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Abstract

As the acquired immunodeficiency syndrome (AIDS) pandemic continues to
grow, physicians and patients must contend with the emergence of drug-resistant viral
strains and with adverse side-effects associated with current drugs. The identification of
new targets for drug development is thus critical at this juncture. Human CD4+ T cells
harbor an enzyme, APOBEC3G (“A3G”), which has the potential to completely block the
spread of HIV. A3G is a largely cytoplasmic protein that can be incorporated into
budding virions, where it later exerts its antiviral activity. The HIV-1 Vif protein
counteracts the activity of A3G, enabling wild-type HIV-1 virus to replicate in such
targets as primary CD4+ T cells.

We observed that HIV-1 Vif caused the elimination of endogenous A3G from
infected T cells. We further determined that Vif binds A3G and causes its disposal by
26S proteasomes, and that it inhibits the synthesis of A3G protein. These findings
enabled the design of a high-throughput screen (HTS) for inhibitors of Vif action. The
screen involves co-expressing Vif and A3G-luciferase in cells suitable for HTS. In the
third set of studies, we switched our attention from how the virus regulates cellular A3G
expression, to how the cell does so. We tested a panel of cytokines, chemicals naturally
produced by human cells, for their effect on the expression of A3G. IL-2, -7, and -15 all
significantly enhanced the expression of A3G protein and mRNA through a Jak/ MAPK
signaling pathway. Interestingly, these agents also render resting CD4+ T cells
permissive to HIV infection. When we studied the activity of A3G, we found that the
cytokines caused A3G to shift into an inactive complex that removed the restriction to

HIV infection.
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The finding that Vif causes the removal of most of the A3G from T cells provides
a starting point for a highthroughput screen to identify inhibitors of Vif action. The work
examining host-factor regulation of A3G identified several factors that enhance the
expression of A3G and showed that some (such as IL-2 and —15) also inactivate A3G,
enabling HIV infection. Together, our work has provided some insights that might be

valuable for the future development of therapeutics.
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Chapter 1

Introduction



I. Summary

Despite significant advances in our understanding of human immunodeficiency
virus (HIV), the causative agent of AIDS, and despite advances in drug development and
their wider dissemination, HIV infections continue to be on the rise in every region of the
world. Nearly 40 million people world-wide are currently HIV-infected, according to the
World Health Organization and UNAIDS; and nearly 25 million people have died of
AIDS since the disease was first reported in 1981. The majority of the new cases appear
in Sub-Saharan Africa, but HIV infection rates have experienced sharp increases in other
regions including Central Asia/Eastern Europe, India, and China with rates increasing as
much as 70% since 2004 in some areas.

In the US, the news is more encouraging. Although infections are still on the rise,
the availability of highly active antiretroviral therapy (HAART), involving the
administration of drug combinations, has dramatically increased the life expectancy of
HIV-infected individuals (115). Unfortunately, this gain is accompanied by significant
financial costs. An HIV-1-infected person receiving HAART can expect to incur a total
health care bill exceeding $600,000 over the course of his or her lifetime.

The costliness of HAART makes effective world-wide distribution difficult, and a
very small percentage of the people in need actually receive treatment. For those who
receive treatment, the effectiveness of HAART can be undermined by the toxicity of the
drugs, which can impede patient adherence (20), and by emerging single-drug-resistant

and cross-resistant strains of HIV (42, 62).



Although there are now over 20 HIV drugs available, most target only two viral
enzymes, either Reverse Transcriptase or Protease. New drugs targeting different parts
of the viral lifecycle are desperately needed.

Our work began with a simple research question, but we ended with a fresh
perspective into potential strategies for combating the HIV virus. At the beginning of this
project, it was known that the HIV Vif protein was critical to the lifecycle of the HIV
virus; but its mechanism of action was poorly understood. Our lab and others identified
the exact mechanism of Vif’s action, namely to eliminate an antiviral factor
(APOBEC3G (A3G)) from immune cells. This work provided the basis for a high-
throughput screen for Vif inhibitors, an approach that we hope will lead to the
identification of a new class of drugs in the future. One of the exciting aspects of this
work is that such a therapeutic would not only target a viral protein, but would enable the
A3G already present in human immune cells to do a job it is quite able at performing:
defeating the HIV virus. After determining how the viral Vif protein regulated A3G, we
next turned to how host factors regulate A3G, and learned that certain cytokines enhance
the expression of A3G in some cell types, but that they also inactivated it, rendering cells
permissive to HIV infection. We also identified another group of host factors (the
interferons) that enhance A3G expression without impairing its antiviral activity. Our
hope is that the combined understanding of how Vif and host cellular factors regulate
A3G will assist in the search for new therapeutics that could improve the lives of the

many people suffering from HIV/AIDS.



II. Introduction to Lentiviruses

The past century of research into the biology of lentiviruses began with a sick
horse in the French countryside. In 1904, a “filterable agent” was isolated from a horse
that had fallen ill with equine infectious anemia, a disease characterized by cycles of
fever, thrombocytemia, and severe wasting (19, 147). Since the identification of Equine
Infectious Anemia Virus (EIAV), related viruses have been isolated from sheep (visna-
maedi virus), goats (Caprine arthritis/encephalitis virus, CAEV), cows (bovine
immunodeficiency virus), cats (feline immunodeficiency virus, FIV), nonhuman primates
(simian immunodeficiency virus, SIV), and, of course, humans (HIV) (59-61, 147).

Lentiviruses are complex retroviruses that are associated with certain chronic
disorders of the immune and nervous systems. Simple retroviruses contain at least three
genes, gag, pol, and env, which encode the core and surface structural proteins as well as
enzymes, reverse transcriptase enzyme (RT), Integrase (IN), and protease (PR), necessary
for viral replication. A common feature of all retroviruses is the use of RT to convert
their RNA genomes into a DNA intermediate that is subsequently integrated into the host
chromosomal DNA via the action of IN. The integrated provirus generally uses host cell
machinery for replication, expression and protein production. Lentiviruses differ from
simple retroviruses, however, in that they encode additional genes that improve viral
replication and persistence. HIV-1 encodes six such additional genes (tat, rev, vif, vpr,

vpu, and nef).



III. A Brief Summary of the HIV Lifecycle

The HIV-1 life-cycle begins when an infectious virion attaches and enters a target
cell; in the next phase the viral genomic RNA is reverse-transcribed into double-stranded
DNA which is subsequently integrated into the host DNA; following integration, proviral
DNA can be transcribed into viral proteins and genomic RNA that assemble into a

budding virion that exits the cell (Fig. 1).
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Fig. 1 The HIV-1 Lifecycle

HIV-1 entry into target cells requires attachment, interaction with specific cell-
surface receptors, and fusion. The initial attachment process is mediated both by cell-

surface adhesion molecules that are incorporated into HIV-1 virions (16-18, 44, 45, 116,




162) and by the viral Env gp120 protein. Env gp120 interacts with CD4 glycoprotein
expressed on the surface of T cells, monocytes, dendritic cells and brain microglia (31,
86, 162). Interaction with CD4 triggers a conformational change in gp120 that exposes
the binding site to chemokine co-receptors such as CXCR4 or CCR5(128, 150), although
some laboratory isolates of HIV-1 and -2 can bind chemokine receptors independent of
an interaction with CD4 (27, 40, 121). Chemokine receptor engagement triggers an
additional conformational change in the HIV-1 gp41 ectodomain, resulting in the
insertion of the trimeric coiled-coil (preexisting or newly-formed) into the lipid bilayer of
the target cell (21, 48, 49, 88, 156). This bridge between the membranes of the virus and
cell, along with additional conformational changes, permits fusion between the two
entities and the extrusion of the viral core into the cell interior (22, 63).

Uncoating of the virus occurs next through a poorly understood process,
generating a viral reverse transcription complex containing the double-stranded RNA
genome, tRNAlys primer, RT, IN, matrix (MA), nucleocapsid (NC), viral protein R (Vpr)
and various host proteins(79, 80, 92). Reverse transcription is then completed giving rise
to a preintegration complex (PIC) composed of double-stranded viral cDNA and IN, as
well as other viral and host proteins(14, 102). The viral cDNA encodes the entire viral

genome and is flanked at either end by a 5’ and 3’ long-terminal repeat (LTR) (Fig. 2).

Vlf nef
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Fig. 2 The HIV-1 Genome.

The PIC is then imported into the nucleus through nuclear pores. IN binds the ragged

ends of viral cDNA generated by RT and catalyses a cleavage reaction that results in a




two-base-pair recess at each end (14). Then, with the cooperation of cellular DNA repair
enzymes, IN catalyzes joining reactions necessary for the integration of the double-
stranded viral cDNA into the host chromosome (14). Alternatively, the viral DNA may
form one of three types of circular structures (single LTR, 2LTR, or an autointegratrated
circular structure) that fail to lead to the production of infectious virus. Some of these
circular forms could be transcriptionally active and could generate the transcriptionally
transactivator Tat and Nef (161).

Following integration, the provirus can either be actively transcribed or, on rare
occasions, remain latent. The exact causes of latency and the factors responsible for
activating transcription of latent proviruses in vivo are unclear. Some latency could be
due to integration into repressive, heterochromatin-rich regions of the genome (76); but
there are other causes, such as an absence of some aspect of transcriptional machinery,
that could also be at play.

