ++
MS3 43 +7 60+8 +
MS4 59+6 7510 +++
MS5 74 +2 79+8 ottt
MS6 62+6 61x11 +
MS7 66° 49° NDE
BH-GA 47 £ 11 63 +8 NDE
MGI1 79+6 8010 ++++
MG2 871 91+12 ++++ .
MGI12 84+3 91x9 ++++
BHI10 88+ 3 100 ++++

A Percentages of dimerized viral RNA relative to total amount of viral RNA as

determined by native Northern blot.

B Levels of viral RNA packaged expressed as a percentage of wild type BH10.
€ Replication capacity was scored based on infection studies performed in MT-2 and

Jurkat cells.

D All values represent means+ standard error for at least 3 independent experiments,
except for MS7 which include data from 2 experiments.

E ND denotes 'not determined'.
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Figure 3.10. Structural analysis of mutated and wild-type HIV-1 RNA sequences
spanning nt 1 to 360 on the basis of the M-Fold program'®®*!, Each point in a series
represents one possible structural prediction that the program generates. For sequences
300-400 nt in length, the program typically generates 12-15 possible structures and ranks
them based on free energy (AG) calculations. Structures representing each mutation were
divided into two groups based on the presence (¢) or absence (O) of the DIS (SL1)

motif, and their AG values are plotted.
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Figure 3.10. Structural analysis of mutated and wild-type HIV-1 RNA sequences

spanning nt 1 to 360 on the basis of the M-Fold program.
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of the RNA segments studied are important for neither viral replication, RNA

dimerization, nor packaging.
3.6 Discussion

Although the RNA packaging activities of SL.3 and GA-rich sequences [nt 325 to

336] have previously been reported™?”#7,3%:112,168,188

, our results provide further in vivo
evidence in this regard by measurements of viral RNA levels in the mutant viruses MD1
to MD3 and MS1 to MS6 (Fig. 3.3A-F). The data from our BH-GA, MS6, énd MS7
mutant viruses (Figs. 3.6, 3.7) further demonstrate that this GA-rich RNA segment is
important in the regulation of viral RNA packaging, but that its packaging activity may
not depend. on its interaction with a stretch of CU-repeats at nt 227 to 233. More
importantly, our native Northern blot results suggest that both SL3 and GA-rich
sequences are required for efficient RNA dimerization (Figs. 3.3A and B, 3.6B and C,
3.7C and D).

Of the four SL3 mutations studied, MD1 and MS4 caused a destabilization of SL3
structure and diminished levels of RNA dimerization; in contrast, M‘SI and MSS5
preserved SL3 structure and both maintained near wild-type levels of dimerization (Fig.
3.3A, B). These findings are consistent with other data showing that disruption of the
SL1 stem led to aberrant RNA dimerization, and that restoration of the stem structure by
compensatory mutations increased RNA dimerization to wild-type levels**°. Therefore,
intact secondary structures of both SL1 and SL3 are needed for efficient viral RNA

dimerization. Of these two RNA motifs, SL1 possesses a palindrome in the loop, the
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alteration of which affects RNA dimerization*'%2! [ contrast, replacement of the SL3
loop sequence did not interfere with viral RNA dimerization as long as the changes did
not disrupt the SL3 secondary structure (Fig. 3.3A, B). SL1 apparently regulates viral
RNA dimerization through its loop palindrome by a “kissing-loop” mechanism, while
SL3 affects dimerization in a manner that is independent of the loop sequence.

SL3 shows high affinity for HIV-1 Gag and NC proteins“. A nuclear magnetic
resonance (NMR) structure of a complex formed by NC and SL3 has recently been
resolved and has revealed specific interactions between these two molecules®’. We
speculate that these specific RNA-protein interactions, thought to guide viral RNA
packaging, may also be responsible for the role of SL3 in RNA dimerization.

We have shown that decreases in both RNA packaging and dimerization are the result
of mutation; in the SL3 and GA-rich regions (Figs. 3.3, 3.6, 3.7), but it is uncertain which
of these processes is affegted first. From a temporal perspective, studies with protease-
negative HIV-1 suggested that viral RNA is packaged as immature dimers®’, although
this may not be true for other retroviruses such as avian leukosis virus (ALV)*'%,
Interestingly, HIV-1 viral RNA may also be efficiently encapsidated in monomeric form
based on the following observations: 1. less extensive mutations of the SL1 loop (i.e. a G-
loop mutation) did not affect the viral RNA content but impaired RNA dimerization.>; 2.
compensatory mutations in Gag proteins (i.e. MP2 and MNC substitutions) restored viral
replication and viral RNA packaging to near wild-type l‘evels but did not correct defective
viral RNA dimerization that was caused by deletion of the DIS“B; 3. mutated viruses
carrying a duplicated DIS contained wild-type levels of viral RNA, of which the majority

were present as monomers>-©>’; 4. alteration of Gag/Gag-Pol ratios in virions reduced
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viral RNA dimer stability without decreasing levels of virion RNA content**’

. Therefore,
wild-type RNA packaging can occur in the absence of efficient RNA dimerization.

In contrast, virus particles are able to encapsidate two copies of viral RNA despite
decreased packaging efficiency. When basic amino acids that flank the zinc finger motif
of NC were changed to neutral amino acids in Moloney murine leukemia virus
(MoMuLV), RNA packaging was decreased; however, the viral RNA was still mainly
dimeric'??. Similar observations have been made with HIV-1'>3. Therefore, RNA
packaging and dimerization can be either individually or simultaneously affected by
different mutations. Further studies are needed to determine which activity is affected
first in the mutant viruses described herein.

In an attempt to further understand the role of the GA-rich sequences in the
dimerization and packaging processes, we performed stem disruption/restoration
mut.agenesis experiments with the CU-repeats [nt 227 to 233] and GA-rich sequences [nt
325 to 336] to determine whether they are involved in a direct RNA-RNA interaction as
depicted in Fig. 3.7A. Based on our dimerization data, both of these regions are important
for viral RNA packaging and dimerization. However, despite the seemingly stable
secondary structure predictions generated with the M-fold program, our MS7
compensatory mutation, which would theoretically restore base-pairing in this region, did
not correct the packaging and dimerization defects seen with the MS6 mutant. These
results suggest that the mechanism by which these sequences are involved in dimerization
and packaging may not be through direct RNA-RNA interactions between these

sequences.
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Interactions between the CU-repeats [nt 227 to 233] and GA-rich sequences [nt 325
to 336] have been proposed on the basis of computer modeling and in vitro probing
experiments, in which the RNA structure thus formed was referred to as stem I''!,
However, the sta‘bility of stem I was questioned, as reactivity of G's in this region with
kethoxal suggests that they are unpaired. On this basis, it was concluded that stem I may
exist transiently or in equilibrium with an unpaired state. It is possible that the CU-
repeats [nt 227 to 233] and GA-rich sequences [nt 325 to 336] may bind to other RNA
regions as well, and thus regulate viral RNA dimerization and packaging. Alternatively,
they may be involved in more than one type of RNA-RNA interaction. For example,
recent in vitro data suggest that the HIV-1 leader RNA can form alternate structures that
are proposed to regulate RNA dimer formation®'?2. Although these models have been
generated using synthetic RNA transcripts, that for the most part do not include SL3, and
await in vivo confirmation, it might be interesting to consider the involvement of SL3
and/or GA-rich sequenc‘es in these conformational switches with respect to dimerization
and/or packaging.

The mutations we have generated in SL3 and the GA-rich region may also have
disrupted DIS structure and indirectly affected RNA dimerizatiqn. Although structural
studies of synthetic viral RNA fragments will provide insight on this topic, the putative
effects of our mutations on DIS structure can also be assessed by the M-Fold
program'®%?°!, We have divided predicted structures representing each mutation into two
groups, based on the presence or absence of the DIS motif, and plotted AG values
apcordingly (Fig. 3.10). In the case of wild-type viral RNA, structures containing a DIS

are preferable due to their low AG values. For MS1 and MS5, in which SL3 structure was
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preserved, secondary structures containing a DIS were also strongly favored. In the cases
of MD1 and MS4, structures containing a DIS tended to show AG values lower than
those lacking a DIS. Therefore, mutations in SL3 may have affected RNA dimerization
without a corresponding influence on DIS structure. In contrast, the MD2, MS2, and MS6
mutations in the GA-rich region failed to yield DIS-containing structures with favorable
AG values (Fig. 3.10). This suggests that these mutations impacted adversely on
formation of the DIS structure that, in turn, led to defective RNA dimerization and
packaging. Since as few as two nt alterations in MS6 can alter DIS structure, we believe
that more extensive GA-rich sequences at nt 325 to 336 may be essential in preserving
the integrity of the HIV-1 RNA leader region and in presenting the DIS RNA motif for
dimerization.

Purine-quartet structures were also proposed to play a role in RNA dimerization as
shown by in vitro studies performed with synthetic viral RNA fragments %1862
However, virion-derived RNA dimers are not stabilized by potassium, which in general,
enhances purine-quartet structures’ . Furthermore, interruption of the G-rich region at nt
817 to 821 in HIV-1 did not affect viral RNA dimerization'®. Finally, as shown here,
mutations in two stretches of G-rich sequences did not impact on viral RNA dimerization
or packaging, confirming that purine-quartets are not be involved in these processes.

In summary, our data provide evidence for the involvement of RNA packaging
signals, that are located downstream of the 5' SD site, in HIV-1 RNA dimerization. These
findings support the notion that multiple RNA elements may be needed for RNA

dimerization in retroviruses, as was recently demonstrated in MLV'7%21° Since SL3
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exhibits high affinity for NC protein, it is proposed that this RNA element may regulate

HIV-1 RNA dimerization via interactions with NC.
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CHAPTER 4

DELETION OF STEM-LOOP 3 IS COMPENSATED FOR BY SECOND-SITE
MUTATIONS WITHIN THE GAG PROTEIN OF HUMAN

IMMUNODEFICIENCY VIRUS TYPE 1

This chapter was adapted from an article that appeared in Virology, 2003, 314(1):221-
8. The authors of this paper were L. Rong, R.S. Russell, J. Hu, M. Laughrea, M.A.
Wainberg, and C. Liang. This project was originally initiated by L. Rong; however, I
contributed all of the dimerization results presented herein, therefore Liwei and I are
listed as co-first authors. The work was supervised by Drs. Liang and Wainberg. J. Hu
and Dr. Liang constructed some of the‘plasmids and performed some of the virus
replication analyses. Dr. Laughrea critiqued the manuscript and offered suggestions for

revision.

141



4.1 Preface to Chapter 4

As mentioned in Ch. 1, previous work by Chen Liang showed that defects observed in
HIV-1 DIS deletion mutants were compensated by compensatory point mutations in
Gag'®"'%. This work was then extended by a former PhD student in our lab, Liwei Rong,
who made similar deletion mutants in SL3, the major packaging signal, and performed
forced evolution studies in order to identify putative interactions between Gag and SL3
RNA sequences. In line with our other studies'®"'®® (and Ch. 2), she also found point
mutations in Gag that restored replication capacity to SL3 deletion mutants. However,
these point mutations were located in different positions than those seen in previous
studies, implying that Gag may bind differently to SL3 than to SL1 and the GU-rich
sequences reported in Ch. 2.

By that time, I had established RNA dimerization assays, and had results suggesting
that SL3 sequences were not only required for RNA packaging, but also for RNA
dimerization (Ch. 3). Therefore, we decided to study the effects of Liwei’s SL3 mutations
on HIV-1 RNA dimerization, and to test whether the second-site mutations she identified
in culture were able to correct any dimerization defects that might be observed in these .

SL.3 mutant viruses.
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4.2 Abstract

Encapsidation of human immunodeficiency virus type 1 (HIV-1) RNA involves
specific interactions between viral Gag proteins and viral RNA elements located at the 5’
untranslated region (UTR). These RNA elements are termed packaging (¥) or
encapsidation (E) signals and mainly comprise the stem-loop 1 (SL1) and SL3 RNA
structures. We have previously shown that deletion of the SL1 sequences is compensated
by second-site mutations within Gag. Similar studies are now extended to SL3 and the
results demonstrate that deletion of this RNA structure is rescued by two point mutations,
i.e. A11V in p2 and 112V in nucleocapsid '(NC). These two compensatory mutations are
different from those associated with the rescue of SL1 deletion, suggesting that SL1 and
SL3 may bind to different residues of Gag during viral RNA packaging. Analysis of
virion-derived RNA iﬁ native agarose gels shows that deletion of SL3 leads to decreases
in both viral RNA packaging and dimerization. These defects are corrected by the
compensatory mutations A11V and I12V. Yet, defects in viral RNA dimerization at an
early stage that were caused by the SL3 deletion in the context of a viral prdtease-
negative rhutation cannot be overcome by these two suppressor mutations. Therefore, the
positive effects .of A11V and I12V on dimerization of the SL3-deleted RNA must have

taken place at the maturation stage.
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4.3 Introduction

Human immunodeficiency virus type 1 (HIV-1) selectively packages full-length viral
 RNA as its genome over a high background of cellular RNA in the cytoplasm. This
process involves specific binding of HIV-1 Gag proteins to cis-acting viral RNA
elements, termed ¥ or encapsidation (E) signals. Early mutagenesis studies have mapped
the E signals to a region located between the 5° major splice donor (SD) site and the 5’
portion of the gag gene; this region was subsequently shown to contain two RNA stem-
loop (SL) structures, termed SL3 and SL4>748!13151.18 "Eyrther studies revealed that
RNA sequences lécated upstream of the 5’ SD site also affected RNA packaging'** these
include the TAR structure, the poly(A) hairpin, the US-PBS RNA complex, and
Q1 52:62:63,109,164,187-189
The nucleocapsid (NC) sequences of Gag protein function in trans to recognize the E
signals and thereby direct RNA packaging5’29’31’74’223. Of the multiple RNA structures
- within the 5’ non-coding RNA leader region, SL1, SL3 and SL4 bind to NC with high
affinity, as shown by in vitro binding assayszg’”"m’235 . In contrast, the TAR, U5-PBS, and
poly(A) elements display low affinity for NC and thus may indiréctly participate in RNA
packaging by regulating viral RNA metabolism or by helping to correctly present the
SL1, SL3 and SL4 structures to NC®, |
" Aside from its role in viral RNA packaging, SL1 has also been defined as the
dimerization initiation site (DIS). This function of SL1 is attributable to the palindrome
feature of its loop sequence which can trigger dimer formation through “Watson-Crick”

. 49,147,149,184,201,203,204,213215, : : TR
basepairing**'*""! 1,203204213.215251 The importance of SL1 in RNA dimerization is
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also supported by experiments using mutated viral RNA derived from virus
particles**%108151.248 'yye have previously deleted the SL1 sequences in the context of
full-length viral RNA genome and observed severe defects in both viral RNA packaging
and dimerization®*®, Long-term culture of the mutated viruse§ in permissive cells led to
isolation of compensatory mutations within Gag protein that restored viral infectivity to
near wild-type levels'®'. Further analysis indicated that these compensatory mutations
corrected the deficient viral RNA packaging but not RNA dimerization®®. It is thus
proposed that viral RNA can be packaged at high efficiency in the monomeric form.