An integrated provirus is generally similar to other multi-exon cellular genes and
relies on host-cell machinery for transcription and translation. The promoter elements
within the 5’ LTR, including several NF-kB responsive sites, activate the start of
transcription, which proceeds through to the 3° LTR. Unlike ordinary cellular mRNA,
the splicing and nuclear export process of HIV viral RNA is not tightly coupled. At early
points, most viral mRNAs are doubly-spliced and encode “early” products such has Tat
(a transcriptional activating protein), Rev, and Nef (a major modulator of expression of
cell-surface proteins, including CD4, and a regulator of cell-signaling) (30). At later
points, Rev binds to a Rev responsive element (RRE) within the env coding region and

enhances the export of unspliced mRNAs by shunting the mRNA into a CRM1-



dependent nuclear export pathway. Incomplete splicing of these transcripts could be due
to suboptimal splice-donor and acceptor sites within the viral transcripts. Rev could also
inhibit splicing by interacting with alternative splicing factor/splicing factor 2 (ASF/SF2)
(119) and p32 protein (94). As a result, unspliced, intact viral genomic RNA can be
exported into the cytoplasm for later packaging into the budding virion. Several other
viral transcripts also remain incompletely spliced including those encoding proteins Gag
structural proteins and accessory proteins such as Vif, Vpu and Vpr.

The dependence of Vif on Rev has made transient expression of Vif difficult in
the absence of other viral proteins. However, as is described in Chapter 3, our lab and
others have devised a strategy to promote Vif expression in transiently-transfected cells.

Viral assembly occurs after Gag and Gag-Pol precursor polyproteins are targeted
to the plasma membrane, where budding occurs. The Gag and Gag-Pol polyproteins
assemble into a core virion containing two strands of viral genomic RNA (+) as well as
Vpr and Nef accessory proteins (47). Budding begins as a lipid coat derived from the
plasma membrane and containing Env gp120/gp41 trimeric complexes forms around the
core virion. These protrusions are then pinched off with the help of tumor suppressor
gene 101 (TSG101) (54, 154), a cellular protein that assists in vacuolar-sorting pathways
by forming the ESCRT-1 complex, to form immature, noninfectious particles that
become mature when the viral Protease enzyme cleaves Gag and Gag-Pol polyproteins.

The HIV-1 lifecycle is also highly dependent on the ability of the virus to evade
the immune system, a process mediated by several different viral proteins. HIV-1 Nef
down-modulates cell-surface molecules include in CD4 and MHC 1, causing infected

cells to bypass ordinary immune surveillance. The downmodulation of CD4 may also



protect T cells from superinfection, which could be a way of enhancing the reservoir of
viral-producing cells (160). HIV-1 Env is heavily glycoslyated, obstructing antibody
recognition. Finally, HIV-1 RT is highly error-prone, contributing mutations that make
HIV a moving target for immune recognition.

IV. HIV-1 Reverse Transcription

Reverse transcription is the transition of an RNA genome into a double-stranded
DNA molecule. Retroviruses are typically RNA viruses that use reverse transcription to
replicate their genomes, a process first characterized in RNA tumor viruses by Baltimore
(4, 148) and Temin and Mizutani (4, 148).

HIV-1 viruses contain two plus-stranded genomic RNA molecules (~9kb) flanked
at either end by two short, redundant (R) sequences that are adjacent to unique sequences
at the 5’ (U5) and 3’ (U3) termini (75). During reverse transcription, duplication of the
US and U3 sequences results in proviral double-stranded DNA with U3-R-US LTR at
both termini. U3 contains cis elements necessary to initiate transcription of the provirus
and needs to be upstream of the 5° R, the starting point for transcription. The duplication
event occurring during reverse transcription is therefore essential because it permits U3 to

be in the proper position to direct the later transcription of the HIV provirus.
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either intramolecularly with the 3’ R from the original RNA strand or intermolecularly
with the 3’R within the second RNA genome in the virion (152). Synthesis of minus
strand DNA then proceeds from the 3’ to the 5’ end of the RNA genome. During this
process the RNaseH activity of RT degrades most of the RNA in the RNA:DNA hybrids,

except for two polypurine tracts (PPT) that are RNaseH resistant (50). The PPT in the
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U3 domain of the 3’ LTR and the ¢ PPT at the center of the genome then serve as primers
for the next phase of reverse transcription, + strand synthesis. Synthesis originating at
the 3’ PPT generates (+) strong-stop DNA, which undergoes a second strand transfer
after base pairing with the PBS in the minus-strand DNA. RT then continues to elongate
the (+) strand to the central termination signal (CTS), displacing 100 nucleotides of the +
strand DNA that had been initiated at the c PPT. These two discrete segments are then
joined together, presumably by cellular enzymes, resulting in the generation of double-
stranded proviral DNA, flanked by an LTR at each end.
V. Introduction to HIV-1 Vif

HIV-1 encodes an accessory protein Vif, 23 kDa in size, that plays a major, but
until recently, enigmatic role in HIV pathogenesis. Vifis a viral late gene (along with vpr,
gag-pol-env) that is singly-spliced and is expressed in a Rev-dependent manner (2, 53,
130). Vif-specific antibodies have been detected in the sera of HIV-1 infected patients at
all stages of infection, indicating that vif is expressed during natural infections (3, 109,
159). All lentiviruses, except EIAV, encode Vif proteins; and Vif proteins of closely-
related lentiviruses are highly conserved (110). Vif also contains several short sequence
motifs (including a SOCS-box BC box SLQXLA . .. .PPLP)) that are highly conserved
across even distantly-related lentiviruses (67, 99, 110, 166) and a highly-conserved
upstream zinc-coordinating motif (100, 166).

Vif is interesting in that in some settings it is absolutely necessary for the lifecycle
of the virus. Without a functioning Vif protein, HIV is unable to replicate in cultured
primary CD4+ T cells and macrophages, which are natural targets of HIV-1 infection as

well as certain immortalized T cell lines (43, 51, 52, 143, 145, 155). AVif virions from
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these cell-types are unable to complete reverse transcription in the target cell (36, 39, 58,
138). The importance of Vif for pathogenesis has also been demonstrated in simian
models (35). When the relative importance of Vif for viral infectivity has been compared
in vitro to other viral accessory proteins such as Vpu, Vpr, and Nef, the effect of deleting
vif was dramatically ﬁom detrimental to HIV replication than of deleting any one of the
other genes (56).
VL. Correlation between Vif and Progression to AIDS in Patients

The in vitro and animal-model data of Vif is highly predictive of an important role
for Vif in the development of AIDS in patients. Studies of viral isolates from human
patients have also been informative, but inconsistent. Some studies involved examining
inter- and intra-individual sequence variations and conserved motives in the Vif genes of
HIV-1 infected individuals. Although the results have varied, most studies have found at
least some significant proviral sequence conservation in the vif gene, especially in the 5’
end region, among infected patients and a direct correlation between certain vif
sequences and the course of disease (67, 114, 158). Another study reported frequent,
sporadic inactivation of Vif in infected patients and an association with viral
diversification (141).

Other studies have involved comparing viral isolates from normal HIV-1 patients
with those from HIV-1-infected long-term nonprogressors (LTNPs), which represent 5-
10% of all HIV-1-infected individuals. LTNPs are patients who have been infected for
10 or more years, but are clinically healthy without antiretroviral treatment. The ability
of LTNPs to control HIV-1 infection is likely due to a number of host or viral factors.

For example, 25-30% of LTNPs have T cells expressing mutant forms of CCRS or

12



CCR2, which are co-receptors for the HIV-1 virus (33, 69). In other studies, LTNP has
been associated with superior anti-HIV immune responses such as robust helper T-cell
and cytotoxic T-lymphocyte responses (65) and high levels of interferon producer cells or
plasmacytoid dendritic cells (90, 91, 142). In addition, LTNP-status has been associated
with HIV-1 strains containing defective genes, such as a defective nef gene, suggesting
that these individuals were exposed to attenuated viruses unable to establish productive
infections (85, 163).

There have been several reports correlating some instances of long-term
nonprogression with defects in the Vif gene (1, 41, 67, 126). One such study involving
the comparison of vif gene sequences from 42 LTNPs with 8 late progressors revealed a
correlation between viral load within LTNPs and the amino acid at position 132 of the
Vif protein (67). Some other studies have failed to find a correlation between Vif and
LTNP status, but it should be noted that these studies tended to involve analysis of
isolates from only a few individuals, whose LTNP status could be explained by other

variables (141, 169).

VII. Evidence of an Endogenous Antiviral Factor Counteracted by Vif

Early studies revealed that the necessity of Vif is cell-type specific and that the
“imprinting” of virions is determined by some unknown entity present in certain cell
types, but not others. Primary CD4+ T cells and macrophages and T-cell lines such as
H9, CEM and HUT?78 are considered “nonpermissive” because Vif is required for the
production of fully infectious virus from these cell-types (43, 51, 52, 143, 145, 155).
However, several “permissive” cell lines, including SupT1, CEM-SS, and Jurkat T cells

and HeLa, COS and HEK-293T cells, are able to sustain normal HIV replication even in
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the absence of Vif. A similar permissive/nonpermissive cell dichotomy exists when
SIVmac virus is used to infect the same cell types (171).

The existence of nonpermissive and permissive cell-types raised two possibilities
for the Vif phenotype. Either permissive cells harbored a positive factor necessary for
HIV replication that was lacking in nonpermissive cells and that Vif was capable of
mimicking, or nonpermissive cells contained an inhibitory factor that Vif could
counteract.