SL3 represents another major RNA packaging signal’’. We have recently shown that
disruption of the SL3 structure affected both RNA packaging and dimerization™>. In
order to further understand the mechanisms underlying the regulatory roles of SL.1 and
SL3 in HIV-I RNA packaging and dimerization, we have conducted a compensation
study to determine the second-site mutations that can rescue the deleted SL3 sequences.
The results show that the suppressor mutations for the SL3 deletion are different from
those for the SL1 deletion, indicating that SL1 and SL3 may bind to Gag proteins in

different ways during encapsidation of viral RNA.
4.4 Materials and Methods
4.4.1 Plasmid construction

The BH10 infectious HIV-1 ¢cDNA clone was employed as starting material.

Mutagenesis studies were performed on the basis of polymerase chain reactions (PCR)
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using Pfu enzyme with 3’ to 5’ proof-reading activity (Stratagene, La Jolla, CA). The
primers used were purchased from Invitrogen (Burlington, Ontario, Canada). The A(306-
325) deletion was engineered through use of primer pairs pASL3(5’-
CTGAAGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGGTGAGTACGCCAA
AAAAAGGAGAGAGATGGG-3’ [nt 252 to 340])/pAPA-A(5’-CCTAGGGGCCCTGC
AATTTCTG-3’ [nt 1562 to 1541]). The PCR products were digested with restriction
enzymes BssH 11 and Apa I (Invitrogen) and used to replace the same regions in BH10.
The A11V amino acid substitution in p2 was created using a PCR-Script Amp
cloning kit (Stratagene) through wuse of primers p2-S2 (5’-
GTAACAAATTCAGTTACCATAATGATGCAG-3’ [nt 1443 to 1472])/p2-A2 (5-GCA
TCATTATGGTAACTGAATTTGTTACTTGG-3’[nt 1470 to 1439]). The 112V mutation
in the NC sequence was engineered by PCR using primer pair pE (5’-
GGAACCAAAGAAAGGTTGTTAAGTGTTTC-3’ [nt 1486 to 1514])/pNC-A (5°-
TTAGCCTGTCTCTCAGTACAATC-3’[nt 1630 to 1608]). The PCR product was used
as a primer in a second round of PCR together with pfimer pSph-S (5°-
AGTGCATCCAGTGCATGCAGGGCC-3’[nt 977 to 1000]). The final PCR product was
digested with Sph I and Apa I and inserted into A(306-325). The positions of primers are

in relation to the first nt of the 5’ R region. The mutations generated were confirmed by

sequencing.

4.4.2 Cell culture, transfection and infection
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COS-7 and MT-2 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI 1640 medium, respectively, supplemented with 10% fetal calf serum
(Invitrogen). Transfection of COS-7 cells was performed with Lipofectamine
(Invitrogen). Progeny virus in culture fluids were collected 48 hours after transfection
and quantified by measuring levels of HIV-1 CA (p24) antigen (Ag) by enzyme-linked
immunosorption assays (ELISA) (Vironostika HIV-1 Antigen Microelisa System,
Organon Teknika Corporation, Durham, NC).

Viruses containing 3 ng of p24 were used to infect 5x10° MT-2 cells in 2 ml RPMI
1640 medium. After 2 hours, cells were washed twice to remove unbound viruses and
were grown in 10 ml complete medium. Growth of viruses was monitored by measuring

reverse transcriptase (RT) activity of culture fluids at various times.
4.4.3 Analysis of viral proteins

COS-7 cells were transfected for 20 hours, followed by starvation in DMEM without
Met and Cys at 37°C for 2 hours. Total cellular proteins were then radiolabeled by [>°S]-
Met and [*°S]}-Cys (ICN, Irvine, CA) at a concentration of 0.1mCi/ml for 30 min at 37°C.
The labeled cells were either lysed immediately after labeling or cultured for an
additional hour in complete DMEM before being lysed in NP-40 lysis buffer. Cell lysates
were incubated with monoclonal antibodies (MAbs) against HIV-1 p24 and the Ag:MAb
complexes were absorbed with protein A-linked Sepharose 4B (Amersham Pharmacia
. Biotech., Baie d’Urfe, Quebec, Canada). After extensive washing, the

immunoprecipitated viral proteins were fractionated on sodium dodecyl sulfate (SDS)-
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12% polyacrylamide gels and visualized by exposure to X-ray films (Kodak, Rochester,
NY). The [*°S] labeled virus particles in the culture fluids were collected through
centrifugation and directly analyzed by running on sodium dodecy! sulfate (SDS)- 12%

polyacrylamide gels.
4.4.4 Analysis of viral RNA by Northern blots

Progeny viruses generated by transfected COS-7 cells were first clarified by
centrifugation in a Beckman GR-6S centrifuge at 3,000 rpm for 30 min at 4°C and then
pelleted through a 20% sucrose cushion by ultracentrifugation in a Beckman X1L-80
ultracentrifuge using an SW41 rotor at 40,000 rpm for 1 hour at 4°C. Virus pellets were
suspended in 300 ul of TN buffer, a 2 pl portion was removed for p24 determination, and
the remaining viruses were digested with 100 pg/ml protease K in the presence of 1%
SDS, 10 mM EDTA, 100 mM NaCl, and 50 pug of yeast tRNA for 20 min at 37°C.
Samples were then extracted twice with phenol:chlorophorm:isoamlyalcohol (25:24:1)
and once with chlorophorm. Viral RNA was precipitated in 2.5 volumes of 95% ethanol.
RNA pellets were washed with 70% ethanol and dissolved in TE buffer. An amount of
viral RNA equivalent.to 150 ng of HIV-1 p24 was electrophoresed on 0.9% native
agarose gels in 1XxTBE buffer at 100 volts for 4 hours at 4°C. The RNA was then
transferred to a nylon membrane and analyzed by Northern blots using [**P]-o-dCTP
(ICN) labeled HIV-1 DNA probes. To determine the thermostability of viral RNA

dimers, RNA samples were treated at various temperatures (e.g. 40°C, 45°C, 50°C and
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55°C) for 10 'min in a buffer containing 100 mM NaCl before being separated on native
agarose gels.

In order to assess the expression of both full-length and spliced forms of viral RNA,
total RNA was extracted from transfected COS-7 cells and separated on 1% agarose gels
containing formaldehyde as a denaturant. RNA molecules were then transferred onto a

nylon membrane and hybridized to HIV-1 probes as described above.
4.4.5 Identification of second-site mutations

MT-2 cells that had been infected with mutated viruses were cultured for prolonged
periods until formation of syncytia and high levels of RT activity were observed. The
infectious virus particles were further used to infect fresh MT-2 cells until wild-type
replication kinetics were seen. Cellular DNA was then extracted from infected MT-2
cells and subjected to P_CR and sequencing to identify newly emerged second-site

mutations in proviral DNA'®!,
4.5 Results

4.5.1 Long-term culture of the A(306-325) mutated viruses in MT-2 cells leads to

the appearance of suppressor mutations in the gag coding region

HIV-1 RNA sequences at nt 306 to 325 were deleted to remove the SL3 structure; the

construct thus generated was termed A(306-325) (Fig. 4.1A). On the basis of the structure
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prediction by the M-fold program'**?!

, this deletion does not disrupt the flanking RNA
secondary structures including SL1 and SL2 (Fig. 4.1B). Following transfection of COS-
7 cells, the mutated DNA construct A(306-325) generated wild-type levels of full-length
as well as spliced viral RNA as shown by the results of Northern blots (Fig. 4.1C). This
indicates that the SL2 RNA' structure, which contains the splice donor signal, is not
affected by the A(306-325) deleﬁon and thus allows normal splicing of viral RNA. In
support of these results of viral RNA analysis, wild-type levels of both intracellular Gag
proteins and extracellular virus particles were detected after transfection of this mutated
DNA construct into COS-7 cells (Fig. 4.1D).

The infectivity of the virus particles that were generated either by the wild-type BH10
or the mutated A(306-325) DNA constructs was then studied through infection of MT-2
cells. The results show that growth of the A(306-325) mutant viruses was significantly
delayed in comparison to the wild-type virus (Fig. 4.2A). The mutated viruses were
further cultured in MT-2 cells over multiple passages until wild-type replication
phenotypes were observed. Séquencing of proviral DNA at this stage indicated the
retention of the original SL3 deletion and the emergence of novel second-site mutations
in the gag coding région, i.e. an A11V amino acid substitution in p2 and an 112V amino
acid substitution in NC (Fig. 4.2B). In addition, insertions of a number of As were seen
between nt positions 305 and 306 in the non-coding RNA leader fegion. Site-directed
mutagenesis experiments were then performed to insert these second-site mutations into
the A(306-325) construct in order to determine whether these new mutations were
sufficient and necessary to restore the infectivity of A(306-325) to wild-type levels. The

results of infection assays showed that the A11V mutation in p2 markedly increased the
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Figure 4.1. Analysis of the A(306-325) deletion mutant. (A) Schematic illustration of
the A(306-325) deletion. Deleted sequences are indicated by dash lines. RNA secondary
structures are shown for SL3. LTR: long terminal repeat; SD: splice donor. Numbering of
nucleotides refers to the first nt in the R region. (B) Effects of the A(306-325) deletion on
viral RNA secondary structures. Both the wild-type BH10 and the A(306-325) mutated
HIV-1 RNA sequences, spanning nucleotide positions 243 to 361, were subjected to
secondary structure analysis through use of the M-fold program'®?°!, Locations of the
SL1, SL2 and SL3 structures are indicated. (C) Expression of viral RNA within
transfected COS-7 cells. Total RNA was prepared from COS-7 cells that had been
transfected with either the BH10 or A(306-325) DNA constructs, followed by separation
on agarose gels. Northern blotting was performed to detect viral RNA through use of
HIV-1 specific probes. The full-length (9.2kb) as well as spliced (4kb and 2kb) forms of
viral RNA are indicated on the right side of the gels. (D) Expression of viral proteins and
production of virus particles. Transfected COS-7 cells were subjected to metabolic
labeling through use of [>°S]-Methionine and [*°S]-Cysteine. The intracellular Gag
protein and its derivatives were detected by immunoprecipitation using anti-HIV-1 p24
antibodies. [>>S]-labeled virus particles in the culture fluids were directly assessed on
SDS-12% PAGE and visualized by exposure to X-ray films. Positions of the protein
markers (kD) are indicated on the right side of the gels.
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Figure 4.1. Analysis of the A(306-325) deletion mutant.
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Figure 4.2. Compensation of the crippled replication of the A(306-325) mutated
viruses by second-site mutations within the Gag protein. (A) Replication of mutated
and wild-type viruses in MT-2 cells. Virus growth was monitored by measuring RT
activity of culture fluids at various times. Mock infection represents exposure of MT-2
cells to heat-inactivated wild-type viruses. (B) Second-site mutations identified in the
A(306-325) mutated viruses after long-term culture in MT-2 cells. The changed amino
acid residues in the p2 and NC domains are underlined. The arrow indicates the protease

cleavage site between p2 and NC.
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Figure 4.2. Compensation of the crippled replication of the A(306-325) mutated
viruses by second-site mutations within the Gag protein.
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infectiousness of A(306-325); the 112V mutation alone barely augmented viral
replication, but could synergistically increase viral growth together with A11V (Fig.
4.2A). The addition of A residues did not increase the infectivity of A(306-325), either
alone or together with A11V and I12V (data are shown only in regard to the addition of
12 As) (Fig. 4.2A). Therefore, second-site mutations in both p2 and NC apparently

played key roles in rescue of the defective replication of A(306-325).

4.5.2 The A11V mutation in p2 and the I12V mutation in NC increase levels of

"~ RNA packaging and dimerization in the A(306-325) mutated viruses

SL3 is known to direct specific packaging of HIV-1 genomic RNA. Thus, we
hypothesize that the A11V and 112V mutations must have overcome deficits in packaging
caused by the A(306-325) deletion. To test this hypothesis, viral RNA was prepared from
virus particles through protease K digestion and phenol:chlorophorm extraction in the
presence of 100 mM NaCl, fractionated on native agarose gels, and analyzed by Northern
blotting. The results showed that the A(306-325) deletion led to severe reductions not
only in the levels of total viral RNA but also in the relative levels of dimeric RNA (Fig.
4.3, lane 1). Following combination with the A(306-325) deletion, A11V gave rise to a
measurable increase of viral RNA levels (Fig. 4.3, lane 2), while the 112V mutation alone
was not effective in this regard (Fig. 4.3, lane 3). However, A11V and 112V together
restored viral RNA packaging in A(306-325) to wild-type levels and also significantly

increased dimer contents in the mutant virus particles (Fig. 4.3, lane 4). Therefore, A11V
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Figure 4.3. Effects of the A11V and I12V second-site mutations on deficient RNA
packaging and dimerization of A(306-325). Viral RNA was prepared from virus
particles by phenol-chlorophorm extraction. An amount of viral RNA equivalent to 150
ng of p24 (CA) antigen was loaded onto native égarose gels for each construct. Following
electrophoresis, viral RNA was transferred onto nylon membranes and further detected
by HIV-1 DNA probes. Positions of dimers and monomers are indicated on the left side
of the gels. Intensities of RNA signals were calculated using the NIH Image program and
the results are summarized in the graph. The total levels of wild-type RNA in BH10 were
arbitrarily set at 100. The relative proportion of dimers for each construct was also
determined and the results are shown in the graph. The data shown are from one

representative experiment.
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Figure 4.3. Effects of the A11V and 112V second-site mutations on deficient RNA

packaging and dimerization of A(306-325).
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and 112V acted synergistically to rescue the deficient RNA packaging and dimerization in
A(306-325).

We also examined the effects of additional inserted As on viral RNA dimerization
and packaging in A(306-325). The results of Fig. 4.3 show that neither 9 nor 12 As,,
inserted at nt 305, led to any increase in the total levels of A(306-325) RNA (lanes 5 and
6). However, insertion of 15As restored wild-type RNA packaging; yet, the majority of
viral RNA exhibited a monomeric form (lane 7). Again, the A11V and 112V mutations
were jointly able to overcome most of the deficits in RNA packaging and dimerization
caused by the A(306-325) deletion in the presence of the inserted 15 As (lane 8).