Another line of investigation also pointed to the existence of a Vif-sensitive
cellular factor controlling the infectivity of HIV-1 virions. Viral complementation
studies using HIV and simian immunodeficiency virus (SIV) Vif proteins produced in
human or African green monkey (AGM) cells demonstrated that the interaction between
Vif and a species-specific cellular factor--as opposed to a species-specific viral
factor— governed the infectivity of these viruses (140). As expected, SIV gy, Vif
modulated the infectivity of SIV s\ when both are produced in African Green Monkey
Cells. However, SIV gy Vif had no effect on the same virus produced by human PBMCs
(140). This result suggested that SIV ,,, Vif was interacting with a cellular factor. But
again, whether the factor was positive or negative remained unclear. The AGM cells
possibly contained a positive factor that cooperated with SIV ,,, Vif, or the human
PBMC:s contained a negative factor counteracted by SIV g\ Vif.

The positive/negative dilemma was resolved in 1998, when two groups published
the results of transient heterokaryon studies indicating the existence of a strong negative
factor that inhibited the infectivity of HIV-1AVif virus but that was overcome by HIV-1

Vif. The elegant approach of Simon et al was to first express wt or Avif viral “cores”
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(HIV-1Aenv) in CEM-SS (permissive) or HUT78 (nonpermissive) T cells(137). The
core-producing T cells were mixed with Env/Vif or Env/AVif-expressing 293T cells; and
heterokaryon formation was then encouraged by the interaction between CD4/CXCR4 on
the T cells with the Env on the surface of the 293T cells. This strategy ensured that
infectious particles could be produced only by the heterokaryons and not by either of the
parental cell lines. They found that virions produced from the HUT78/293T
heterokaryons in the absence of Vif were 10-fold less infectious than all of the other
combinations tested, which included virions produced by CEM-SS/293T cells as well as
virions produced in the presence of Vif either in the core-producing T cells or Env-
expressing 293T cells. These results strongly indicated that a negative factor was present
in the HUT78 cells and was acting to block the infectivity of HIV-1 AVif viruses.
However, since it was also possible that a positive factor was being extinguished by the
heterokaryon formation process, time-course experiments and experiments involving
varying the ratios of parental cells were also performed. These additional experiments
ruled out the possibility of a positive factor, and strengthened the case for the presence of
a mystery endogenous HIV inhibitor that was counteracted by Vif. Madani and Kabat
used a different strategy to make the heterokaryons, but came to a similar conclusion
95).
VIIL. Identification of APOBEC3G

In a 2002 paper that launched a new direction in HIV biology, Sheehy et al
reported that the identity of the mystery negative factor was APOBEC3G, a 47 kDa
protein that had significant homology to the cytidine deaminase family of editing

enzymes(133). They used a two-pronged strategy to identify the gene. First, they
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isolated total mMRNA from two genetically-related T cell lines, the parental CEM
(nonpermissive) line and the CEM-SS line, a subclonal isolate that was permissive Vif.
After a reverse transcription step to obtain cDNA, they identified cDNAs present in CEM
cells but not in CEM-SS cells using subtractive PCR hybridization. In the next prong of
the strategy, northern blots using each of the candidate cDNAs to probe total RNA from a
panel of permissive and nonpermissive cell types revealed that one cDNA consistently
hybridized with nonpermissive but not permissive cell types. This cDNA corresponded
to the APOBEC3G gene. Subsequent testing of APOBEC3G revealed that it was ably
incorporated into HIV-1A Vif virions and rendered them noninfectious. However, it had
a minimal effect on HIV-1 wild-type virus, indicating that its action was counteracted by

the HIV Vif protein.
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IX. The Cytidine Deaminase Superfamily

A3G is a member of a larger family of cytidine deaminases (CyDa) that includes
APOBEC], 2, 3A-H, and activation-induced cytidine deaminase (AID). The CyDa class
of proteins includes enzymes known to edit RNA or DNA. RNA editing through C-U and
other means has also been observed in the mitochondrial RNA of trypanosomes (7),
marsupial tRNA#"(73), and in pre-mRNAs for several ion channels(101),

neurotransmitter receptors (13), hepatitis-delta virus (55), and tRNA (82, 118).
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APOBEC proteins contain similar domain organization consisting of active sites,
pseudo-active sites and linker domains (74) (Fig. 4). The active sites contain a cytidine
deaminase consensus sequence, His-X-Glu-X,, ,,-Pro-Cys-X, ,-Cys, containing zinc
ligands and a glutamate residue thought to be involved in proton shuttling during the
catalysis of the editing reaction (74).

In humans, the most highly-characterized C-U editing mechanism is mediated by
APOBECI (apolipoprotein B mRNA-editing enzyme catalytic polypeptide 1, A1), which
promotes more efficient lipid metabolism by modulating the expression of apolipoprotein
(apo) B in a tissue-specific manner (24, 120, 149). A1 inserts a premature stop codon in
apoB mRNA by making a C-to-U edit at Cytidine**, resulting in a shortened form of
apoB lipoprotein to be exclusively located in the small intestine, the site of Al
expression. The truncated apoB48 protein promotes lipid transport but avoids formation
of low-density-lipoproteins (LDLs), which correlates with coronary heart disease.

Unlike A1, which edits RNA, AID edits DNA and catalyzes dC-to-dU
deamination of immunoglobulin genes to induce somatic hypermutation and class-switch
recombination in B cells (74, 104, 117).

The APOBEC3A-H family is expressed in a tandem array on chromosome 22,
most likely as a result of expansion and tandem duplication with unequal crossover (74).
Certain of the APOBEC3 proteins (A3B, A3G, and A3F) have a complete duplication of
the active site, linker region, and part of the pseudoactive site, while others (A3A, A3C,
A3D, and A3E) have only one of these regions and have been described as “half” genes.

An addition hybrid double domain A3DE protein has also been identified.
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The A3 proteins have been reported to perform a variety of functions. A3G, A3F,
and to a lesser extent A3DE and A3B all exhibit anti-HIV activity (9, 32, 38, 68, 122,
157, 170). A3B and A3C, as well as A3G, inhibit SIV replication (164). A3A and A3B
are reportedly powerful inhibitors of LTR-retrotransposition in human cells (10), while
A3G is a powerful inhibitor of Alu retrotransposition (26). As such, these A3 proteins
can be considered to be defenders of the genome against instability perpetrated by rogue

retroelements.

X. Biological Functions of A3G

a. A3G’s antiviral activity

Of all the A3 proteins, A3G has demonstrated the most potent anti-HIV activity;
A3F, A3B, and A3DE also inhibit HIV replication but to a lesser extent (9, 32, 38, 68,
122, 157, 170). A3G disables a broad range of retroviruses, including human
immunodeficiency virus (HIV), simian immunodeficiency virus (SIV), equine infectious
anemia virus (EIAV), murine leukemia virus (MLV), foamy virus, and HTLV-I, as well
as hepatitis B virus, a pararetrovirus (34, 66, 87, 97, 98, 106, 123, 125, 127, 131, 133,
146, 168). Several of the other A3 proteins are also able to inhibit replication of other
viruses. For example, A3B and A3C can inhibit SIV replication (164).

A3G is incorporated into newly-formed HIV-1-AVif virions, making it available
to act in the subsequent target cell. This mechanism is Vif-sensitive, and wt HIV is able
to replicate even in the presence of A3G in certain cell types. In addition to this
producer-cell dependent mechanism, A3G can also act as a post-entry restriction factor.

In resting CD4+ T cells, A3G is present in a low-molecular mass (LMM), active form
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that is able to disable the reverse transcription of incoming virus (25). In activated T

cells, A3G shifts into an inactive, high-molecular mass (HMM) complex, incapable of

protecting cells from infection. Surprisingly, the post-entry restricting activity of A3G is

successful even against wild-type virus. The lack of significant quantities of Vif in the

virion, may prevent wild-type virus from counteracting the post-entry restricting action of

A3G.

A3G has very strong cytidine
deaminase activity. In target cells,
APOBEC3G induces extensive dC to
dU mutations in the viral minus (first
cDNA) strand DNA during reverse
transcription, resulting in massive dG
to dA substitutions in the viral plus
(genomic) strand (89, 97, 98, 168) (Fig.
5). A3G binds and edits single-
stranded DNA, but not double-stranded
DNA or DNA:RNA hybrids (165).
The dC-to-dU changes appear with

graded frequency in the 5°-3’ direction,
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possibly due to differences in exposure time of ssDNA (165).

b. A3G’s anti-retroelement activity
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The original biological function of A3G was likely not to combat modern primate
lentiviruses, which are thought to have originated no more than a million years ago (132).
Instead, there is evidence of a genetic conflict exerting positive selection pressure on the
A3G gene (as well as A3E and A3DE) throughout the history of primate evolution, which
dates back tens of millions of years (129).

Long interspersed nucleotide elements 1 (LINE1), also called “jumping genes”,
are the only autonomously active human mobile genetic elements (113). LINE1
elements can contribute to genetic diversity, but excessive insertional activity could also
lead to genomic instability. Interestingly, the expansion of the A3 gene cluster (28, 74)
correlated with a decline in retrotransposon activity in primates (96), suggesting a role for
A3 proteins in protecting against genomic insults mediated by endogenous retroelements.
Diverse A3 proteins are now known to inhibit the retrotransposition of LTR and non-
LTR retroelements (10, 23, 26, 70, 103). Research performed in our laboratory indicates
that activation of CD4+ T cells results in enhanced expression of nonautonomous
retroclement RNAs (Alu and hY), and that HMM A3G protects against them by
sequestering them from the LINE1 machinery required for retrotrasnposition(26).