We next asked whether the correcfed RNA dimers in the A(306-325)-A11V-112V
recombinant viruses possessed wild-type thermostability. To pursue this subject, viral
RNA samples were treated at various temperatures in the presence of 100 mM NaCl
before separation on native agarose gels. We first examined dimers retained in the A(306-
325) mutated viruses. The results of Fig. 4.4 show that these RNA dimers dissociated
over a range of temperatures similar to those seen with wild-type dimérs. When the
A(306-325)-A11V-112V RNA dimers were analyzed, the same dissociation temperatures
were again observed (Fig. 4.4). Therefore, the A(306-325) dimers that were formed in the

presence of A11V and 112V mutations exhibit wild-type thermostability.
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Figure 4.4. Thermostability of RNA dimers prepared from the A(306-325), A(306-
325)-A11V-112V and BHI10 viruses. Viral RNA samples were treated at different
temperatures (i.e. 40°C, 45°C, 50°C and 55°C) in a buffer containing 100 mM NaCl prior

to separation on native agarose gels.
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Figure 4.4. Thermostability of RNA dimers prepared from the A(306-325),
A(306-325)-A11V-112V and BH10 viruses.
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Figure 4.5. Effects of the A(306-325) deletion on RNA dimerization in the PR’ virus.
Construct A(306-325)-R-PR’ contains the A(306-325) deletion, the second-site mutations
A11V and 112V, as well as PR mutation D25A.
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Figure 4.5. Effects of the A(306-325) deletion on RNA dimerization in the PR- virus.
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4.53 The A11V and I12V substitutions do not correct defective RNA dimerization

caused by the A(306-325) deletion in the context of protease-negative viruses

HIV-1 RNA is initially packaged as immature dimers that are further converted into
mature forms upon release of the NC protein by protease (PR) cleavage of the Gag
protein’'. The immature dimers are readily detected within the protease-negative virions
and exhibit a slightly slower mobility during electrophoresis as well as lower stability in
comparison to the mature dimers that are associated with the wild-type mature virus
particles. We wished to determine whether the A(306-325) deletion had exerted adverse
impacts on dimerization at the immature dimer stage. To pursue this subject, the A(306-
325) deletion was combined with a point mutation D25A that eliminates the enzymatic
activity of the HIV-1 PR?*®, and the construct thus generated was termed A(306-325)-PR".
The D25A substitution was also inserted into wild-type BH10 to generate BH-PR'. In the
case of BH-PR, a significant amount of viral RNA was observed as immature dimers that
migrated at a slower rate than did the wild-type RNA dimers in BH10 (Fig. 4.5). This
indicates that the immature dimers are in a relatively loose conformation compared to the
mature dimers®'. In contrast, RNA derived from A(306-325)-PR’ virus was present almost
exclusively in monomeric form (Fig. 4.5). These findings suggest that the A(306-325)
RNA is defectivé in the formation of immature dimers during virus assembly.

Next, we asked whether the compensatory mutations A11V and I12V were able to
correct this early dimerization defect. Accordingly, A_(306-325), A11V, and 112V were
combined with the PR mutation D25A to yield-a consfruct A(306-325)-R-PR". The results

showed that levels of RNA immature dimers in this latter virus were drastically lower
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than those associated with BH-PR (Fig. 4.5). These data, together with those shown in
Fig. 4.3, lead to the conclusion that rescue of deficient dimerization by A11V and 112V

must have taken place during viral maturation following PR cleavage.

4.6 Discussion

In the present study we have identified two second-site mutations within the Gag
protein that can rescue the deleted SL3 sequences. Interestingly, the two mutations, i.e.
Al11V in p2 and I12V in NC, are distinct from those previously characterized for the
deleted SL1 sequences which include substitutions T121 in p2 and T241 in NC'®'. This
difference suggests that even though both SL1 and SL3 participate in RNA packaging via
binding to Gag*®, the detailed RNA-protein interactions may vary. In support of this
notion, the A11V and 112V mutations could not rescue the SL1-deleted viruses in regard
to its crippled viability as well as defective RNA packaging and dimerization (data not
shown). |

Compensation of the deleted SL1 and SL3 sequences by their relevant suppressor
mutations involves restoration of wild-type RNA packaging. Yet, in contrast to mutations
A11V and 112V that also corrected the defective dimerization caused by the deleted SL3
sequences, mutations T12I and T241 could not fix the defective dimers associated with

248

the deleted SL.1 sequences™ . Thus, SL1 and SL3 may regulate viral RNA dimerization

via distinct mechanisms. Results of cell-free assays show that SL1 is able to form dimers
spontaneously without the assistance of any viral or cellular proteins by virtue of its

49,147,149,184,201,203,204,213,215,251,

palindrome loop sequence ; in contrast, short synthetic viral
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RNA fragments containing the SL3 sequence do not dimerize’®. Antisense DNA
oligonucleotides, targeting either SL1 or SL3, were able to block dimerization of
synthetic viral RNA fragments. However, the SL3-antisense molecules bound to RNA
dimers while the SL1-antisense molecules did not, perhaps because SL1 already forms
“Watson-Crick” base-pairs within dimers and SL3 may have been involved in other types
of molecular interactions™,

Rescue of the deleted SL3 sequences by second-site mutations in p2 (A11V) and NC
(I12V) involve increases in the levels of both RNA packaging and dimerization. It is thus
possible that increased dimerization is a result of optimized RNA packaging. Although
we cannot rule out this possibility at this stage, studies performed with PR-negative
viruses indicate that the A11V and 112V mutations cannot rescue defective immature
dimers caused by the A(306-325) deletion (Fig. 4.5). Together with the fact that these two
substitutions can increase packaging of A(306-325) RNA to wild-type levels (Fig. 4.3),
we conclude that to the least extent, the early defects in dimerization caused by A(306- '
325) prior to PR cleavage are irrelevant to the deficient packaging of A(306-325) RNA.

Since SL1 and SL3 are closely located within viral RNA genome, it is possible thét
deletion of SL3 may have interfered with the folding of the SL1 structure, and thereby
indirectly affected dimerization. This seems unlikely, since the results of RNA secondary
structure prediction by the M-Fold program show that deletion of SL3 still allows the
correct folding of SL1 as well as the other structures within the non-coding RNA leader
region (Fig. 4.1B). Therefore, although results of éomputer modeling need to be further

verified by structural probing experiments, it is highly possible that the A(306-325)

165



deletion may have disturbed RNA dimerization through mechanisms other than
disruption of the SL1 structure.

We hypothésize that the involvement of SL3 in RNA dimerization may be related to
its NC-binding activity?®****?>>. NC has been shown to promdte dimerization of

synthetic viral RNA fragments %%

, and mutations within NC zinc finger motifs led to
deficient viral RNA dimerization within virions'>’. Therefore, the role of SL3 in
dimerization may partially be due to its function in the specific recruitment of NC onto
viral RNA.

Notably, compensation of mutated RNA packaging signals (e.g. SL1 or SL3) involves
second-site mutations in the p2 sequence (e.g. T121 and A11V); this indicates a potential
role of p2 in recognition of viral RNA during viral assembly. Indeed, presence of HIV-1
p2 sequence, together with NC, in an HIV-1/HIV-2 chimeric virus significantly augments
specific packaging of HIV-1 RNA; this constitutes the first evidence that p2 may play
important roles in HIV-1 RNA packaging''.

Together with our previous findings obtained with the deleted SL1 sequences'®', this
study further demonstrates that HIV-1 is capable of surviving partially removed RNA
packaging signals by modifying the Gag sequences. Presumably, these modified Gag
proteins must have possessed wild-type levels of binding affinity for the mutated viral

RNA and thus restored wild-type RNA packaging.
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CHAPTER 5

EFFECTS OF A SINGLE AMINO ACID SUBSTITUTION WITHIN THE P2
REGION OF HUMAN IMMUNODEFICIENCY VIRUS TYPE 1ON

PACKAGING OF SPLICED VIRAL RNA

This chapter was adapted from an article that appeared in Journal of Virology, 2003,
77(24):12986-95. The authors of this paper were R.S. Russell, A. Roldan, M. Detorio, J.
Hu, M.A. Wainberg, and C. Liang. All data presented in this chapter, except for those
related to CBMC infections (M. Detorio), were from experiments performed by myself
under the supervision of Drs. Liang and Wainberg. J. Hu and Dr. Liang constructed some
of the plasmids used. Df. Roldan offered valuable suggestions for revision of the

manuscript, and provided one of the plasmids used in this study.
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5.1 Preface to Chapter 5

The work outlined in Ch. 5 was actually the first project that I started when I joined
the lab. As mentioned in Ch. 1, I was interested in the mechanism of the compensatory
point mutations that Dr. Liang had identified in the context of DIS deletion mutants'¢"'¢?,
In an attempt to characterize the underlying mechanism of these compensatory mutations,
we designed two other DIS mutations, and combined these with various combinations of
the compensatory mutations previously identified. I then set up the RNA dimerization
assay for the purpose of analyzing the effects of these point mutations on dimerization of
viral genomic RNA. However, despite much work and frustration, the mechanism of
these point mutations still eluded us. Therefore, we used the RNA dimerization assay to
generate the data described in the previous three chapters.

However, 1 was still interested in the underlying mechanism employed by these
compensatory point mutations. So I later returned to this project, and with the help of
Véronique Bériault and Ariel Roldan, set up the RNase Protection Assay used in our lab.
Using this assay, we planned to more accurately determine the effects of the
compensatory mutations on the overall packaging of viral genomic RNA, as well as the
packaging specificity for genomic versus spliced viral RNA, in our DIS mutants. The
results of bthis analysis were quite surprising, and in my opinion, are the most interesting

and significant findings in this thesis.
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5.2 Abstract

Human immunodeficiency virus type 1 (HIV-1) encapsidates two copies of viral
genomic RNA in the form of a dimer. The dimerization process initiates via a 6-
nucleotide palindrome that constitutes the loop of a viral RNA stem-loop structure (i.e.
stem loop 1, SL1, also termed the dimerization initiation site (DIS)) located within the 5°
untranslated region of the viral genome. We have now shown that deletion of the entire
DIS sequence virtually eliminated viral replication, but that this impairment was
overcome by four second-site mutations located within the matrix (MA), capsid (CA), p2
and nucleocapsid (NC) regions of Gag. Interestingly, defective viral RNA dimerization
caused by the ADIS deletion was not significantly corrected by these compensatory
mutations which did, however, allow the mutated viruses to package wild-type levels of
this DIS-deleted viral RNA while excluding spliced viral RNA from encapsidation.
Further studies demonstrated that the compensatory mutation T121 located within p2,
termed MP2, sufficed to prevent spliced viral RNA from being packaged into the ADIS
virus. Consistently, the ADIS-MP2 virus displayed significantly higher levels of
infectiousness than did ADIS virus. The importance of position T12 in p2 was further
demonstrated by identification of four point mutations, T12D, T12E, T12G and T12P,
that resulted in encapsidation of spliced viral RNA at significant levels. Taken together,
our data demonstrate that selective packaging of viral genomic RNA is influenced by the
MP2 mutation, and that this represents a major mechanism for rescue of viruses

containing the ADIS deletion.
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5.3 Introduction

The hallmark of all retroviruses, including the human immunodeficiency virus type 1
(HIV-1), is the need to generate a full-length double stranded proviral DNA molecule
from positive-stranded RNA, following which integration of this DNA into the hosf cell
genome takes place. Given that the length of the retroviral genome is >9kb and that most
viral RNA molecules are nicked, one might expect that the successful generation of
complete proviral DNA from such a genome would represent a difficult task. To
overcome difficulties, retroviruses specifically package two copiés of dimeric full-length
viral genomic RNA that are non-covalently linked at their 5' ends*. The availability of
two copies of the RNA génome provides viral reverse transcriptase with an alternate
template, should this enzyme encounter a break during transcription, and also contributes
to overall viral genetic variability'*. |

The mechanisms of retroviral RNA dimerization have been extensively studied,
particularly in the case of HIV-1. The major determinant for HIV-1 RNA dimerization
has been mapped to a stem-loop structure termed SL1, that is located within the 5’
untranslated region (UTR) of the viral genomel‘”’lg“’25 !, A 6-nucleotide (nt) palindrome
sequence within the loop region of SL1 initiates dimerization though a “kissing-loop”
mechanism that involves the formation of base-pairs between the palindromes of two
genomic RNA molecules*!*%2%%215 The loose dimer is converted to a more stable

extended duplex with the help of the viral nucleocapsid (NC) protein®®'%%2%,

Accordingly, SL1 has been termed the dimerization initiation site (DIS)*'.
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The features of SL1 that allow this RNA structure to function as the DIS have been
further explored in a number of genetic and structural studies. HIV-1 RNA dimerization
is affected not only by mutation of the palindrome loop sequence but also by alteration of
the stem region®>'*%?*® These latter changes may either affect the appropriate
presentation of the palindrome within the loop, which is needed to initiate: RNA
dimerization, or prevent the transition of RNA dimers from the loose to the stable form.
Detailed structures of the RNA dimer formed by SL1 have configured that both loop and
stem sequences contribute to stabilization of the RNA duplex®®8!9%:201:202.283 = p ¢ oy
example, the loop region contains three adenine residues that cannot form base pairs
within the dimer, and as a consequence, might be expected to distort the RNA &uplex.
However, what actually happens is that these adenines initiate a distinctive pattern of
interstrénd stacking which helps to stabilize the dimer structure. These studies provide an
explanation as to why RNA dimerization is initiated at SL1 and not at other viral RNA
structures, such as the poly(A) hairpin, the loop region of which also contains a
palindrome'>*#2,

Consistent with these observations, the mutation of DIS sequences can result in
severely diminished viral infectiousness?>%!1213413LI2214248 14 fiyrther understand the
role of the DIS, we have previously generated two DNA constructs, BH-LD3 and BH-
LD4, that lacked portions of the stem sequence of the DIS structure'®"'%, Replication of
these two mutated viruses in permissive cells led to the outgrowth of revertant viruses
that displayed wild-type infectiousness. Interestingly, these revertants retained the

original DIS mutations, but acquired compensatory mutations within the Gag region.