¢. A3G’s possible contribution to viral diversity

While it is clear that A3G has powerful antiviral effects in vitro and in vivo, sub-
optimal levels of A3G editing could actually be helpful to viral survival. HIV-1
sequences from infected patients often display dG-to-dA mutations at consensus target
sequences for A3G and A3F, suggesting that both proteins contribute to viral
diversification in patients (72, 84, 93, 153). Such dG-to-dA mutations in patients has also

been correlated with sporadic but consistent inactivation of the viral vif gene (141),
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indicating that suboptimal activity of Vif could lead to enhanced viral diversity. Total
inactivation of Vif would likely not contribute to viral diversity, however, since the
consequence would be completely defective virions, incapable of replicating. The
influence of A3F and A3G is also suggested by the highly AT-rich nature of the HIV-1
genome, an indication that the two proteins have historically exerted evolutionary
pressure on HIV and have shaped its overall sequence composition (165).

d. A3G’s non-enzymatic activity

The massive hypermutation induced by A3G may not be the only cause of its

antiviral activity. The introduction of stop-codons and other changes caused by
hypermutation would likely prevent the production of viral proteins. However, it may
not sufficiently explain the reduced levels of viral RT products, a hallmark of A3G
action. A prevailing theory had been that the dC-to-dU changes in the viral minus-strand
DNA rendered it vulnerable to cellular uracil DNA glycosidases such as UNG?2, resulting
in degradation of RT products. However, recent data demonstrating that UNG2 does not
contribute to the A3G antiviral effect (77) casts doubt on that hypothesis.

While it is possible that hypermutation reduces viral RT products by some other
mechanism, such as by interfering with base-pairing necessary for strand-transfer
reactions, there is now growing support for the idea that a second, non-enzymatic activity
contributes to the antiviral actions of A3F and A3G. The A3G present in resting CD4+
T cells can block reverse transcription in these cell types without causing substantial
increases in dG-to-dA changes in viral cDNAs (25). In several cases, A3F and A3G
appear to retain antiviral activity in the absence of any evidence of editing activity. A3F

and A3G have duplicated cytidine deaminase-like domains; but the first, more N’
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terminal domain does not catalyze editing reactions (8, 68, 107). However, both proteins
retain antiviral activity when the editing activity of the C’ terminal domain is abrogated
(8, 107). Interestingly, A3G is more detrimentally affected than A3F by such changes,
indicating that a non-enzymatic activity plays a greater role in the antiviral activity of
AZ3F (68).

Furthermore, the activity of A3 proteins against viral species other than HIV does
not always seem to require hypermutation. A3G and A3F can reportedly inhibit the
replication of hepatitis B virus (HBV) with little-to-no evidence of dG-to-dA
hypermutation although this varies depending on the cell-type tested (108, 123, 124, 146,
151). Similarly, LTR and non-LTR retroelements are reportedly inhibited by several
APOBECS3 proteins by non-editing mechanisms (10, 23, 26, 70, 103).

Together, this data indicates that A3G can block reverse transcription by a
mechanism unrelated to its capacity to edit genomic DNA. There is evidence that A3G-
mediated inhibition of early viral cDNA synthesis is due to its inhibition of tRNA,”
priming, possibly due to decreased primer annealing to viral RNA (64). The reduction in
late viral cDNA synthesis could likewise be due to reduced pirmer annealing during

strand-transfer reactions or, perhaps A3G physically obstructs the processivity of RT.

XI. A3G and Vif
The identification of A3G in 2002 provided answers to many of the lingering
questions that plagued a decade’s worth of biochemical and genetic studies of the Vif

protein. Work investigating the phenotype of Vif, its subcellular localization, virion
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incorporation, and conserved sequences could all now be explained, at least in part, by
A3G and by the mechanism used by Vif to defeat it.

Vif impairs the infectivity, but not the quantity, of virions released by virion-
producer cells (29). Without Vif, the first round of viral production from nonpermissive
cells is normal, but the viruses themselves are inherently defective and unable to establish
proviral DNA in target cells (36, 46, 58, 105, 138, 143, 155). The defect is due to a flaw
in the reverse transcription process, since both early and late RT products are diminished
in target cells infected by Vif-defective virions and in AVif virions analyzed by
exogenous RT assays (36, 39, 58, 138). RT assays using AVif virions supplemented with
nucleotides and an exogenous template indicated that Vif has no effect on the activity of
RT itself (36, 39, 58). Viral RNA incorporation and dimerization are similarly unaffected
by the presence or absence of Vif (57, 155).

This information, along with the producer-cell dependence of the Vif phenotype,
led many investigators to search for impairments earlier in the viral lifecycle; and a
growing body of work began to appear in support of the idea that Vif promoted the
proper assembly of the budding virion, ultimately affecting the stability of the viral core,
with drastic—but unexplained —effects on reverse transcription. One line of evidence to
support this were confocal microscopy and biochemical studies indicating that Vif
colocalizes with Gag in the cytoplasm (6, 11, 135, 144), although conflicting reports
make it unclear whether Vif and Gag directly bind to each other (71, 135). These studies
indicated that Vif colocalized with P** Gag precursor proteins and therefore may play a

role in early events of viral assembly (6, 11, 135, 144). Vif, which is highly basic
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(approx. pi 10.7), is also reportedly an RNA binding protein and thus might form a large
ribonucleoprotein (RNP) complex with HIV genomic RNA (36, 83, 167).

Other studies indicated that Vif impairs the integrity of virion cores (12, 112,
138). Studies of detergent-permeabilized wt and AVif HIV virions indicated enhanced
stability of wt virion cores compared to AVif (112). AVif virion cores were more easily
disrupted by detergents, high salt, basic pH, S100 cytosol, INTPs and RNase. Simlarly,
electron micrographs indicated that AVif cores have an aberrant morphology compared to
that of wt virus (12).

Taken together, this work appeared to be building a case for Vif interfering with
the maturation of Gag with ultimate effects on the stability of the virion core and the
integrity of the preintegration complex. Unfortunately, the validity of this hypothesis
remains unclear, but unlikely, given the studies indicating that Vif has no effect on the
integrity or modification of virion components including Gag. Extensive comparisons
between wild-type and Vif-deficient viruses revealed that Vif has little effect on
packaging, modification, processing or function of viral-associated proteins including
Gag, Pol and Env (12, 46, 111, 134, 155). The hypothesis also falters to the extent it
relies on Vif incorporation in the virion. There have been some reports of low to
moderate amounts of Vif in HIV-1 virions and even an association of Vif with virion
cores (78, 81, 83). However, other studies suggest that the quantity of Vif in the virion is
negligible, at best, and not important for its function, especially since, unlike other virion-
packaged viral proteins, Vif proteins are not specifically incorporated into virions (15)

(139). Similarly, when highly-purified virions are obtained using iadixonal gradients, Vif
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is virtually undetectable in virion preparations, suggesting that the virion preparations in
previous studies were contaminated with Vif-containing microvesicles (37).

Of course, the biggest blow to the hypothesis that Vif’s primary role is to promote
Gag assembly came with the identification of A3G. The lack of appreciable quantities of
Vif in the virion, combined with its cytoplasmic localization (57, 136, 167) and the
producer-cell dependence of the Vif phenotype, all suggest the Vif acts primarily in the
cytoplasm of producer cells. But its role in the cytoplasm is more likely to combat A3G,
another cytoplasmic protein, rather than to play a role in Gag assembly. Why Vif might
associate with Gag and RNA remains unclear but one explanation for the colocalization
of Vif with Gag precursors and viral RNA is that viral RNA/Gag complexes provide a
scaffold from which Vif could attack residual A3G in close proximity to the assembling
virion.

The identification of A3G also provides an explanation for the minimal levels of
Vif found in virions. As will be shown in this thesis, our work and that of others has
shown that Vif targets A3G for degradation by the 26S proteasome, and does so in an
almost absolute manner, thereby preventing A3G incorporation into virions. Given the
efficiency with which Vif carries out this role in the cytoplasm, there may be no

functional reason for Vif to be incorporated into virions.

The work presented in this thesis began in 2002, at the inception of the A3G field.
Since then, a tidal wave of publications has dramatically transformed our understanding
of A3G and the other A3 proteins and their relationship to retroviruses and other

exogenous and endogenous species. Our work began with the small question of how the
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HIV-1 Vif counteracts the activity of A3G (Chapter 2). We then shifted to designing a
high-throughput screen for Vif inhibitors (Chapter 3). And we ended by studying the
means by which A3G’s expression and activity are regulated by cellular factors (Chapter
4). Together, this information has hopefully added to our understanding of A3G and Vif
and may pave the way to future inquiries, especially those geared to the development of

anti-HIV/AIDS therapies.

27



Alexander, L., M. J. Aquino-DeJesus, M. Chan, and W. A. Andiman. 2002.
Inhibition of human immunodeficiency virus type 1 (HIV-1) replication by a two-
amino-acid insertion in HIV-1 Vif from a nonprogressing mother and child. J
Virol 76:10533-9.

Arrigo, S. J., and L. S. Chen. 1991. Rey is necessary for translation but not
cytoplasmic accumulation of HIV-1 vif, vpr, and env/vpu 2 RNAs. Genes Dev
5:808-19.

Arya, S. K., and R. C. Gallo. 1986. Three novel genes of human T-lymphotropic
virus type III: immune reactivity of their products with sera from acquired
immune deficiency syndrome patients. Proc Natl Acad Sci U S A 83:2209-13.
Baltimore, D. 1970. RNA-dependent DNA polymerase in virions of RNA tumour
viruses. Nature 226:1209-11.

Barat, C., V. Lullien, O. Schatz, G. Keith, M. T. Nugeyre, F. Gruninger-
Leitch, F. Barre-Sinoussi, S. F. LeGrice, and J. L. Darlix. 1989. HIV-1 reverse
transcriptase specifically interacts with the anticodon domain of its cognate
primer tRNA. Embo J 8:3279-85.