However, the mechanisms that underlie this compensatory activity have not been
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characterized. In the present study, we show that the compensatory mutations involved
were able to confer viability to viruses lacking the entire DIS sequences. Interestingly,
restoration of viral replication was not accompanied by wild-type RNA dimerization but
rather by the exclusion of spliced viral RNA from the infectious ADIS viruses that were

produced, and MP2 played a major role in this process.
5.4 Materials and Methods
5.4.1 Plasmid construction

The infectious HIV-1 BH10 ¢cDNA clone was employed to generate the constructs
described below and all mutations were introduced by PCR-based strategies using the Pfu
enzyme (Stratagene, La Jolla, CA). ADIS and ALoop are deletion mutations that were
engineered by PCR using the sense primer pS (5’-AGA CCA GAT CTG AGC CTG
GGAG-3’ [nt 14-35, numbering from the 1* nt in R]) together with the antisense primers
ADIS (5’-TAC TCA CCA GTC GCC GCC CTC CTG CGT CGA GAG AGC-3’ [nt 293-
227}) and ALoop (5’-CGC CGC CCC TCG CCT CCT GCC GCA GCA AGC CGA GTC
CTG C-3’ [nt 282-235]), respectively (Fig. 5.1). The PCR products thus generated weré
then used as primers together with primer pApa-A (5’-CCT AGG GGC CCT GCA ATT
TCT G-3’ [nt 1559-1538]) in a second round of PCR. Final PCR products were digested
with the restriction enzymes Narl and Apal and inserted into a BH10 vector that had been
cut with the same enzymes. To generate constructs containing the ADIS or ALoop

deletions, or wild-fype BH10, along with various combinations of compensatory
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mutations, the gag gene was replaced with that of previously generated constructs

163

containing combinations of various compensatory mutations (Table 5.1)". Accordingly,

ADIS-MP2, ADIS-MNC, ALoop-MP2, and ALoop-MNC were generated by substituting
the gag gene from the previously described BH10-MP2 and BH10-MNC into the ADIS
and ALoop constructs?”®. The protease-negative (PR-)*", MD1%*3, and constructs
containing substitutions of all 20 amino acids in position 12 of p2 have also been

d229

described””. All constructs generated were confirmed by sequencing.

To generate antisense riboprobes for use in RNase protection assays (RPA), DNA
fragments of 486, 449, and 477 bp were amplified from BH10, ADIS, and ALoop proviral
DNA, respectively, using primers RPA-S (5’-Cag ggc ccG AGA GCT GCA TCC GGA
G-3" [nt -164 to -140]), which was modified to contain an Apal restriction enzyme site
(shown in lower case), and RPA-A (5°-CCT CCG gaa ttc AAA ATT TTT GGC G-3’ [nt
321 to 297]), which was modified to contain an EcoRI restriction enzyme site (shown in

lower case), as previously described™?

. The resulting PCR products were digested with
Apal and EcoRI and inserted into the pBluescript I KS' cloning vector (Stratagene), that
had been cut with the same enzymes to generate constructs RPA1, RPA-DIS, and RPA-

Loop.
5.4.2 Cell culture, transfection, and infection
COS-7 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM). HelLa-

CD4-LTR-B-gal cells were obtained through the AIDS Research and Reference Reagent

Program, Division of AIDS, NIAID, NIH from Dr. Michael Emerman'®, and were
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cultured in DMEM containing 0.2 mg/ml G418 and 0.1 mg/m] hygromycin B. MT-2 and
Jurkat cells were grown in RPMI 1640 medium containing 2 mM L-Glu. All cells were
supplemented with 10% fetal calf serum. Cord blood mononuclear cells (CBMCs) were
grown in RPMI 1640 supplemented with 10% fetal calf serum and 20 U/ml of IL-2,
Transfection of COS-7 cells was performed u_sing Lipofectamine (Invitrogen, Burlington,
Ontario, Canada). Quantities of progeny viruses were quantified based on p24 antigen
levels by enzyme-linked immunosorption assays (ELISA) (Vironostika HIV-1 Antigen
Microelisa System; Organon Teknika Corporation, Durham, NC).

MT-2 or Jurkat cells (5x10°) were incubated in 2 ml of medium at 37°C for 2 hours
with aliquots of virus equivalent to 5 ng of p24. The cells were then washed twice and
maintained in 10 ml of medium. CBMC infections were performed as described®.
Culture fluids were collected at various times to determine levels of reverse transcriptase
(RT) activity. Viral infectivity was also measured using a multinuclear activation of a
galactosidase indicator (MAGI) assay'>’. HeLa-CD4-LTR—B-gal cells were plated in 24-
well plates (4x10* cells/well) and cultured for one day before being infected in triplicate
with an amount of virus equivalent to 10 ng of p24 (CA) in the presence of 20 pg/ml
DEAE Dextran. Forty-eight hours after infection, cells were fixed with 1% formaldehyde
and 0.2% gluteraldehyde in PBS and stained with X-gal. Infectivity was scored based on

the number of blue cells counted per well as described'”’.

5.4.3 Native Northern blotting
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Progeny viruses generated by transfected COS-7 cells were first clarified by
centrifugation in a Beckman GR-6S centrifuge at 3,000 rpm for 30 min at 4°C and then
pelleted through a 20% sucrose cushion by ultracentrifugation in a Beckman XL-80
ultracentrifuge using an SW41 rotor at 40,000 rpm for 1 hour at 4°C. Virus pellets were
suspended in 300 pl of TN buffer; a 2 pl portion was removed for p24 determination and
the remaining material was treated with virus lysis buffer (50 mM Tris-HCI [pH 7.4], 10
mM EDTA, 1% SDS, 100 mM NaCl, 50 pg of yeast tRNA/ml, 100 pg proteinase K/ml)
for 20 min at 37°C. Samples were then extracted twice with
phenol:chloroform:isoamylalcohol (25:24:1) and once with chloroform. Viral RNA was
precipitated in 2.5 volumes of 95% ethanol and a 0.1 volume of 3M NaOAc [pH 5.2].
RNA pellets were washed with 70% ethanol and dissolved in TE buffer. An amount of
viral RNA equivalent to 150 ng of HIV-1 p24 was fractionated on 0.9% native agarose
gels in 1XTBE buffer at 100 volts for 4 hours at 4°C and analyzed by Northern blots**,
using a [32P]~0L—dCTP (ICN, Irvine, CA) labeled 2 kb HIV-1 DNA fragment [ntv 1 to
2000] as a probe. Bands were visualized by autoradiography and quantified by digital
image analysis ﬁsing the Alphalmager v.5.5 program. Briefly, object boxes were selected
at the smallest size necessary to encase the largest band to be measured in a series. The
same box was then used to measure all bands within that series. Based on manufacturer’s
recommendations, the ‘Autobackground’ setting which calculates an independent

background for each object box derived from the average intensity of the 10 lowest pixels

within each box.

5.4.4 RNase protection assays
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Preparation of riboprobes and RPA experiments were performed as described™”,

Briefly, radiolabeled probes were transcribed in vitro from BspEl-linearized RPA1,
RPA-DIS, and RPA-Loop plasmids using the T7-MEGAshortscript kit (Ambion Inc.,
Austin, TX) in the presence of [**P]-a-UTP (ICN). RNA was isolated from viruses as
described above. Amounts of virion RNA equivalent to 25 ng of p24 capsid (CA) antigen
were treated with 10 U of DNase I (Invitrogen) for 30 min at 37°C to remove any plasmid
contamination, and then subjected to phenol:chloroform extraction and ethanol
precipitation, before analysis with the RPA II kit (Ambion Inc., Austin, TX). RNA was
then incubated at 42°C overnight with an excess of labeled riboprobe (10° cpm), followed
by digestion with single-strand-specific RNases. Protected fragments were separated on
5% polyacrylamide-8M urea gels, visualized by autoradiography, and quantified by

digital image analysis using the Alphalmager v.5.5 program.

5.5 Results

5.5.1 Compensatory mutations increase the replication capacity of the ADIS

mutant

We have previously identified mutations within Gag protein that were able to rescue

deletion of stem sequences within the DIS'¢"!63

. We now wished to determine whether
the complete absence of DIS sequences could still be compensated by second-site

mutations. Accordingly, the DIS region spanning nt 243 to 277 was removed to generate
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a construct termed ADIS (Fig. 5.1). Mutated DNA was transfected into COS-7 cells and
the virus particles thus generated were used to infect MT-2 cells. The results of Fig. 5.2A
show that RT activity was detectable in the wild-type BH10 virus culture by day 4, which
coincided with the first appearance of cytopathic effects (CPE), and that this peaked at
day 6. In contrast, the ADIS mutant culture was negative for RT activity and did not
show CPE over three months. Similar results in regard to the ADIS mutant were obtained
in Jurkat cells and human CBMC (Fig. 5.2B). Thus, ADIS viruses were unable to
establish persistent infection in culture and aid not have the opportunity to accumulate
second-site mutations to improve infectiousness.

We further studied the production of p24 by Jurkat cells that had been infected by the
ADIS virus and found low levels of capsid protein (approximately 35 pg/ml, as opposed
to an average of 100,000 pg/ml for wild-type virus) during two weeks of culture. In the
case of the ADIS, this subsequently became negative and remained so over two months
(data not shown), suggesting that the virus was able to replicate at low levels, but too low
to establish a persistent infection.

We next asked whether the compensatofy mutations that had previ'ously been
identified with the BH-LD3 and BH-LD4 deletions wefe able to rescue the ADIS
deletion. The results of Fig. 5.2A show that the combination of ADIS deletion with the
compensatofy mutations restored viral replication and that as few as two of these
mutations (i.e. MNC-MP2 in DA or MNC-CA1 in DB) were sufficient in this regard. It
should be noted that the DB mutant, which included the CA1 mutation instead of MP2,
showed a lower rate of virus replication than did viruses containing other combinations of

the compensatory mutations. This suggests that the MP2 mutation played a more
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Figure 5.1. Illustration of the various RNA structural elements located within the
HIV-1 §' region, including TAR, poly(A), U5S-PBS, SL1 (DIS), SL2, SL3 (¥), and the
gag gene. The secondary structure of SL.1 is shown below with the 257-GCGCGC-262
loop palindrome highlighted in bold. Nucleotides that were deleted in the ADIS and
ALoop mutants are indicated by arrows, with ALoop lacking the 9 nucleotides that
comprise the loop of SL1, and ADIS missing all 35 nucleotides contained within SL1.
The MA, CA, p2, NC, pl, and p6 domains of Gag are shown, with the positions of the
MA1, CA1, MP2, and MNC compensatory point mutations indicated by asterisks.
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Figure 5.1. lllustration of the various RNA structural elements located within the
HIV-1 5' region, including TAR, poly(A), U5-PBS, SL1 (DIS), SL2, SL3 (¥), and the gag

gene.
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Table 5.1. Viruses generated in this study.

Virus Deletion Compensatory Mutations
ADIS ADIS None

DA ADIS MNC - MP2

DB ADIS MNC - CA1

DC ADIS MNC - MP2 - CA1

DD ADIS MNC - MP2 - CA1 - MA1
ALoop AlLoop None

LA ALoop MNC - MP2

LB AlLoop MNC - CA1

LC ALoop MNC - MP2 - CA1

LD ALoop MNC - MP2 - CA1 - MA1
BH10-D None MNC - MP2 - CA1 - MA1
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Figure 5.2. Viral replication kinetics of the ADIS virus in the presence of various
combinations of compensatory mutations. MT-2 cells (A) or CBMCs (B) were infected
by an amount of progeny virus containing 5 or 200 ng of p24 antigen, respectively. Viral
replication was monitored based on observations of syncytium formation and RT activity
in culture supernatants at various times. For MAGI assays (C), viruses equivalent to 10
ng of p24 antigen were incubated with 4x10* HeLa-CD4-LTR-f-gal cells/well in
triplicate for 48 hours. The number of blue cells in each well were counted (multinuclear
syncytia were scored as one) and expressed as a percentage of wild-type to generate a bar
graph representing relative infectivity. The number of 3-gal-positive cells ranged from
50-200/well, and the mock infected wells contained a mean of 9+3. See Table 5.1 for the
combinétions of compensatory mutations represented by DA, DB, DC and DD.
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Figure 5.2. Viral replication kinetics of the ADIS virus in the presence of various
combinations of compensatory mutations.

A 10000000 -
MT-2
E —&— ADIS
gmooooo-, _—
é‘ —&— DB
% —e— DC
<C
= 100000 —*— DD
& —& BH10
10000 , . .
2 4 6 8
Days in Culture
B 1000000
CBMC
’é —&— ADIS
£ 100000 —8— DA
2 —a&— DB
g 1000 —e— b
= 0 —=— DD
& —i— BH10
1000
0 5 10 15 20 25 30
Days in Culture
C 120
MAGI
=
=]
X
2
=
©
g
£

ADIS DA DB DC DD BH10

182



important role in viral reversion than did CA1. When combinations of three (DC; MNC-
MP2-CA1l) or all four (DD; MNC-MP2-CA1-MA1) compensatory mutations were
incorporated into the ADIS mutant, the resultant viruses grew to significantly higher
levels than the ADIS alone, with rates of replication comparable to that of wild-type (Fig.
5.2A). The positive roles of these compensatory mutations were further confirmed by
infection studies performed with CBMC (Fig. 5.2B) and Jurkat cells (data not shown).
We further quantified the levels of infectivity of our mutants in an one-round
infection experiment termed the MAGI assay'>’. The results of Fig. 5.2C show that the
ADIS mutant exhibited an approximately 3-fold decrease in viral infectivity compared to
the wild-type BHI10. In agreement with the results of the spread infection studies shown
in Figs. 5.2A and 5.2B, infectiyity of the DIS deleted viruses was significantly increased
in the presence of the compensatory mutatiéns (Fig. 5.2C). It was also noted that the DB
mutant, which lacks the MP2 mutation, displayed the greatest increase in infectivity in
the MAGI assay among the four mutants DA, DB, DC and DD, as opposed to the lowest
replication rate of DB in each of the MT-2, Jurkat and CBMC cells. Since the MAGI
assay measures the transactivation levels of HIV-1 LTR by Tat protein, the observed
discrepancy indicates that compensation of ADIS by the four suppressor mutations,

particularly by MP2, occurs, to a large extent, at the late stages of viral replication.
5.5.2 Compensatory mutations do not restore wild-type RNA dimerization to ADIS

The DIS is the major signal for viral RNA dimerization''*2! Not surprisingly, the

ADIS mutant showed a decreased level of dimerized RNA compared to wild-type BH10
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(Fig. 5.3A, lane 1 versus 11). Moreover, ADIS RNA formed complexes that migrated
slower on gels than RNA dimers, a defect not seen with wild-type BH10 RNA. We next
assessed whether the compensatory mutations could repair these RNA dimerization
defects by native Northern blotting and found that introduction of the substitutions had
only modest effects. Notably, approximately 55% of viral RNA was still in monomeric
form compared with only 10% monomeric presence in the case of BH10 (Fig. 5.3A).
However, large aggregates of viral RNA associated with ADIS were resolved by the
presence of the compensatory mutations, particularly when at least three were present
(Fig. 5.3A, lanes 4, 5). Therefore, the compensatory mutations did not lead to wild-type
RNA dimerization but did have positive effects in regard to formation of RNA
complexes.

An important determinant for RNA dimeriiation within the DIS is the palindrome
loop sequence 257-GCGCGC-262 that triggers dimerization by formation of “Waston-
Crick” base-pairs*®!#2%5215 Removal of the loop sequence in the construct ALoop
(shown in Fig. 5.1) affected RNA dimerization, but to a lesser extent than the ADIS
deletion (Fig. 5.3A, 3B). We next tested whether the compensatory mutations were able
to correct the defect in RNA dimerization caused by ALoop. The results showed that
significant levels of monomeric RNA were still associated with each of the viruses that
contained the ALoop deletion in combination with various compensatory mutations (Fig.
5.3B). Howévef, the latter viruses contained less of the high molecular weight RNA, that
migrated slower than dimers on gels. Hence, wild-type RNA dimerization was not

restored by compensatory mutations within Gag.
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Figure 5.3. Effects of the ADIS and ALoop deletions on viral RNA dimerization.
Viral RNA was prepared from mutant viruses ADIS, DA, DB, DC, DD (panel A, lanes 1-
5), ALoop, LA, LB, LC, LD (panel B, lanes 1-5) and wild-type virus BH10 (panels A and
B, lane 6), equivalent to 150 ng of p24 antigen, and fractionated on native agarose gels,
followed by Northern blot analysis. Dimers and monomers are indicated on the left side
of the gels. The gels shown are from one representative experiment. Band intensities of
dimer and monomer signals were measured using the Alphalmager v.5.5 program, and
relative dimer levels were plotted for each construct (C). The results represent pooled
data from three Northern blots using virion-derived RNA from three independent
transfection experiments. The interassay variation is reflected by the error bars; for
instance, the DA, DC and DD mutants may display as low as 30% RNA dimers. See
Table 5.1 for the combinations of compensatory mutations represented by DA, DB, DC
and DD.
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Figure 5.3. Effects of the ADIS and ALoop deletions on viral RNA dimerization.
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5.5.3 The compensatory mutations restore wild-type RNA packaging to the ADIS

and ALoop viruses while excluding spliced viral RNA from virions

As stated, the compensatory mutations did not correct dimerization defects associated
with ADIS, but they did lead to more intense dimer and monomer bands on gels (Fig.
5.3A). This suggests that these mutations may have helped to increase overall levels of
viral RNA within the ADIS viruses. To validate this notion, we next assessed our viral
RNA samples by RNase protection assays. The results showed that all mutants in
transfected cells produced_approximately equal levels of viral RNA, with similar ratios of
genomic to spliced viral RNA as wild-type (data not shown). When RNA was extracted
from the wild-type and mutant viruses, it was found by RPA that the ADIS mutant
packaged approximately 35% less viral genomic RNA than did wild-type BH10 (Fig.
5.4B, lane 1 vs 8, and Fig. 5.4D). The presence of the compensatory mutations resulted in
increased levels of genomic RNA packaged into the ADIS mutant (Fig. 5.4B, lanes 2-5,
and Fig. 5.4D), and the DD virus (that contained all four compensatory mutations)
showed the highest level in this regard (97%). Therefore, the compensatory mutations
increased overall packaging efficiency of viral RNA, which may have accounted for the
increased infectiousness of the ADIS virus. As a control, the BH10-D virus, which
contained all four compensatpry mutations in the cbn_text of wild-type 5' RNA sequences,
was also analyzed by RPA and showed similar levels of viral RNA to wild-type virus
(Fig. 5.4B, lane 6). Thus, the effects of the compensatory mutations on packaging

efficiency of the ADIS mutant were specific to this deletion.
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Figure 5.4. Effects of the ADIS and ALoop deletions on viral RNA packaging
efficiency and specificity. (A) Illustration of the RPA system. On the top are the 5' and
3’ LTR sequences and stem loops 1-4. Below are the respective probes used for BH10,
ADIS and ALoop viral RNA molecules as well as the sizes of the protected fragments.
These probes allow the detection of proviral DNA contamination of the virion-derived
RNA. RNA species detected include genomic RNA (upper band), spliced RNA (middle
band), and a total viral RNA band derived from binding of the probe to the 3' U3 and R
sequences found on all viral RNA species (lower band). In some experiments, spliced and
total RNA protected fragments appear as a doublet. In the case of the spliced RNA, this
may result from heterogeneity in the initial sequences of the various spliced exons
immediately following the majors splice donor, allowing 1 or 2 extra nucleotides of
homology with the probe. It is also suggested in the RPA II kit literature that A/U-rich
sequences, often found in the 3> UTR of many transcripts, can be susceptible to RNase
digestion due to local denaturation of the d.ouble-stranded RNA hybrid. Such doublets
have been reported elsewhere®"!'2%72% (B, C) Quantification of viral RNA by RPA.
Viral RNA was prepared from mutant viruses ADIS, DA, DB, DC, DD, BH10-D (panel
B, lanes 1'—6), ALoop, LA, LB, LC, LD (panel C, lanes 1-5), and wild-type virus BH10
(panel B, lanes 7-9, panel C, lane 6). An amount of viral RNA equivalent to 25 ng p24
was annealed to 10° cpm of o-UTP-labeled riboprobe, digested with RNases specific for
single-strand RNA, and protected fragments were separated by 5% denaturing-PAGE. A
dilution series of wild-type RNA (12.5, 25.0, and 50.0 ng p24, Panel B, lanes 7-9,
respectively) was analyzed to show the linear range of the assay. Two samples cbntaining
10 pg of yeast tRNA +/-RNase were included in all RPA experiments to demonstrate
probe specificity, but are not shown due to the large difference in size between the probe
and the relevant bands. One representative gel is shown from three independent
experiments. (D) Relative packaging efficiency. Bands were measured using the
Alphalmager v.5.5 program. Packaging levels of genomic RNA are expressed as a
percentage of wild-type BH10 (arbitrarily set at 100%). The bar graph represents pooled
data from three RPA gels using RNA from three independent transfections of each

mutént. See Table 5.1 for combinations of mutations represented by DA, DB, DC and
DD.
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Figure 5.4. Effects of the ADIS and ALoop deletions on viral RNA packaging

efficiency and specificity.
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Consistent with previous studies showing that reduced HIV-1 genomic RNA packaging
was constantly accompanied by increased incorporation of spliced viral RNAY 5
strong band corresponding to the spliced viral RNA was found to be associated with the
ADIS virus, as distinct from the exclusive packaging of genomic RNA by wild-type
BH10 (Fig. 5.4B). This suggests that ADIS caused defects in packaging efficiency and
packaging specificity as well, both of which might have been related to its inability to
replicate in culture. The presence of the compensatory mutations helped the ADIS virus
to exclude spliced RNA molecules from being packaged (Fig. 5.4B), although they did
not all function equally well in this regard. The DA (ADIS-MNC-MP2), DC (ADIS-
MNC-MP2-CAl), anvd DD (ADIS-MNC-MP2-CA1-MA1) viruses recruited only trace
amounts of spliced viral RNA (Fig. 5.4B, lanes 2, 4, and 5); in contrast, the DB (ADIS-
MNC-CA1) virus exhibited high levels of spliced viral RNA concomitant with deficient
genomic RNA packaging. More importantly, the DB virus replicated at a significantly
slower rate than either DA, DC, or DD (Fig. 5.2). These results strongly suggest that
correction of both packaging efficiency and specificity was important for compensation
to occur.

The positive roles of thesé compensatory mutations in overcoming the deficits of
packaging specificity were further confirmed by experiments performed in the context of
the ALoop deletion (Fig. 5.4C). Similar to the DB virus, the LB virus packaged
significant levels of spliced viral RNA. However, it was noteworthy that DB and LB are
the only viruses that did not contain the MP2 mutation (Table 5.1); this suggests that
MP2 is responsible for restoration of wild-type packaging to the ADIS and ALoop

viruses.
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55.4 The MP2 mutation alone corrects defects in packaging specificity seen in the

ADIS and ALoop mutants

We next generated four DNA constructs that contained the ADIS or ALoop deletions,
in combination with either the MP2 or MNC compensatory mutations. Analysis of virion-
derived RNA from these mutants showed that ADIS-MP2 barely packaged any spliced
viral RNA compared with ADIS and ADIS-MNC (Fig. 5.5). Similarly, MP2 alone
sufficed to restore normal packaging specificity to the ALoop mutant (Fig. 5.5, lanes 5 vs
6). Consistently, the ADIS-MP2 virus resulted in CPE by day 14 after infection of MT-2
cells and showed peak levels of RT activity on day 17, compared with wild-type virus,
that showed peak RT activity at day 7 (data not shown). These data demonstrate a role for
‘MP2 in restoration of wild-type packaging specificity to ADIS as well as the importance

of this mutation in augmenting the infectiousness of this virus.

5.5.5 Mutation of T12 within p2 causes defective packaging of wild-type genomic

RNA

The positive effect of MP2 on selective packaging of full-length versus spliced ADIS
RNA suggests a role for the T12 amino acid position in HIV-1 RNA packaging. To
assess this possibility, we performed RNase protection assays on a series of viruses

containing all 20 amino acid substitutions at position 12 of p2 in the context of wild-type
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Figure 5.5. Effects of the MP2 and MNC mutations on selective packaging of the
full-length ADIS and ALoop RNA molecules. RPA analysis was performed as
described in Fig. 5.4 using virion-derived RNA from the ADIS (lane 1) and ALoop (lane
5) mutants in the presence of MP2 (lanes 2 and 6), MNC (lanes 3 and 7), or both
compensatory rﬁutations in combination (lanes 4 and 8),. along with viral RNA from wild-

type BH10 (lane 9). One representative gel is shown of two independent experiments.
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Figure 5.5. Effects of the MP2 and MNC mutations on selective packaging of the
full-length ADIS and ALoop RNA molecules.
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RNA packaging signalsm. The results show that wild-type BH10 virus packaged more
than 95%‘full-length genomic RNA, despite the fact that spliced viral RNA species
represented the majority of viral RNA that was present in the cytoplasm of BH10-
transfected cells (Fig. 5.6, lane 23 versus 24). Most of the substitutions at position 12 of
p2 had no effect on the selective packaging of full-length viral RNA (Fig. 5.6 and Table
5.2), but exceptions were the replacement of T by G, P, D, and E that caused significant
increases in levels of the 288 nt band representing spliced viral RNA (Fig. 5.6, lanes 1,
12, 16, 17, and Table 5.2).

To validate that these bands represent packaged spliced RNA, as opposed to
degradation products of the probe, the previously described MD1 mutant, which contains
wild-type sequence except for deletion of the SL3 loop sequence 5°-GGAG-3’ (nt 317-
320), and which packages significant levels of spliced viral RNA*3, was included as a
control (Fig. 5.6, lane 21). As expected, the spliced RNA bands seen in the G, P, D, and E
lanes correspond to 288 nt spliced viral RNA observed with the MD1 mutant. Since the
mutated residue is located clcsse to the protease (PR) cleavage site between p2 and NC,
we also included a PR- control to rule out the possibility that any of the observed
phenotypes might have been caused by improper Gag cleavage. The results of Fig. 5.6
(lane 20) show that PR- virus particles barely packaged any spliced viral RNA. This
result also confirms that packaging specificity is indeed conferred by the Gag precursor
prior to cleavage by viral protease. Taken together, these data demonstrate that T12

within p2 participates in the selection of full-length HIV-1 RNA for packaging.
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Figure 5.6. Effects of amino acid substitutions at position 12 in p2 on packaging
specificity of wild-type RNA. RPA was performed as described in Fig. 5.4 using virion-
derived RNA from a panel of HIV-1 mutants containing each of the 20 amino acids at
position 12 in p2%%°, Thr is shown in the wild-type BH10 (lane 23) and single letter codes
are given for the other 19 amino acids (lanes 1-19). Lane 5 shows T12I previously
identified as MP2. The PR- and ¥-mutant MD1 (containing wild-type sequence except
for deletion of the SL3 loop sequence 5’-GGAG-3’ [nt 317-320]) were run as controls
(lanes 20 and 21, respectively). A 12.5 ng p24 equivalent of wild-type BH10 RNA was
run to show the range of the assay (lane 22). A 250 ng sample of cytoplasmic RNA from
transfection of wild-type BH10 was also analyzed to show the abundance of spliced RNA
in the transfected cells, and to confirm the identity of the spliced band reported in other
lanes (lane 24). Band intensities were measured using the Alphalmager v.5.5 program,
and the data are summarized in Table 5.2. One representative gel is shown of two

independent experiments.
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Figure 5.6. Effects of amino acid substitutions at position 12 in p2 on packaging
specificity of wild-type RNA.
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Table 5.2. Effects of substitutions at T12 of p2 on overall versus specific packaging.

Amino % Packaging®® % Genome®*
Acid Specificity Packaging
G 43 87
A 75 77
\' 65 87
L 83 81
| 96 82
S 65 87
C 76 90
M 75 86
F 103 70
Y 84 87
W 94 72
P 49 78
H 52 79
K 97 90
R 80 107
D 48 91
E 40 82
N 100 98
Q 92 93
T(BH10) 100 100

a The ratio of genomic to spliced viral RNA incorporated into virions was
expressed as a percentage of wild-type BH10 based on digital image
analysis of RPA gels.

b Viral genomic RNA packaged, as a percentage of wild-type BH10.

¢ All values represent the average from two independent experiments.
Interassay variation was less than 10%.
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5.6 Discussion

The DIS represents the major dimerization signal for HIV-1 RNAM184251 partia]

deletion of DIS sequences, as found in the case of the BH-LD3 and BH-LD4

161,163

deletions , severely attenuated viral replication. However, the mutated viruses were

able to establish persistent infection in permissive cells and eventually regained wild-type
replication capacity due to the emergence of four compensatory mutations in Gag'®"'63,

In contrast, removal of the entire DIS effectively destroyed viral replication capacity.

Interestingly, infectivity of the ADIS virus could be restored to near wild-type levels by

the same four compensatory mutations that were originally associated with the rescue of |
the BH-LD3 and BH-LD4 deletions. Thus, HIV-1 can survive the loss of the DIS,

reflecting the highly plastic nature of the virus and its genome.

It is of interest to understand how compensatory mutations within Gag, that are distal
to the original deletions, could have rescued ADIS. In agreement with previous studies,
the ADIS deletion severely compromised HIV-1 RNA dimerization, a defect that must
have led to dramatic reductions in viral infectivity?> »!12134150-152214.248 14 15 reasonable
to assume that the four compensatory mutations, which restored wild-type infectiousness
to the ADIS virus, should also have corrected this dimerization defect, but this was not
the case. Conceivably, the four compensatory mutations could still have promoted the
association of the ADIS RNA, and that binding between the mutated RNA molecules may
have been too weak to resist extraction and electrophoresis procedures. However, even if

this is the case, we can still conclude that tightly-associated RNA dimers, as seen within
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wild-type viruses, are not a strict prerequisite for efficient viral replication, since the
ADIS viruses could replicate in the presence of the compensatory mutations.