Bardy, M., B. Gay, S. Pebernard, N. Chazal, M. Courcoul, R. Vigne, E.
Decroly, and P. Boulanger. 2001. Interaction of human immunodeficiency virus
type 1 Vif with Gag and Gag-Pol precursors: co-encapsidation and interference
with viral protease-mediated Gag processing. J Gen Virol 82:2719-33.

Benne, R., J. Van den Burg, J. P. Brakenhoff, P. Sloof, J. H. Van Boom, and

M. C. Tromp. 1986. Major transcript of the frameshifted coxII gene from

28



10.

11.

12.

13.

trypanosome mitochondria contains four nucleotides that are not encoded in the
DNA. Cell 46:819-26.

Bishop, K. N., R. K. Holmes, and M. H. Malim. 2006. Antiviral potency of
APOBEC proteins does not correlate with cytidine deamination. J Virol 80:8450-
8.

B}shop, K. N,, R. K. Holmes, A. M. Sheehy, N. O. Davidson, S. J. Cho, and
M. H. Malim. 2004. Cytidine deamination of retroviral DNA by diverse
APOBEC proteins. Curr Biol 14:1392-6.

Bogerd, H. P., H. L. Wiegand, B. P. Doehle, K. K. Lueders, and B. R. Cullen.
2006. APOBEC3A and APOBEC3B are potent inhibitors of LTR-retrotransposon
function in human cells. Nucleic Acids Res 34:89-95.

Bouyac, M., M. Courcoul, G. Bertoia, Y. Baudat, D. Gabuzda, D. Blanc, N.
Chazal, P. Boulanger, J. Sire, R. Vigne, and B. Spire. 1997. Human
immunodeficiency virus type 1 Vif protein binds to the PrS5Gag precursor. J
Virol 71:9358-65.

Bouyac, M., F. Rey, M. Nascimbeni, M. Courcoul, J. Sire, D. Blanc, F. Clavel,
R. Vigne, and B. Spire. 1997. Phenotypically Vif- human immunodeficiency
virus type 1 is produced by chronically infected restrictive cells. J Virol 71:2473-
7.

Burns, C. M., H. Chu, S. M. Rueter, L. K. Hutchinson, H. Canton, E.
Sanders-Bush, and R. B. Emeson. 1997. Regulation of serotonin-2C receptor G-

protein coupling by RNA editing. Nature 387:303-8.

29



14.

15.

16.

17.

18.

19.

20.

21.

22.

Bushman, F. D., and M. D. Miller. 1997. Tethering human immunodeficiency
virus type 1 preintegration complexes to target DNA promotes integration at
nearby sites. J Virol 71:458-64.

Camaur, D., and D. Trono. 1996. Characterization of human immunodeficiency
virus type 1 Vif particle incorporation. J Virol 70:6106-11.

Cantin, R., J. F. Fortin, G. Lamontagne, and M. Tremblay. 1997. The
acquisition of host-derived major histocompatibility complex class I
glycoproteins by human immunodeficiency virus type 1 accelerates the process of
virus entry and infection in human T-lymphoid cells. Blood 90:1091-100.
Cantin, R., J. F. Fortin, G. Lamontagne, and M. Tremblay. 1997. The
presence of host-derived HLA-DR1 on human immunodeficiency virus type 1
increases viral infectivity. J Virol 71:1922-30.

Cantin, R., J. F. Fortin, and M. Tremblay. 1996. The amount of host HLA-DR
proteins acquired by HIV-1 is virus strain- and cell type-specific. Virology
218:372-81.

Carpenter, S., and B. Chesebro. 1989. Change in host cell tropism associated
with in vitro replication of equine infectious anemia virus. J Virol 63:2492-6.
Carr, A., and D. A. Cooper. 2000. Adverse effects of antiretroviral therapy.
Lancet 356:1423-30.

Carr, C. M., and P. S. Kim. 1993. A spring-loaded mechanism for the
conformational change of influenza hemagglutinin. Cell 73:823-32.

Chan, D. C., and P. S. Kim. 1998. HIV entry and its inhibition. Cell 93:681-4.

30



23.

24.

25.

26.

27.

28.

29.

Chen, H., C. E. Lilley, Q. Yu, D. V. Lee, J. Chou, L. Narvaiza, N. R. Landau,
and M. D. Weitzman. 2006. APOBEC3A is a potent inhibitor of adeno-
associated virus and retrotransposons. Curr Biol 16:480-5.

Chen, S. H., G. Habib, C. Y. Yang, Z. W. Gu, B. R. Lee, S. A. Weng, S. R.
Silberman, S. J. Cai, J. P. Deslypere, M. Rosseneu, and et al. 1987.
Apolipoprotein B-48 is the product of a messenger RNA with an organ-specific
in-frame stop codon. Science 238:363-6.

Chiu, Y. L., V. B. Soros, J. F. Kreisberg, K. Stopak, W. Yonemoto, and W. C.
Greene. 2005. Cellular APOBEC3G restricts HIV-1 infection in resting CD4+ T
cells. Nature 435:108-14.

Chiu, Y. L., H. E. Witkowska, S. C. Hall, M. Santiago, V. B. Sorocs, C.
Esnault, T. Heidmann, and W. C. Greene. 2006. High-molecular-mass
APOBEC3G complexes restrict Alu retrotransposition. Proc Natl Acad SciU S A
103:15588-93.

Clapham, P. R., A. McKnight, and R. A. Weiss. 1992. Human
immunodeficiency virus type 2 infection and fusion of CD4-negative human cell
lines: induction and enhancement by soluble CD4. J Virol 66:3531-7.
Conticello, S. G., C. J. Thomas, S. K. Petersen-Mahrt, and M. S. Neuberger.
2005. Evolution of the AID/APOBEC family of polynucleotide (deoxy)cytidine
deaminases. Mol Biol Evol 22:367-77.

Courcoul, M., C. Patience, F. Rey, D. Blanc, A. Harmache, J. Sire, R. Vigne,

and B. Spire. 1995. Peripheral blood mononuclear cells produce normal amounts

31



31.

32.

33.

34.

of defective Vif- human immunodeficiency virus type 1 particles which are
restricted for the preretrotranscription steps. J Virol 69:2068-74.

Cullen, B. R. 1998. Retroviruses as model systems for the study of nuclear RNA
export pathways. Virology 249:203-10.

Dalgleish, A. G., P. C. Beverley, P. R. Clapham, D. H. Crawford, M. F.
Greaves, and R. A. Weiss. 1984. The CD4 (T4) antigen is an essential
component of the receptor for the AIDS retrovirus. Nature 312:763-7.

Dang, Y., X. Wang, W. J. Esselman, and Y. H. Zheng. 2006. Identification of
APOBEC3DE as another antiretroviral factor from the human APOBEC family. J
Virol 80:10522-33.

Dean, M., M. Carrington, C. Winkler, G. A. Huttley, M. W. Smith, R.
Allikmets, J. J. Goedert, S. P. Buchbinder, E. Vittinghoff, E. Gomperts, S.
Donfield, D. Viahov, R. Kaslow, A. Saah, C. Rinaldo, R. Detels, and S. J.
O'Brien. 1996. Genetic restriction of HIV-1 infection and progression to AIDS
by a deletion allele of the CKRS structural gene. Hemophilia Growth and
Development Study, Multicenter AIDS Cohort Study, Multicenter Hemophilia
Cohort Study, San Francisco City Cohort, ALIVE Study. Science 273:1856-62.
Delebecque, F., R. Suspene, S. Calattini, N. Casartelli, A. Saib, A. Froment,
S. Wain-Hobson, A. Gessain, J. P. Vartanian, and O. Schwartz. 2006.
Restriction of Foamy Viruses by APOBEC Cytidine Deaminases. J Virol 80:605-

14.

32



35.

36.

37.

38.

39.

4]1.

Desrosiers, R. C., J. D. Lifson, J. S. Gibbs, S. C. Czajak, A. Y. Howe, L. O.
Arthur, and R. P. Johnson. 1998. Identification of highly attenuated mutants of
simian immunodeficiency virus. J Virol 72:1431-7.

Dettenhofer, M., S. Cen, B. A. Carlson, L. Kleiman, and X. F. Yu. 2000.
Association of human immunodeficiency virus type 1 Vif with RNA and its role
in reverse transcription. J Virol 74:8938-45.

Dettenhofer, M., and X. F. Yu. 1999. Highly purified human immunodeficiency
virus type 1 reveals a virtual absence of Vif in virions. J Virol 73:1460-7.
Doehle, B. P., A. Schafer, and B. R. Cullen. 2005. Human APOBEC3B is a
potent inhibitor of HIV-1 infectivity and is resistant to HIV-1 Vif. Virology
339:281-8.

Dornadula, G., S. Yang, R. J. Pomerantz, and H. Zhang. 2000. Partial rescue
of the Vif-negative phenotype of mutant human immunodeficiency virus type 1
strains from nonpermissive cells by intravirion reverse transcription. J Virol
74:2594-602.

Endres, M. J., P. R. Clapham, M. Marsh, M. Ahuja, J. D. Turner, A.
McKnight, J. F. Thomas, B. Stoebenau-Haggarty, S. Choe, P. J. Vance, T. N.
Wells, C. A. Power, S. S. Sutterwala, R. W. Doms, N. R. Landau, and J. A.
Hoxie. 1996. CD4-independent infection by HIV-2 is mediated by fusin/CXCR4.
Cell 87:745-56.

Farrow, M. A., M. Somasundaran, C. Zhang, D. Gabuzda, J. L. Sullivan, and

T. C. Greenough. 2005. Nuclear localization of HIV type 1 Vif isolated from a

33



42,

43.