Although the compensatory mutations did not help ADIS RNA to dimerize in wild-
type fashion, they did exert positive effects on the folding and association of ADIS RNA
molecules. In this context, Fig. 5.3 shows that significant levels of ADIS viral RNA
migrated on gels at a rate slower than that of the dimer complexes. This migration defect
was overcome by the compensatory mutations (Fig. 5.3). It is likely that lack of the ADIS
element not only prevented RNA dimerization but may also have led to abnormal RNA
folding. In support of this view, large viral RNA complexes have also been detected for a
variety of mutations within the DIS element’***®, Although the compensatory mutations
were unable to rescue the dimerization function of the deleted DIS motif, they did help to
reorganize ADIS RNA molecules within virus particles to promote discrete dimer or
monomer forms.

Aside from its role in viral RNA dimerization, the DIS acts in concert with other viral
RNA sequences, such as SL3, to regulate the specific eﬁcapsidation of viral
RNA? 50521041215 LIBT214 for a review, see reference 2. Our data show that deleting the
DIS interfered with viral RNA packaging, as shown by increased levels of spliced viral
RNA associated with the ADIS and ALoop viruses (Fig. 5.4). Interestingly, the MP2
mutation was able to help the ADIS virus to exclude spliced viral RNA from being
packaged; Since the selective encapsidation of two copies of full-length viral RNA is
normally achieved by specific interactions between NC residues and RNA packaging
signals located within the 5> UTR of viral RNA27, we were surprised to find that the

excessive encapsidation of spliced viral RNA into the ADIS virus was repaired by
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changing a single amino acid at position T12 within p2 (i.e. MP2) rather than by
mutations at NC residues, such as the MNC mutation. This demonstrates the pivotal role
of the p2 region in HIV-1 RNA packaging, and this conclusion is further supported by the
identification of four mutations, T12D, T12E, T12G and T12P, that led to packaging of
spliced viral RNA in the context of wild-type BH10 virus (Fig. 5.6).

Consistent with its role in viral RNA packaging, the MP2 mutation was also able to
increase the viability of the ADIS virus to significant levels. This suggests that the
correction of non-specific viral RNA packaging may represent a major mechanism for
compensation. The importance of MP2 in rescue of the ADIS deletion is also supported
by its role in rescue of other mutated viruses that are deleted within the 5° UTR of HIV-1,
e.g. U5™2, the region immediately downstream of the primer binding site (PBS)'®, as
well as a GA-rich sequence adjacent to SL3 (unpublished data). More importantly,
excessive packaging of spliced viral RNA caused by deletion of this GA-rich region
could be corrected by the MP2 mutation (data not shown). Thus, MP2 is capable of
repairing the defects in viral RNA packaging that are caused by mutation of RNA
packaging signals within the 5' UTR. This may involve binding of modified Gag protein
containing MP2 to viral RNA elements distinct from 5° packaging signals. This might
then re-establish selectivity for mutated viral RNA.

The role of p2 in RNA packaging is also suggested by one study demonstrating that
the presence of HIV-1 p2 within HIV-1/HIV-2 chimericn Gag viruses significantly
enhanced the packaging of HIV-1 versus HIV-2 RNA™!. Since viral RNA is recruited
into virus particlés prior to the processing of Gag by PR, this indicates that p2 may

regulate viral RNA packaging in concert with the downstream NC domain through either
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direct interaction with viral RNA or indirectly by helping NC to adopt a correct
conformation.

Since maximal rescue of the ADIS deletion was seen when all four compensatory
mutations were present, the correction of viral RNA packaging by the MP2 mutation may
not represent the sole mechanism for compensation. Consistent with this belief, DIS
sequences may have been involved in the regulation of HIV-1 reverse

2521428 ' viral protein translation®® and other activities in either a direct or

transcription
indirect manner. The DIS can also participate in the overall folding of the HIV-1 5° UTR
that can then assume distinctive conformations and perform more than one function,
depending on the stage of viral replication”***'”. Conceivably, the DIS may be necessary
for multiple steps of the virus life cycle. This may explain the fact that the ADIS mutant
was able to infect a significant proportion of ~cells in the MAGI assay, but failed to
establish a productive infection during continuous culture. It is also possible that
compensatory mutations may have improved the function of viral components other than
the DIS to stimulate viral replication. For example, a replication defect caused by
insertion of an AUG translation initiation codon into HIV-1 5’ UTR was overcome by
second-site mutations within Env protein which presumably improved the Env functi‘on“.

Interestingly, a recent article by Hill et all't reported that thé HIV-1 DIS stem-loop
was dispensable for viral replication in PBMCs, which is contrary to the non-
infectiousness of our ADIS mutated viruses in CBMCs (Fig. 5.2B). This apparent
discrepancy could be attributable to the fact our ADIS deletion lacked the complete DIS
stem-loop, including the palindrome, whereas the DIS mutants described in the Hill ef al.

paper contained either the wild-type or an arbitrary palindrome sequence in place of SL1.
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In summary, we have demonstrated that HIV-1 is able to replicate efficiently in the
absence of the DIS through modification of Gag protein sequences. The modified Gag
did not restore wild-type RNA dimerization but was able to augment the selective

packaging of full-length versus spliced viral RNA molecules into virus particles.
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- CHAPTER 6

GENERAL DISCUSSION

The discussion of the articles presented in this thesis and their relevance to the current
status of the HIV-1 RNA dimerization and packaging fields will be combined with the
background literature in Ch. 1 to compile a review, which will be written by myself and
submitted to the journal Retrovirology. The authors will be R.S. Russell, C. Liang, and
M.A. Wainberg.
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6.0 GENERAL DISCUSSION

The significance of the results in this thesis has been discussed in detail within each
chapter. I will now describe how the data fit into the overall picture of HIV-1 RNA
dimerization and packaging. There are two main themes that run throughout this thesis,
RNA-RNA and RNA-protein interactioﬁs. Although these two types of interactions
represent different concepts, the work described in this thesis clearly suggests that we
have to consider both when studying either dimerization or packaging. The greater goal
of our research is to identify targets for drug therapy, so I will also discuss how current

research by ourselves and others might lead to the development of novel anti-HIV drugs.
6.1 RNA-RNA Interactions Involved in Dimerization and Packaging

By the time the projects described in this thesis were initiated, most of what is now
known about HIV-1 RNA dimerization had already been discovered. The nucleotide
sequences responsible for the initiation of dimerization, i.e. the DIS, had been

d147,251

identifie , the involvement of PR and NC proteins in this process had been

proven91,153,204

, and the biological significance of the DIS and genome dimerization had
been demonstrated?»>0 108112134 ISLISLI6L163.214 pgwever, the observétion that DIS
mutants still contained some dimerized genomic RNA, combined with the fact that RNA
dimers extracted from DIS mutants were as thermostable as those from wild-type

viruseg?>0:108:151.239.248 ' 1ai5ed the possibility that RNA sequences outside the known DIS

might also be required for proper HIV-1 RNA dimerization. Because EM analysis of
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HIV-1 genomic RNA pointed to a second dimer linkage at the extreme 5’ region of the
genome'"®, we looked for sequences upstream of the DIS that could contribute to RNA-
RNA interactions in the dimer structure. In Ch. 2, we showed that mutation of GU-rich
sequences in the poly(A) and U5-PBS stems caused deficient RNA dimerization and
packaging, and that these defects correlated with diminished virus replication capacity,
thereby stressing the importance of the identified sequences and their biological
significance to HIV-1 replication. Our data suggest that these GU-rich sequences might
be directly involved in RNA-RNA interactions between the two copies of viral RNA.
This work represents the first in vivo evidence that specific sequences outside the known
DIS can play a role in the HIV-1 RNA dimerization. process; similar findings were
reported for other retroviruses®>!%170210.266267  Therefore, we proposed that the
involvement of multiple RNA regions in retroviral dimer linkages may be a common
theme among retroviruses.

The results in Ch. 2 also established that RNA sequences upstream of the DIS could
influence HIV-1 RNA dimerization. Since these new regions, and the DIS, are also

3 3 102, s ,187, ;.
lmportant for genome packaglng25,50,5l 62,112,151,187,189,214

, we asked whether other known
packaging signals might also play a role in the dimerization process. In Ch. 3, we mutated
RNA sequences in both the major packaging signal, SL3, and adjacent GA-rich
sequences, and found that the structure, but not the actual RNA sequence, of SL3 is
needed for both efficient RNA packaging, and genome dimerization. Likewise, mutating
GA-rich sequences downstream of SL3 severely diminished RNA dimerization and

packaging, although it is not clear how these sequences are involved. In Ch. 4, we

showed that complete deletion of SL3 caused defects in viral RNA dimerization and
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packaging as well as viral replication capacity. However, as previously seen with the
DIS'®!1% and GU-rich (Ch. 2) deletion mutants, these defects were corrected by second-
site mutations in Gag that were acquired during long-term culture. At this point, it is still
unclear why second-site mutafions identified in the context of other HIV-1 mutants were
not able to correct dimerization defects, while those identified together with the SL3
deletion mutant were able to do so. We assume that the role of SL3 in the dimerization
process is dependent on NC, and that these second-site mutations restored the NC-
mediated effects of the SL3 region on dimerization.

Regardless of the mechanisms whereby the poly(A), US-PBS, SL3, and GA-rich
sequences each contribute to the dimerization process, all of these RNA elements can
affect overall RNA dimerization. In HIV-2, elements both upstream and downstream of
the major splice donor have been shown to influence RNA dimerization in vitro'*S. Based
on the identification of novel RNA sequences involved in dimerization, we now propose
a model to explain RNA dimerization in HIV-1. Sequence analysis of the HIV-1 5’ UTR,
and even the RNA sequences within the gag gene, suggests the possible formation of a
number of other stem-loop structures*'’. So we propose that the kissing-loop model
applies in vivo, in which the initial unstable kissing complex is formed via the DIS, and is
then bound by NC to melt the DIS stems and re-anneal the strands to form an extended
duplex. However, once the RNA molecules are brought into close proximity, and are
extensively bound by NC, the stems of other stem-loop structures, such as the poly(A)
hairpin, or SL3, might also be melted by NC. These sequences could then form further
extended base-paired regions on both sides of the DIS. This model may resemble a

double zipper, which starts at the DIS, and is then pulled in opposite directions to close
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the zipper from the middle out. Such a model would explain the earlier EM observations
that the dimer linkage structures of some viruses appeared to cover an area of
approximately 400-600 nucleotides in length'*. Unfortunately, this model would be
difficult to test in vivo, since deleting all of these putative dimerization sequences would
undoubtedly interfere with other functions attributed to the 5’ UTR, and the virus would
probably would not package enough RNA for gel analysis.

The alternative is that different RNA sequences might instead be involved in higher
order intrastrand structures that favor the dimerization of the two RNA molecules. Such a
model has been proposed'?, and is supported by numerous in vitro dimerization studies
conducted on HIV-1, HIV-2, and SIV RNA122123 The model proposes that the HIV-1
5> UTR can form two alternating conformations, termed the long-distance interaction
(LDI) structure and the branched. multiple hairpin (BMH) structure. The LDI
conformation is beiieved to exist when the RNA is in a monomer forrn,‘ and is thought to
form a long extended base-paired structure with almost all of the proposed stem-loop
sequences buried. This structure is thought to be favored during certain steps of the life
cycle, and to protect viral RNA from degradation due to extensive base-pairing. In this
model, NC is thought to bind the LDI structufe to induce a switch to the BMH structuré,
in which the DIS and v would then be exposed and be able to mediate dimerization and
packaging. The existence of such a ‘riboswitch’ is an attractive hypothesis, especially
since similar mechanisms have recently been propbsed to account for previously
unexplained results in the field of gene regulation'®®, however, there is currently no in
vivo evidence to support such a model in the case of retroviruses. Others have recently

attempted to explain our in vivo data (Ch. 3) by applying their riboswitch model to our
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mutant sequences and found that our results correlate well with the outcomes that they
would expect (B. Berkhout, personal communication). It will be interesting to determine
whether this model can explain other HIV-1 mutants, and shed light on mechanisms
whereby certain sequences can affect the dimerization process.

One other possible explanation exists that might explain our observation that
numerous RNA sequences affect the dimerization process. As mentioned above, most of
the sequences we have shown to be involved in dimerization are also known to affect
viral RNA packaging. And, in vitro dimerization depends on the concentration of viral
RNA'®, If this concentration-dependence also exists in vivo, then any RNA or amino
acid mutation that affects RNA packaging could theoretically decrease the RNA
concentration at the site of assembly, thereby indirectly impacting on dimerization.-
However, this explanation also implies that genomic RNA can be packaged in the form
of a monomer, and raises the question of the link between dimerization and packaging,
which will be discussed in detail below.

As stated, both in vitro and in vivo approaches have been used to study retroviral
RNA dimerization. However, contradicting results may be obtained depending on the
method employed. In cell-free experiments, less than 5% of the viral genome is placed
into a tube and heated in the absence of the proteins, membranes, and ion concentrations
that might exist in a cell or virus in which dimerization normally takes place. These small
fragments of RNA are then run on a gel and scored on the basis of whether or not they
formed dimers; the outcome of such experiments are so dependent on experimental
conditions that the interpretation of results is difficult. As mentiqned, the true location of

the DIS went unresolved for some time, because in vitro assays were performed in the
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absence of magnesium. However, in vivo methods can also produce misleading results,
although they involve the full-length viral genome and an RNA dimer that was formed
under physiological conditions. If a mutation is made in viral RNA, and no effect results
on either dimerization or packaging, it can be concluded that the mutated sequences are
not involved in the dimerization or packaging processes. However, mutated sequences
that do compromise RNA dimerization or packaging may act through direct mechanisms,
or may even affect the overall structure and folding of the RNA itself. In this case,
mutations may indirectly cause defects in dimerization or packaging, even though the
mutated sequences may not be involved in interactions relevant to these processes.

Why have I gone though this long-winded technical comparison of these techniques —
because, I think we may soon have a better way to study the structure and function of
HIV-1 RNA. One group is now developing a novel in vivo chemical probing protocol that
takes advantage of the chemical modification reagents that are commonly used for in
vitro analysis of RNA structure. However, these experiments are performed on virus-
producing cells. Hence, structural analysis of viral RNA, that is normally carried out in
vitro on short fragments of artificially transcribed RNA, can now be performed on in
vivo-generated authentic HIV-1 genomic RNA. This method also allows comparisons of
cellular and virion-derived HIV-1 RNA. (J .-C‘. Paillart and R. Marquet, personal
communication). Such a method represents a compromise between classic in vitro and in
vivo approaches and may lead to agreement on the true structure of the HIV-1 leader and
on which RNA substructures are involved in dimerization. Furthermore, this method
might also have application in regard to in vivo foot-printing that might allow the study of

RNA-protein interactions in the context of virus-producing cells.
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6.2 RNA-Protein Interactions Involved in Dimerization and Packaging

In line with the goal of identifying novel RNA and protein sequences involved in
HIV-1 RNA dimerization and packaging, we also studied the DIS and its putative
interactions with Gag. The DIS has been shown to affect viral

25,50,112,134,151,152,214,248

replication , reverse transcription'*'#'*2*8 RNA dimerization®***

152,238,248 25,50,112,151,187,214,238

, and packaging levels , as well as the specificity of viral RNA
packaging™. However, previous work in our lab has shown that defects in. these functions
caused by large deletions in the DIS can be corrected by a series of compensatory point
mutations identified in MA, CA, p2, and NC!®19 These findings imply that the RNA
sequences comprising the DIS interact in some way with these domains of Gag, and that
when these RNA sequences are mutated, the virus will acquire, over long-term culture,
adaptive mutations that potentially restore putative RNA-protein interactions that might
have been disrupted. However, the mechanisms whereby these compensatory point
mutations correct for these defective virus functioné have remained elusive. To better
understand these mutations, we cfeated two other DIS deletions and combined them with
various combinations of the previously identified compensatory point mutations. In Ch.
5, we showed that these mutant virﬁses, ALoop (lacking the loop region of SL1) and
ADIS (lacking the complete SL1) dispiayed defects in replication, RNA dimerization, and
packaging, but that these defects were largely corrected by the compensatory point

mutations in Gag. Even a virus completely lacking the DIS, e.g. ADIS, which never

showed any signs of viral growth in tissue culture, could replicate to significant levels in
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the context of the compensatory mutations. Although this ADIS virus was severely
defective in genome dimerization, the compensatory mutations were able to restore virus
replication without correcting the. dimerization defects!

Since Gag can bind specifically to the DIS region, it is assumed that mutations within
viral RNA might result in disruptions of the RNA-Gag interaction. Potentially,
compensatory point mutations within Gag might then either restofe specific interactions
between the mutated viral RNA and Gag, or alternatively, induce Gag to adopt a different
conformation that might bind better to the mutated RNA. Using an RNase protection
assay that allows discrimination between spliced versus genomic viral RNA that is
packaged into virioné, we found that our DIS mutant viruses packaged increased levels of
spliced viral RNA compared to wild-type. Such an increase in packaging of spliced RNA
indicated a defect in packaging specificity that had previously been shown to correlate
with decreased levels of packaged genomic RNA and also resulted in decreased virus
replication capacity>’. More importantly, we observed that all of the combinations of
compensatory point mutations that we tested corrected this packaging specificity defect,
except for one that did not include thé T12I mutation in p2, i.e. MP2. We subsequently
showed that this point mutation alone was capable of correcting defective packaging
specificity for both the ADIS and ALoop deletions, and, also that MP2 by itself could
restore replication capacity to the ADIS mutant virus. This was a surprising finding

because NC is believed to be the domain responsible for the overall packaging activities
of Gag, and only one other report had ever shown that the p2 spacer peptide could have

131

an effect on packaging specificity . Our data indicated that a single amino acid residue

within the p2 spacer peptide could play a role in the exclusion of spliced viral RNA from
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the virus particle, and we subsequently showed that mutation of this position in the
context of wild-type 5> RNA sequences also caused an increase in the levels of spliced
viral RNA that were encapsidated into wild-type virus. We proposed that either the amino
acid at position 12 in p2 binds directly to viral genomic RNA to facilitate specific
encapsidation or that it somehow contributes to the overall structure of Gag in a manner
that allows Gag to bind with high affinity to genomic RNA, while simultaneously
excluding spliced RNA from being packaged.

Since publication of that work (Ch. 5), I have tested the effects of the MP2 point
mutation on the packaging specificity of the BH10-LD3 and BH10-LD4 DIS deletion
mutants in which MP2 was originally identified, and found that these DIS mutants also
package higher than normal levels of spliced viral RNA, and that MP2 corrected these
defects. Thus, MP2 somehow restores the ability of Gag to specifically package DIS-
deleted full-length genomic RNA. This is consistent with the notion that MP2 is an
adaptive mutation that can compensate for the disruption of RNA-protein interactions
that were lost when the RNA sequences were deleted in LD3 and LD4. However, MP2
also corrects packaging specificity for the ADIS and ALoop, two viruses that did not
generate MP2 on their own. Hence, the broad activity of MP2 might be centered around
SL1, regardless of the nature of the DIS mutation.

The p2 spacer peptide is a hotspot for the appearance of compensatory point
mutations, and MP2 has itself been identified during forced evolution studies on a
number of our 5> RNA-mutated viruses. The broad activity of MP2 in fhe context of the
DIS mutants prompted us to test whether these other mutant viruses also had defects in

packaging specificity, and whether MP2 could correct for these as well. The AGU3
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mutant, lacking GU-rich sequences in the lower stem of the U5-PBS complex (Ch. 2),
and the MD2 mutant, lacking GA-rich sequences adjacent to SL3 (Ch. 3), also generated
the MP2 compensatory point mutation during long-term culture. When RNase protection
assays were performed on RNA from these mutant viruses, significantly higher levels of
packaged spliced viral RNA than wild-type were obtained, and MP2 was able to repair
this deficit in both instances. These results suggest that the effect of MP2 is, in fact, not
centered around the DIS, but is even broader and relates to any 5 UTR mutant that we
test. Even more surprising was the fact that the M3 mutant, lacking SL.3 and upstream A-
rich sequences, generated an A11V compensatory mutation within p2 over long-term
culture (Ch. 4) that had almost no efféct on packaging specificity, whereas MP2 restored
the packaging specificity of M3 to wild-type levels (B.B. Roy, R.S. Russell, et al.,
manuscript in preparation). These results strongly suggest that the p2 spacer peptide is
critical for the specific packaging of HIV-1 genomic RNA, and these effects on
packaging specificity correlate with virus replication capacity. Spacer peptides similar to
p2 are conserved among other lentiviruses such as HIV-2, SIV, BIV, and EIAV;
therefore, it will be interesting to test whether this effect on packaging specificity is a
common feature of all lentiviral spacer peptides.

MP2 has broad activity in the correction of packaging specificity, but the
mechanism(s) involved remain obscure. As mentioned above and in Ch. 1, the actual
RNA structure is still debated, and we don’t know whether viral RNA exists as a
monomer or dimer when it is first recognized by Gag. Although Gag is responsible for
the specific packaging of viral genomic RNA, its actual structure is also poorly

understood, nor is it known what multimeric state Gag might be in when it first
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encounters viral RNA. Even though a model may be premature, we propose one for
pufpose of discussion which shows that the NC domain of Gag can bind specifically to
the major packaging signal, SL3, in an orientation that allows other domains of Gag to
interact with regions of genomic RNA, such as SL1 or the poly(A) hairpin; these
interactions might stabilize the overall genomic RNA-Gag interaction (Fig. 6.1, top).
Deletion of the DIS (or other sequences) might disrupt these stabilizing effects, resulting
in a reduced affinity for genomic RNA (Fig. 6.1, middle). This decreased affinity for
genomic RNA could explain the extraneous packaging of spliced viral RNA, and
probably cellular RNA as well, but we have not yet tested this possibility. In the context
of the MP2 mutation, Gag might then adopt an alternate conformation that restores a high
affinity interaction with mutated genomic RNA (Fig. 6.1, bottom). Such an ‘induced fit’
model, in which RNA-protein interactions involve conformational changes in both the
RNA and protein, has recently gained interest, and is thought to apply for other HIV-1
RNA-protein interactions such as Tat-TAR and Rev-RRE (Reviewed in Williamson®'").
Interaction with the capsid protein can alter RNA structure and affects in vitro assembly
pathways'?* in another RNA virus. Such ‘induced fit’ interactions might be required for
proper Gag multimerization and RNA packaging during HIV assembly as well. These
~ questions are now being addressed at the in vitro level by a postdoc in Dr. Wainberg’s
lab, who has generated results that provide insight into such putative induced fit
interactions between Gag and viral RNA (A. Roldan, R.S. Russell, et al., manuscript in
preparation). Such in vitro analyses might also answer the question of whether a Gag

protein containing MP2 really does have higher affinity for genomic versus spliced viral

RNA (A. Roldan, unpublished).
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Figure 6.1. Model of the MP2-induced alternate RNA-protein interaction. The NC
domain of Gag binds specifically to the major packaging signal, SL3, in an orientation
that allows other domains of Gag to interact with other regions of genomic RNA, such as
SL1 or the poly(A) hairpin, to stabilize this RNA-protein interaction (top). Deletion of
the DIS (or other sequences) could disrupt these stabilizing effects, resulting in a reduced
affinity for genomic RNA (middle). In the context of MP2, Gag might itself adopt an

alternate conformation that restores a high affinity interaction with mutated genomic
RNA (bottom).
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Figure 6.1. Model of the MP2-induced alternate RNA-protein interaction.
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Recent data from our group have raised other questions regarding the mechanism(s)
whereby MP2 can correct packaging specificity in the context of deletion mutations in
the 5 UTR of viral RNA. Since we have proposed that the effect of MP2 was though an
alternate induced fit interaction between the MP2 Gag and mutated 5° RNA sequences,
then mutations outside of the 5° UTR that also affect packaging specificity, e.g. in NC,
should not be overcome by MP2. To test this hypothesis, Dr. Liang’s lab has generated a
panel of HIV-1 mutants containing amino acid substitutions or deletions in the zinc
fingers and basic amino acid residues that are known to be important for the RNA
packaging activity of Gag. As expected, these mutants packaged lower levels of genomic
RNA and higher levels of spliced viral RNA compared to wild-type, indicating a
packaging specificity defect. Surprisingly however, MP2 was able to correct the aberrant
packaging c;f Spliced viral RNA in the context of these NC amino acid mutations (B.B.
Roy, R.S. Russell, et al., manuscript in preparation). This observation argues against our
assumption that MP2 acts to induce an alternate interaction between the MP2 Gag and the
mutated 5’ RNA sequences, and suggests that the binding of MP2 Gag might instead
induce a general conformation in the RNA that creates a higher affinity interaction
between the protein and the RNA, regardless of RNA sequence (R. Marquet, personal
communication). Th¢ paradox is that if MP2-Gag has a higher afﬁnity- for viral genomic
RNA, then why is it not contained in the wild-type HIV-1 consensus sequence. We
cannot confidently explain these results; one possibility is that it might be detrimental for

the virus if Gag binds too tightly to the viral RNA, and the RNA-protein interaction may
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need to be flexible in order to allow conformational rearrangements necessary for other
aspects of the life cycle.

Another interesting question relates to the need to package spliced viral RNA species
in the first place. In wild-type viruses, 90-95% of the viral RNA in the virion is full-
length genomic. Aberrant packaging of spliced RNA in mutated viruses may be due to a
requirement of the virus to fill a certain amount of space that is normally occupied by
full-length genomic RNA. The presence of RNA or. Gag mutations that decrease levels of
genomic RNA in virions may cause the virus to incorporate spliced vir.al RNA to fill this
space. However, the MP2 mutation causes spliced RNA to be excluded from the virion,
without affecting levels of genomic RNA. Thus, overall RNA packaging and specific
genome packaging are separate activities, possibly controlled by different domains within
Gag.

The debate about the link between dimerization and packaging is relevant here since
most 5’ UTR mutant viruses that show decreased RNA dimerization also package lower
levels of genomic RNA (along with higher levels of spliced RNA) compared to wild-
type. Possible explanations are: (i) Viral RNA is nofmally packaged in the form of a
dimer, but dimerization deficient mutants result in weak or less recognizable dimers
being packaged into fewer viruses; hence, lower levels of genomic RNA are packaged
per ng of p24-normalized virus. Spliced RNA is then incorporated non-specifically by
assembling Gag molecules that have not established a high affinity interaction with a
stéble dimer in the cytoplasm. (ii) Mutated dimerization sequences weaken interactions
between the two copies of full-length genomic RNA and allow the formation of weak

heterodimers that consist of genomic and spliced RNA to be packaged, explaining both
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the decreased levels of packaged genomic RNA and increased packaging of spliced
RNA. Indeed, dimerization gels that analyzed rﬁutants that package high levels of spliced
viral RNA revealed only the high molecular weight bands representing dimers and
monomers; hence, spliced RNA must migrate in a complex with one of both of these
RNA species. (iii) The third possibility is that viral RNA is always packaged as a
monomer and that it dimerizes during the assembly or budding process. This would
explain our observations that DIS-deficient viruses package as much RNA as wild-type in
the presence of the compensatory point mutations, but that this RNA is predominantly
monomeric on a gel. Spliced RNA would then be packaged when the specific packaging
of monomeric genomic RNA became comi)romised. Of course, these monomers might
also have been packaged as weak dimers that dissociated during virus purification and
RNA extraction.

The link between dimerization and packaging has been debated for some

25,50,90,91,151,236-238,248

years , and, in my opinion, explanations (i) and (ii) which argue that

dimerization must be a prerequisite for packaging make the most sense. Genomic RNA

50,236,237,247,248

can be packaged és Monomers , or at least as very weak dimers, but mutant
viruses tﬁat exhibit dimerization defects do not grow as well as wild-type viruses. The
fact that our ADIS-MP2 virus can replicate in tissue culture, despite being severely
compromised in genome dimerizatio.n, is evidence that efﬁcient dimerization is not
required for packaging or replication. Other sequences that affect dimerization, such as
those reported in Chs. 2-4, may form a weak dimer that allows the RNA to be recognized

and packaged. The contribution of the DIS might then be to significantly increase the

efficiency of the dimerization process, resulting in more efficient packaging and
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replication. Comparison of cellular versus virion-derived RNA, using the in vivo
chemical probing protocols mentioned above, might finally resolve this issue, since viral
RNA may already be dimerized in the cytoplasm (J.-C. Paillart, personal

communication).
6.3 Novel Therapeutic Targets for HIV-1

Research aimed at basic RNA-RNA and RNA-protein interactions not only
contributes to the basic understanding of the retroviral life cycle, but might also
potentially lead to the identification of novel targets for anti-HIV therapy. I now ask

whether any of my observations may impact on HIV disease.
6.3.1 The DIS as a Therapeutic Target?