45.

46.

47.

long-term asymptomatic individual and potential role in virus attenuation. AIDS
Res Hum Retroviruses 21:565-74.

Finzi, D., J. Blankson, J. D. Siliciano, J. B. Margolick, K. Chadwick, T.
Pierson, K. Smith, J. Lisziewicz, F. Lori, C. Flexner, T. C. Quinn, R. E.
Chaisson, E. Rosenberg, B. Walker, S. Gange, J. Gallant, and R. F. Siliciano.
1999. Latent infection of CD4+ T cells provides a mechanism for lifelong
persistence of HIV-1, even in patients on effective combination therapy. Nat Med
§:512-7.

Fisher, A. G., B. Ensoli, L. Ivanoff, M. Chamberlain, S. Petteway, L. Ratner,
R. C. Gallo, and F. Wong-Staal. 1987. The sor gene of HIV-1 is required for
efficient virus transmission in vitro. Science 237:888-93.

Fortin, J. F., R. Cantin, G. Lamontagne, and M. Tremblay. 1997. Host-
derived ICAM-1 glycoproteins incorporated on human immunodeficiency virus
type 1 are biologically active and enhance viral infectivity. J Virol 71:3588-96.
Fortin, J. F., R. Cantin, and M. J. Tremblay. 1998. T cells expressing activated
LFA-1 are more susceptible to infection with human immunodeficiency virus type
1 particles bearing host-encoded ICAM-1. J Virol 72:2105-12.

Fouchier, R. A., J. H. Simon, A. B. Jaffe, and M. H. Malim. 1996. Human
immunodeficiency virus type 1 Vif does not influence expression or virion
incorporation of gag-, pol-, and env-encoded proteins. J Virol 70:8263-9.

Freed, E. O. 1998. HIV-1 gag proteins: diverse functions in the virus life cycle.

Virology 251:1-15.

34



48.

49.

S1.

52.

53.

Freed, E. O., and D. J. Myers. 1992. Identification and characterization of
fusion and processing domains of the human immunodeficiency virus type 2
envelope glycoprotein. J Virol 66:5472-8.

Freed, E. O., D. J. Myers, and R. Risser. 1990. Characterization of the fusion
domain of the human immunodeficiency virus type 1 envelope glycoprotein gp41.

Proc Natl Acad Sci U S A 87:4650-4.

Fuentes, G. M., L. Rodriguez-Rodriguez, P. J. Fay, and R. A. Bambara. 1995.

Use of an oligoribonucleotide containing the polypurine tract sequence as a
primer by HIV reverse transcriptase. J Biol Chem 270:28169-76.

Gabuzda, D. H., K. Lawrence, E. Langhoff, E. Terwilliger, T. Dorfman, W.
A. Haseltine, and J. Sodroski. 1992. Role of vif in replication of human
immunodeficiency virus type 1 in CD4+ T lymphocytes. J Virol 66:6489-95.
Gabuzda, D. H,, H. Li, K. Lawrence, B. S. Vasir, K. Crawford, and E.
Langhoff. 1994. Essential role of vif in establishing productive HIV-1 infection
in peripheral blood T lymphocytes and monocyte/macrophages. J Acquir Immune
Defic Syndr 7:908-15.

Garrett, E. D., L. S. Tiley, and B. R. Cullen. 1991. Reyv activates expression of
the human immunodeficiency virus type 1 vif and vpr gene products. J Virol
65:1653-7.

Garrus, J. E., U. K. von Schwedler, O. W. Pornillos, S. G. Morham, K. H.
Zavitz, H. E. Wang, D. A. Wettstein, K. M. Stray, M. Cote, R. L. Rich, D. G.
Myszka, and W. L Sundquist. 2001. Tsg101 and the vacuolar protein sorting

pathway are essential for HIV-1 budding. Cell 107:55-65.

35



55.

56.

57.

58.

59.

61.

62.

63.

Gerber, A. P., and W. Keller. 1999. An adenosine deaminase that generates
inosine at the wobble position of tRNAs. Science 286:1146-9.

Gibbs, J. S., D. A. Regier, and R. C. Desrosiers. 1994. Construction and in vitro
properties of HIV-1 mutants with deletions in "nonessential" genes. AIDS Res
Hum Retroviruses 10:343-50.

Goncalves, J., P. Jallepalli, and D. H. Gabuzda. 1994. Subcellular localization
of the Vif protein of human immunodeficiency virus type 1. J Virol 68:704-12.
Goncalves, J., Y. Korin, J. Zack, and D. Gabuzda. 1996. Role of Vif in human
immunodeficiency virus type 1 reverse transcription. J Virol 70:8701-9.

Gonda, M. A, M. J. Braun, J. E. Clements, J. M. Pyper, F. Wong-Staal, R. C.
Gallo, and R. V. Gilden. 1986. Human T-cell lymphotropic virus type III shares
sequence homology with a family of pathogenic lentiviruses. Proc Natl Acad Sci
U S A 83:4007-11.

Gonda, M. A, F. Wong-Staal, R. C. Gallo, J. E. Clements, and R. V. Gilden.
1985. Heteroduplex mapping in the molecular analysis of the human T-cell
leukemia (lymphotropic) viruses. Cancer Res 45:4553s-4558s.

Gonda, M. A,, F. Wong-Staal, R. C. Gallo, J. E. Clements, O. Narayan, and
R. V. Gilden. 1985. Sequence homology and morphologic similarity of HTLV-III
and visna virus, a pathogenic lentivirus. Science 227:173-7.

Greene, W. C. 2004. The brightening future of HIV therapeutics. Nat Immunol
5:867-71.

Greene, W. C., and B. M. Peterlin. 2002. Charting HIV's remarkable voyage

through the cell: Basic science as a passport to future therapy. Nat Med 8:673-80.

36



65.

67.

68.

69.

Guo, F., S. Cen, M. Niu, J. Saadatmand, and L. Kleiman. 2006. Inhibition of
formula-primed reverse transcription by human APOBEC3G during human
immunodeficiency virus type 1 replication. J Virol 80:11710-22.

Harrer, T., E. Harrer, S. A. Kalams, P. Barbosa, A. Trocha, R. P. Johnson,
T. Elbeik, M. B. Feinberg, S. P. Buchbinder, and B. D. Walker. 1996.
Cytotoxic T lymphocytes in asymptomatic long-term nonprogressing HIV-1
infection. Breadth and specificity of the response and relation to in vivo viral
quasispecies in a person with prolonged infection and low viral load. J Immunol
156:2616-23.

Harris, R. S., K. N. Bishop, A. M. Sheehy, H. M. Craig, S. K. Petersen-
Mahrt, I. N. Watt, M. S. Neuberger, and M. H. Malim. 2003. DNA
deamination mediates innate immunity to retroviral infection. Cell 113:803-9.
Hassaine, G., I. Agostini, D. Candotti, G. Bessou, M. Caballero, H. Agut, B.
Autran, Y. Barthalay, and R. Vigne. 2000. Characterization of human
immunodeficiency virus type 1 vif gene in long-term asymptomatic individuals.
Virology 276:169-80.

Holmes, R. K., F. A. Koning, K. N. Bishop, and M. H. Malim. 2006.
APOBEC3F can inhibit the accumulation of HIV-1 reverse transcription products
in the absence of hypermutation: Comparisons with APOBEC3G. J Biol Chem.
Huang, Y., W. A. Paxton, S. M. Wolinsky, A. U. Neumann, L. Zhang, T. He,
S. Kang, D. Ceradini, Z. Jin, K. Yazdanbakhsh, K. Kunstman, D. Erickson,

E. Dragon, N. R. Landau, J. Phair, D. D. Ho, and R. A. Koup. 1996. The role

37



70.

71.

72.

73.

74.

75.

76.

of a mutant CCRS allele in HIV-1 transmission and disease progression. Nat Med
2:1240-3.

Hulme, A. E., H. P. Bogerd, B. R. Cullen, and J. V. Moran. 2006. Selective
inhibition of Alu retrotransposition by APOBEC3G. Gene.

Huvent, L, S. S. Hong, C. Fournier, B. Gay, J. Tournier, C. Carriere, M.
Courcoul, R. Vigne, B. Spire, and P. Boulanger. 1998. Interaction and co-
encapsidation of human immunodeficiency virus type 1 Gag and Vif recombinant
proteins. J Gen Virol 79 ( Pt 5):1069-81.

Janini, M., M. Rogers, D. R. Birx, and F. E. McCutchan. 2001. Human
immunodeficiency virus type 1 DNA sequences genetically damaged by
hypermutation are often abundant in patient peripheral blood mononuclear cells
and may be generated during near-simultaneous infection and activation of
CD4(+) T cells. J Virol 75:7973-86.

Janke, A., and S. Paabo. 1993. Editing of a tRNA anticodon in marsupial
mitochondria changes its codon recognition. Nucleic Acids Res 21:1523-5.
Jarmuz, A., A. Chester, J. Bayliss, J. Gisbourne, L. Dunham, J. Scott, and N.
Navaratnam. 2002. An anthropoid-specific locus of orphan C to U RNA-editing
enzymes on chromosome 22. Genomics 79:285-96.

Jonckheere, H., J. Anne, and E. De Clercq. 2000. The HIV-1 reverse
transcription (RT) process as target for RT inhibitors. Med Res Rev 20:129-54.
Jordan, A., P. Defechereux, and E. Verdin. 2001. The site of HIV-1 integration
in the human genome determines basal transcriptional activity and response to Tat

transactivation. Embo J 20:1726-38.

38



71.

78.

79.

81.