The unique aspect of the dimerized genome, along with the fact that this feature is so
well conserved within the Retroviridae family, has prompted retrovirologists to consider
this process as a target in HIV therapeutics. Indeed, the DIS was thought to be a potential
therapeutic target, and antisense molecules were directed at this region of viral
RNA%'252_although there has been no practical outcome of this work. Other approaches
directly target the HIV-1 kissing-loop complex which resembles the eubacterial 16S

.ribosomal aminoacyl-tRNA site, i.e. the target of aminoglycoside antibiotics such as
paramycin and neomycinsz; both of which specifically bind to the kissing-loop complex.

Antibiotic modifications with high affinity and specificity for the DIS may be designed in
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the future, although, the efficacy of such approaches might be limited, since HIV can
replicate in the face of mutations that decrease genomic dimerization by more than 50%
(Ch. 5).

RNA interference (RNAI) is a novel mechanism that regulates gene expression using
small interfering RNAs to direct the targeted degradation of RNA in a sequence-specific
manner. A quick PubMed search would lead one to think that RNAi, or some gene
therapy-based application thereof, will cure all known diseases. Although RNAI is a
powerful research tool, I am not convinced that its therapeutic potential will not fizzle.
Several reports show that specific degradation of HIV-1 RNA is possible in an infected
cell (Reviewed in Lee and Rossi'>®), and inhibition of p24 levels by as much as 4 logs has
been achieved by transfection of psiRNA directed against HIV-1 faf and rev'”’. DNA
vectors are currently being engineered that will allow long-term production of siRNAs
for use against chronic diseases, such as HIV. I believe, in spite of what I stated above,
that the DIS might be a good candidate for sequence-specific targeting of HIV by RNAI
therapy. Why? The DIS is highly conserved among naturally occurring virus isolates,
and, due to its position upstream of the major splice donor, it is contained in all HIV-1
RNA transcripts, both spliced and unspliced. Effective DIS-directed degradation of HIV
RNA should confer the same viral phenotype as observed with our ADIS mutant, which
never showed any signs of virus replicatioh in either permissive T cell lines or CBMCs.
One concern is how accessible certain viral RNA sequences might be to siRNAs. For
example, complex secondary structures might cause some sequences to be buried and
therefore inaccessible to siRNA. This might not be a concern with DIS-directed RNAi,

since the DIS contains a 6 nt palindromic sequence that is believed to initiate the
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dimerization process by binding to the same sequence on another molecule of genomic
RNA. If two 6 nt stretches of RNA can find each other on two 9200 nt strands of highly
structured RNA, they should also be accessible to siRNAsS.

All of these DIS-directed strategies rely on specifically targeting the viral RNA itself,
which might not be practical, due to our inadequate knowledge of the overall structure of
the HIV-1 5’ region. The fact that RNA sequences such as SL1 and SL3 are known to
form relevant RNA-protein interactions raises the possibility that the protein component
of these interactions might also provide potential targets for anti-HIV therapy. Such
approaches are currently being explored in collaborative research aimed at designing

inhibitors of the TAR-Tat RNA-protein interaction’®,

6.3.2 p2 as a Therapeutic Target?

As discussed in Ch. 1, assembly inhibitors are probably next on the horizon for
therapeutic approaches to combat HIV, and three recent studies have demonstrated proof
of concept for such a class of molecules. The first compound, CAP-1, binds directly to
the HiV-l CA protein, and was shown to inhibit virus infectivity in a dose-dependent
manner”. Virus particles generated in the presence of this inhibitor displayed
heterogeneous size and abnormal core morphology, suggesting a novel antiviral
mechanism. The second compound, PA-457, is termed a maturation inhibitor, since it
acts by disrupting a late step in Gag processing, specifically, the conversion of the CA
precursor (p25) to mature CA (p24)'°%. Virions from PA-457-treated cultures were

noninfectious, and, as with CAP-1, also exhibited aberrant particle morphology.
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Although the exact mechanism of action of this compound is unknown, it is beliéved to
block the CA-p2 cleavage site, since a mutation conferring resistance to the drug was
mapped to the first amino acid in p2, at the p25/p24 cleavage site. More recently, a third
compound, reported to be a small-molecule inhibitor of virion maturation?®®, showed a
similar inhibitory profile as did PA-457.

p2 is required for higher-order multimerization of Gag'®®, and deletion of p2, or even
of its amino terminal residues, virtually abolishes virus productionz"‘“. Proper removal of
p2 from the C-terminus of CA must take place during virus morphogenesis, otherwise the
spherical CA shell fails to form a mature conical core'®*?”>, We have identified key

amino acid residues within p2 that affect Gag complex formation'

and specific
packaging of viral genomic RNA (Ch. 5), both considered essential events in the
assembly process. Theoretically, small-molecule or rationally designed inhibitors that
speciﬁcallyvblock the activity of these key interactions in which p2 is involved migﬁt
result in the phenotypes mentioned above, and might represent potential assembly
inhibitors. Based on the activities of the compounds described above, and the strong
phenotypes that we, and others, have reported in viruses containing mutations in p2, I
believe that the development of an inhibitor targeting this assembly domain of Gag is a
realistic possibility. Such an inhibitor would have an advantage over the three drugs
described above, since none of them showed more than a 50% decrease in virus
production, and, therefore, might still allow for newly released virions to carry out early
steps of the virus life cycle, e.g. reverse transcription, the stage at which drug-resistant
mutations commonly arise. Theoretically, drug resistance could quickly develop to

inhibitors such as PA-457, in which case a single mutation in p2 was shown to result in
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wild-type replication in the presence of drug. In contrast, a tight-binding inhibitor of p2
might completely block virus production and the virus might not have the opportunity to

undergo reverse transcription, thereby decreasing the risk of drug resistance.

6.3 Final Summation

I believe that the research presented in this PhD thesis has answered important basic
questions regarding RNA-RNA and RNA-protein interactions that occur during the HIV-
1 RNA dimerization and packaging processes. Relevant questions have also been raised,
the answers to which will hopefully further our knowledge and understanding of these
processes, and, more importantly, help us to design novel therapies that might potentially
block critical steps in the virus life cycle. It is my hope that my identification of novel
RNA and p;otein sequences involved in two important aspects of the retroviral life cycle,
and the interactions in Which these sequences are involved, will lead to novel drugs that

will make a difference for HIV-infected individuals.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

The work presented below is a summary of the major findings contained within Chs. 2-5

of this thesis, and has all been published in refereed scientific jouma1523°'232'234.

Chapter 2. Prior to the initiation of the projects detailed in this thesis, the dimerization
initiation site (DIS) was shown to be the key region of the HIV-1 5’ RNA involved in the
dimerization process. However, three pieces of evidence strongly suggested that the DIS
did not act alone to facilitate this process. First, EM analysis of HIV-1 RNA showed the
5’ region to contain two stable contact points between the two RNA molecules,
suggesting that the DIS was not the only region of RNA that was dimerized. Second, all
DIS mutant viruses studied still contained a significant amount of dimerized genomic
RNA within the virion, meaning that the genome was able to dimerize in the absence of
the DIS sequences. And third, RNA dimers isolated from these DIS-mutated viruses were
as thermostable as those isolated from wild-type viruses. These observations implied that
RNA-RNA interactions outside the DIS must contribute to the interaction between the
two RNA molecules. However, at the time that I began my PhD, no RNA sequences
other than the known DIS had been shown to affect HIV-1 RNA dimerization in vivo. So
first, I set up and established this in vivo dimerization assay in our lab, and then used this
assay to study RNA sequences involved in the dimerization of HIV-1 RNA. The major
contribution of the work in Ch. 2 was that we demonstrated for the first time that specific
RNA sequences upstream of the DIS could affect the levels of dimerized RNA contained
within the virus. Specifically, we showed that the GU-rich sequences within the poly(A)
and U5-PBS stems were required for normal genome dimerization. The fact that these
identified sequences were located upstream of the DIS explains the previous EM data,
and these sequences may form the extreme 5’ interaction that was observed in the EM
pictures. We also showed that this dimerization deficit was not corrected by RNA
mutations that preserved local RNA structures, such as the poly(A) hairpin, and was
overcome to only a limited extent by compensatory mutations within Gag that were

identified after long-term culture. These results imply that the GU-rich sequences
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contribute to RNA dimerization by mediating direct RNA-RNA interactions in the dimer
structure. These data represent the first in vivo identification of specific RNA sequences

outside the DIS that are able to contribute to the dimerization process™".

Chapter 3. Now that we had demonstrated that sequences other than the DIS could
indeed play a role in the HIV-1 RNA dimerization process, we wondered if other regions
of the 5° UTR could also affect genome dimerization. It turns out that the DIS, and the
Poly(A) and US-PBS RNA sequences that we showed to affect dimerization (Ch. 2), had
all been previously shown to represent important packaging signals as well. Since
numerous reports had already proposed a link between dimerization and packaging, we
wondered if other known packaging signals, such as SL3, might also be involved in the
dimerization process. One study had also shown that an antisense oligonucleotide
targeting SL3 and a downstream GA-rich region could inhibit dimerization of HIV-1
RNA fragments in vitro. In Ch. 3 we showed that the structure, but not specific RNA
sequence, of SL3 is needed not only for efficient viral RNA packaging but also for
dimerization. We also showed that mutation of the GA-rich sequences downstream of
SL3 also severely diminished viral RNA dimerization and packaging. These data
represent the ﬁfst in vivo evidence that RNA sequences downstream of the DIS can play
a role in RNA dimerization. These findings, combined with the data in Ch. 2, raise the
possibility that dimerization is initiated by the DIS, but that the RNA dimer also involves
RNA-RNA interéctions on both sides of the DIS. If these putative interactions are still
intact in the context of a DIS- RNA, then these interactions could maintain a low level of
thermostable dimer that is observed in DIS-mutated viruses. Earlier in vitro dimerization
studies proposed that the formation of G-quartets might also contribute to the
dimerization of retroviral RNA. However, this hypothesis was later refuted, based on the
fact that potassium ions, which are known to stabilize G-quartet, had no effect on HIV-1
RNA dimerization in vivo. To confirm this work, we specifically mutated a series of G
nucleotides within the gag gene and tested whether or not these mutations had any affect
on RNA dimerization. We indeed found that the absence of the G nucleotides had no

effect on the levels of dimerized RNA contained in virus particles, confirming that G-
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quartet formation in gag gene sequences does not contribute to the formation of the RNA

dimer®®.

Chapter 4. A former student in our lab had performed forced evolution studies with a
different series of SL3-mutated viruses and had identified compensatory point mutations
that could restore replication and RNA packaging activity to these mutants. Given that we
now had evidence for the involvement of SL3 in the dimerization process, we asked
whether these other SL3 mutations caused dimerization defects that contributed to the
reduced replication capacity of these mutant viruses. Since compensatory mutations that
restored replication to these viruses had been identified, we could test whether these
compensatory mutations could correct RNA dimerization in a trans fashion. In agreement
with the results in Ch. 3, we found that complete deletion of SL3 led to decreases in both
viral RNA packaging and dimerization. However, unlike the compensatory mutations
identified in the context of DIS-mutated viruses, dimerization defects caused by SL3
mutations were corrected by the compensatory mutations in p2 and NC. These results
imply that the role of SL3 in the dimerization process is more dependent on Gag, and that
these second-site mutations might act by restoring the NC-mediated effects of the SL3

region on dimerization®°.

Chapter 5. In Ch. 5, we focused our attention away from the RNA-RNA interactions
involved in RNA dimerization and packaging, and tried to understand the putative RNA-
protein interactions affecting these processes that were evident from our frequent
identification of compensatory point mutations in our 5° UTR mutant viruses. Based on
our previous studies showing that DIS deletion mutants could be rescued by
compensatory mutations in MA, CA, p2, and NC, we created two additional DIS deletion
mutations and combined them with various combinations of the compensatory mutations.
The first important result to come out of this work was that a virus lacking the complete
DIS was noninfectious in tissue culture, confirming the biological relevance of the DIS
and the dimeric feature of the HIV-1 genome. However, we were surprised to see that
this severely compromised virus was able to replicate to almost wild-type levels in the

context of all combinations of compensatory mutations tested. Even in the presence of
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only the T121 compensatory mutation identified in p2, our ADIS mutant was able to
establish a persistent infection in a human T-cell line. This is arguably the most
significant finding of my PhD research, since it represents an extreme example of how
resilient HIV is. The ADIS virus contains a 35 nt deletion in the 5° UTR that we showed
to decrease RNA dimerization, packaging, and packaging specificity, and this virus was,
to all intents and purposes, dead. However, a single nt substitution, almost a kilobase
away from the original deletion, resulting in a single amino acid change, restored
replication capacity to this dead virus. The implication of this work extends to the idea of
live-attenuated vaccine approaches for HIV, since it shows that even a highly attenuated
virus could have the potential to revert to an infectious virus if it is able to replicate well
enough to generate as few as one or two nt substitutions. The other important result to
come out of the work described in Ch. § is that we are now one step closer to fully
understanding the mechanism(s) employed by these compensatory mutations to facilitate
restoration of replication to our mutant viruses. With the help of Véronique Bériault, a
student from Dr. A. Mouland’s lab, and Ariel Roldan, I set up and established an RNase
protection assay that allowed us to discriminate between genomic versus spliced viral
RNA packaged into HIV-1 virions. Using this assay we found that DIS-deleted viruses
aberrantly packaged higher levels of spliced viral RNA than did wild-type virus. These
data confirmed that the SL1, i.e. the DIS, is required for specific packaging of genomic
versus spliced viral RNA. However, the surprising result was that the MP2 compensatory
point mutation was able to independently correct this packaging specificity defect. The
p2 spacer peptide in HIV-1 Gag had already been shown to affect packaging specificity,
but we now showed for the first time that specific amino acid residues within p2 could
have major effects on the exclusion of spliced viral RNA from being packaged into the
virion. And, we went on to show that this effect was not restricted to the 5> RNA mutants
we had been studying, but that different amino acids at the same position in p2 could
affect the packaging specificity of the wild-type virus as well. These data provide strong
evidence that NC is not solely responsible for the packaging function of Gag, and
demonstrates that the p2 spacer peptide might play an active role in packaging of HIV-1
RNAZ34
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DEDICATION

This thesis is dedicated to two people who now only exist in our memories. One, an
uneducated man, who lived a hard life, in a hard time, growing up during The
Depression. He died of cancer at 76 years of age, and probably never really understood
what HIV was. The other, an educated woman, who also lived a hard life, in a hard time,
growing up during the early years of the AIDS epidemic. She died of AIDS at 30 years of
age, and came to understand too well what HIV was. The man was my grandfather, the
woman was my friend, they both died while I was doing this PhD. They lived very
different lives, and they in&pired me in very different ways.

For Pop and Becky
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