82.

83.

Kaiser, S. M., and M. Emerman. 2006. Uracil DNA glycosylase is dispensable
for human immunodeficiency virus type 1 replication and does not contribute to
the antiviral effects of the cytidine deaminase Apobec3G. J Virol 80:875-82.
Kao, S., H. Akari, M. A. Khan, M. Dettenhofer, X. F. Yu, and K. Strebel.
2003. Human immunodeficiency virus type 1 Vif is efficiently packaged into
virions during productive but not chronic infection. J Virol 77:1131-40.
Karageorgos, L., P. Li, and C. Burrell. 1993. Characterization of HIV
replication complexes early after cell-to-cell infection. AIDS Res Hum
Retroviruses 9:817-23.

Karageorgos, L., P. Li, and C. J. Burrell. 1995. Stepwise analysis of reverse
transcription in a cell-to-cell human immunodeficiency virus infection model:
kinetics and implications. J Gen Virol 76 ( Pt 7):1675-86.

Karczewski, M. K., and K. Strebel. 1996. Cytoskeleton association and virion
incorporation of the human immunodeficiency virus type 1 Vif protein. J Virol
70:494-507.

Keller, W., J. Wolf, and A. Gerber. 1999. Editing of messenger RNA precursors
and of tRNAs by adenosine to inosine conversion. FEBS Lett 452:71-6.

Khan, M. A., C. Aberham, S. Kao, H. Akari, R. Gorelick, S. Bour, and K.
Strebel. 2001. Human immunodeficiency virus type 1 Vif protein is packaged
into the nucleoprotein complex through an interaction with viral genomic RNA. J
Virol 75:7252-65.

Kieffer, T. L., P. Kwon, R. E. Nettles, Y. Han, S. C. Ray, and R. F. Siliciano.

2005. G-->A hypermutation in protease and reverse transcriptase regions of

39



85.

86.

87.

88.

89.

91.

92.

human immunodeficiency virus type 1 residing in resting CD4+ T cells in vivo. J
Virol 79:1975-80.

Kirchhoff, F., T. C. Greenough, D. B. Brettler, J. L. Sullivan, and R. C.
Desrosiers. 1995. Brief report: absence of intact nef sequences in a long-term
survivor with nonprogressive HIV-1 infection. N Engl J Med 332:228-32.
Klatzmann, D., E. Champagne, S. Chamaret, J. Gruest, D. Guetard, T.
Hercend, J. C. Gluckman, and L. Montagnier. 1984. T-lymphocyte T4
molecule behaves as the receptor for human retrovirus LAV. Nature 312:767-8.
Kobayashi, M., A. Takaori-Kondo, K. Shindo, A. Abudu, K. Fukunaga, and
T. Uchiyama. 2004. APOBEC3G targets specific virus species. J Virol 78:8238-
4,

Kowalski, M., J. Potz, L. Basiripour, T. Dorfman, W. C. Goh, E. Terwilliger,
A. Dayton, C. Rosen, W. Haseltine, and J. Sodroski. 1987. Functional regions
of the envelope glycoprotein of human immunodeficiency virus type 1. Science
237:1351-5.

Lecossier, D., F. Bouchonnet, F. Clavel, and A. J. Hance. 2003. Hypermutation
of HIV-1 DNA in the absence of the Vif protein. Science 300:1112.

Levy, J. A. 1993. HIV pathogenesis and long-term survival. Aids 7:1401-10.
Levy, J. A. 1996. Infection by human immunodeficiency virus--CD4 is not
enough. N Engl J Med 335:1528-30.

Li, P., A. J. Stephenson, P. A. Brennan, L. Karageorgos, T. Kok, L. J.

Kuiper, J. Swift, and C. J. Burrell. 1994. Initiation of reverse transcription

»



93.

94.

95.

97.

98.

during cell-to-cell transmission of human immunodeficiency virus infection uses
pre-existing reverse transcriptase. J Gen Virol 75 ( Pt 8):1917-26.

Liddament, M. T., W. L. Brown, A. J. Schumacher, and R. S. Harris. 2004.
APOBEC3F properties and hypermutation preferences indicate activity against
HIV-1 in vivo. Curr Biol 14:1385-91.

Luo, Y., H. Yu, and B. M. Peterlin. 1994. Cellular protein modulates effects of
human immunodeficiency virus type 1 Rev. J Virol 68:3850-6.

Madani, N., and D. Kabat. 1998. An endogenous inhibitor of human
immunodeficiency virus in human lymphocytes is overcome by the viral Vif
protein. J Virol 72:10251-5.

Maksakova, L. A., M. T. Romanish, L. Gagnier, C. A. Dunn, L. N. van de
Lagemaat, and D. L. Mager. 2006. Retroviral elements and their hosts:
insertional mutagenesis in the mouse germ line. PLoS Genet 2:e2.

Mangeat, B., P. Turelli, G. Caron, M. Friedli, L. Perrin, and D. Trono. 2003.
Broad antiretroviral defence by human APOBEC3G through lethal editing of
nascent reverse transcripts. Nature 424:99-103.

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

Mehle, A., J. Goncalves, M. Santa-Marta, M. McPike, and D. Gabuzda. 2004.
Phosphorylation of a novel SOCS-box regulates assembly of the HIV-1 Vif-CulS

complex that promotes APOBEC3G degradation. Genes Dev 18:2861-6.

41



100. Mehle, A, E. R. Thomas, K. S. Rajendran, and D. Gabuzda. 2006. A zinc-
binding region in Vif binds CulS and determines cullin selection. J Biol Chem
281:17259-65.

101. Melcher, T., S. Maas, M. Higuchi, W. Keller, and P. H. Seeburg. 1995.
Editing of alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor
GluR-B pre-mRNA in vitro reveals site-selective adenosine to inosine conversion.
J Biol Chem 270:8566-70.

102. Miller, M. D., C. M. Farnet, and F. D. Bushman. 1997. Human
immunodeficiency virus type 1 preintegration complexes: studies of organization
and composition. J Virol 71:5382-90.

103. Muckenfuss, H., M. Hamdorf, U. Held, M. Perkovic, J. Lower, K. Cichutek,
E. Flory, G. G. Schumann, and C. Munk. 2006. APOBECS3 proteins inhibit
human LINE-1 retrotransposition. J Biol Chem 281:22161-72.

104. Muto, T., M. Muramatsu, M. Taniwaki, K. Kinoshita, and T. Honjo. 2000.
Isolation, tissue distribution, and chromosomal localization of the human
activation-induced cytidine deaminase (AID) gene. Genomics 68:85-8.

105. Nascimbeni, M., M. Bouyac, F. Rey, B. Spire, and F. Clavel. 1998. The
replicative impairment of Vif- mutants of human immunodeficiency virus type 1
correlates with an overall defect in viral DNA synthesis. J Gen Virol 79 ( Pt
8):1945-50.

106. Navarro, F., B. Bollman, H. Chen, R. Konig, Q. Yu, K. Chiles, and N. R.
Landau. 2005. Complementary function of the two catalytic domains of

APOBEC3G. Virology 333:374-86.

42

1PV s SRS



107.

108.

109.

110.

111.

112.

113.

114.

Newman, E. N,, R. K. Holmes, H. M. Craig, K. C. Klein, J. R. Lingappa, M. /
H. Malim, and A. M. Sheehy. 2005. Antiviral function of APOBEC3G can be -
dissociated from cytidine deaminase activity. Curr Biol 15:166-70. |
Noguchi, C., H. Ishino, M. Tsuge, Y. Fujimoto, M. Imamura, S. Takahashi,

and K. Chayama. 2005. G to A hypermutation of hepatitis B virus. Hepatology
41:626-33. r
O'Neil, C., D. Lee, G. Clewley, M. A. Johnson, and V. C. Emery. 1997. >:
Prevalence of anti-vif antibodies in HIV-1 infected individuals assessed using

recombinant baculovirus expressed vif protein. J Med Virol §1:139-44.

Oberste, M. S., and M. A. Gonda. 1992. Conservation of amino-acid sequence

motifs in lentivirus Vif proteins. Virus Genes 6:95-102. -
Ochsenbauer, C., T. Wilk, and V. Bosch. 1997. Analysis of vif-defective human
immunodeficiency virus type 1 (HIV-1) virions synthesized in 'non-permissive' T -
lymphoid cells stably infected with selectable HIV-1. J Gen Virol 78 ( Pt 3):627-

3s.

Ohagen, A., and D. Gabuzda. 2000. Role of Vif in stability of the human

immunodeficiency virus type 1 core. J Virol 74:11055-66.

Ostertag, E. M., and H. H. Kazazian. 2005. Genetics: LINEs in mind. Nature

435:890-1.

Pace, C., J. Keller, D. Nolan, 1. James, S. Gaudieri, C. Moore, and S. Mallal.

2006. Population level analysis of human immunodeficiency virus type 1

hypermutation and its relationship with APOBEC3G and vif genetic variation. J

Virol 80:9259-69.

43



115.

116.

117.

118.

119.

120.

Palella, F. J., Jr., K. M. Delaney, A. C. Moorman, M. O. Loveless, J. Fuhrer,
G. A. Satten, D. J. Aschman, and S. D. Holmberg. 1998. Declining morbidity
and mortality among patients with advanced human immunodeficiency virus
infection. HIV Outpatient Study Investigators. N Engl J Med 338:853-60.
Pantaleo, G., L. Butini, C. Graziosi, G. Poli, S. M. Schnittman, J. J.
Greenhouse, J. 1. Gallin, and A. S. Fauci. 1991. Human immunodeficiency
virus (HIV) infection in CD4+ T lymphocytes genetically deficient in LFA-1:
LFA-1 is required for HIV-mediated cell fusion but not for viral transmission. J
Exp Med 173:5114.

Petersen-Mahrt, S. K., R. S. Harris, and M. S. Neuberger. 2002. AID mutates
E. coli suggesting a DNA deamination mechanism for antibody diversification.
Nature 418:99-103.

Polson, A. G., H. L. Ley, 3rd, B. L. Bass, and J. L. Casey. 1998. Hepatitis delta
virus RNA editing is highly specific for the amber/W site and is suppressed by
hepatitis delta antigen. Mol Cell Biol 18:1919-26.

Powell, D. M., M. C. Amaral, J. Y. Wu, T. Maniatis, and W. C. Greene. 1997.
HIV Rev-dependent binding of SF2/ASF to the Rev response element: possible
role in Rev-mediated inhibition of HIV RNA splicing. Proc Natl Acad SciU S A
94:973-8.

Powell, L. M., S. C. Wallis, R. J. Pease, Y. H. Edwards, T. J. Knott, and J.
Scott. 1987. A novel form of tissue-specific RNA processing produces

apolipoprotein-B48 in intestine. Cell 50:831-40.

s —..u.‘.—;-q .



121.

122.

123.

124.

125.

126.

127.

Reeves, J. D., A. McKnight, S. Potempa, G. Simmons, P. W. Gray, C. A.
Power, T. Wells, R. A. Weiss, and S. J. Talbot. 1997. CD4-independent
infection by HIV-2 (ROD/B): use of the 7-transmembrane receptors CXCR-4,
CCR-3, and V28 for entry. Virology 231:130-4.

Rose, K. M., M. Marin, S. L. Kozak, and D. Kabat. 2005. Regulated
production and anti-HIV type 1 activities of cytidine deaminases APOBEC3B,
3F, and 3G. AIDS Res Hum Retroviruses 21:611-9.

Rosler, C., J. Kock, M. Kann, M. H. Malim, H. E. Blum, T. F. Baumert, and
F. von Weizsacker. 2005. APOBEC-mediated interference with hepadnavirus
production. Hepatology 42:301-9.

Rosler, C., J. Kock, M. H. Malim, H. E. Blum, and F. von Weizsacker. 2004.
Comment on "Inhibition of hepatitis B virus replication by APOBEC3G". Science
305:1403; author reply 1403.

Russell, R. A., H. L. Wiegand, M. D. Moore, A. Schafer, M. O. McClure, and
B. R. Cullen. 2005. Foamy virus Bet proteins function as novel inhibitors of the
APOBECS3 family of innate antiretroviral defense factors. J Virol 79:8724-31.
Sakurai, A., A. Jere, A. Yoshida, T. Yamada, A. Iwamoto, A. Adachi, and M.
Fujita. 2004. Functional analysis of HIV-1 vif genes derived from Japanese long-
term nonprogressors and progressors for AIDS. Microbes Infect 6:799-805.
Sasada, A., A. Takaori-Kondo, K. Shirakawa, M. Kobayashi, A. Abudu, M.
Hishizawa, K. Imada, Y. Tanaka, and T. Uchiyama. 2005. APOBEC3G targets

human T-cell leukemia virus type 1. Retrovirology 2:32.

45



128.

129.

130.

131.

132.

133.

134.

135.

Sattentau, Q. J., and J. P. Moore. 1991. Conformational changes induced in the
human immunodeficiency virus envelope glycoprotein by soluble CD4 binding. J
Exp Med 174:407-15.

Sawyer, S. L., M. Emerman, and H. S. Malik. 2004. Ancient adaptive evolution
of the primate antiviral DNA-editing enzyme APOBEC3G. PLoS Biol 2:E275.
Schwartz, S., B. K. Felber, and G. N. Pavlakis. 1991. Expression of human :
immunodeficiency virus type 1 vif and vpr mRNAs is Rev-dependent and | |
regulated by splicing. Virology 183:677-86.

Seppen, J. 2004. Unedited inhibition of HBV replication by APOBEC3G. J
Hepatol 41:1068-9.

Sharp, P. M., E. Bailes, D. L. Robertson, F. Gao, and B. H. Hahn. 1999. =
Origins and evolution of AIDS viruses. Biol Bull 196:338-42. f
Sheehy, A. M,, N. C. Gaddis, J. D. Choi, and M. H. Malim. 2002. Isolation of a .
human gene that inhibits HIV-1 infection and is suppressed by the viral Vif . h
protein. Nature 418:646-50.

Sheehy, A. M., N. C. Gaddis, and M. H. Malim. 2003. The antiretroviral
enzyme APOBEC3G is degraded by the proteasome in response to HIV-1 Vif.
Nat Med 9:1404-7.

Simon, J. H,, E. A. Carpenter, R. A. Fouchier, and M. H. Malim. 1999. Vif
and the pS5(Gag) polyprotein of human immunodeficiency virus type 1 are
present in colocalizing membrane-free cytoplasmic complexes. J Virol 73:2667-

74.

46



136.

137.

138.

139.

140.

141.

142,

Simon, J. H,, R. A. Fouchier, T. E. Southerling, C. B. Guerra, C. K. Grant,
and M. H. Malim. 1997. The Vif and Gag proteins of human immunodeficiency
virus type 1 colocalize in infected human T cells. J Virol 71:5259-67.

Simon, J. H., N. C. Gaddis, R. A. Fouchier, and M. H. Malim. 1998. Evidence
for a newly discovered cellular anti-HIV-1 phenotype. Nat Med 4:1397-400.
Simon, J. H., and M. H. Malim. 1996. The human immunodeficiency virus type
1 Vif protein modulates the postpenetration stability of viral nucleoprotein
complexes. J Virol 70:5297-305.

Simon, J. H., D. L. Miller, R. A. Fouchier, and M. H. Malim. 1998. Virion
incorporation of human immunodeficiency virus type-1 Vif is determined by
intracellular expression level and may not be necessary for function. Virology
248:182-7.

Simon, J. H., D. L. Miller, R. A. Fouchier, M. A. Soares, K. W. Peden, and
M. H. Malim. 1998. The regulation of primate immunodeficiency virus
infectivity by Vif is cell species restricted: a role for Vif in determining virus host
range and cross-species transmission. Embo J 17:1259-67.

Simon, V., V. Zennou, D. Murray, Y. Huang, D. D. Ho, and P. D. Bieniasz.
2005. Natural variation in Vif: differential impact on APOBEC3G/3F and a
potential role in HIV-1 diversification. PLoS Pathog 1:e6.

Soumelis, V., L. Scott, F. Gheyas, D. Bouhour, G. Cozon, L. Cotte, L. Huang,
J. A. Levy, and Y. J. Liu. 2001. Depletion of circulating natural type 1

interferon-producing cells in HIV-infected AIDS patients. Blood 98:906-12.

47



143.

144.

145.

146.

147.

148.

149.

150.

Sova, P., and D. J. Volsky. 1993. Efficiency of viral DNA synthesis during
infection of permissive and nonpermissive cells with vif-negative human
immunodeficiency virus type 1. J Virol 67:6322-6.

Sova, P., D. J. Volsky, L. Wang, and W. Chao. 2001. Vif is largely absent from
human immunodeficiency virus type 1 mature virions and associates mainly with
viral particles containing unprocessed gag. J Virol 75:5504-17.

Strebel, K., D. Daugherty, K. Clouse, D. Cohen, T. Folks, and M. A. Martin.
1987. The HIV 'A’ (sor) gene product is essential for virus infectivity. Nature
328:728-30.

Suspene, R., D. Guetard, M. Henry, P. Sommer, S. Wain-Hobson, and J. P.
Vartanian. 2005. Extensive editing of both hepatitis B virus DNA strands by
APOBECS3 cytidine deaminases in vitro and in vivo. Proc Natl Acad SciU S A
102:8321-6.

Tang, H., K. L. Kuhen, and F. Wong-Staal. 1999. Lentivirus replication and
regulation. Annu Rev Genet 33:133-70.

Temin, H. M., and S. Mizutani. 1970. RNA-dependent DNA polymerase in
virions of Rous sarcoma virus. Nature 226:1211-3.

Teng, B., C. F. Burant, and N. O. Davidson. 1993. Molecular cloning of an
apolipoprotein B messenger RNA editing protein. Science 260:1816-9.

Thali, M., J. P. Moore, C. Furman, M. Charles, D. D. Ho, J. Robinson, and J.
Sodroski. 1993. Characterization of conserved human immunodeficiency virus
type 1 gp120 neutralization epitopes exposed upon gp120-CD4 binding. J Virol

67:3978-88.

48



151.

152.

153.

154.

155.

156.

157.

Turelli, P., B. Mangeat, S. Jost, S. Vianin, and D. Trono. 2004. Inhibition of
hepatitis B virus replication by APOBEC3G. Science 303:1829.

van Wamel, J. L., and B. Berkhout. 1998. The first strand transfer during HIV-1
reverse transcription can occur either intramolecularly or intermolecularly.
Virology 244:245-51.

Vartanian, J. P., A. Meyerhans, M. Sala, and S. Wain-Hobson. 1994. G-->A
hypermutation of the human immunodeficiency virus type 1 genome: evidence for
dCTP pool imbalance during reverse transcription. Proc Natl Acad SciU S A
91:3092-6.

VerPlank, L., F. Bouamr, T. J. LaGrassa, B. Agresta, A. Kikonyogo, J. Leis,
and C. A. Carter. 2001. Tsg101, a homologue of ubiquitin-conjugating (E2)
enzymes, binds the L domain in HIV type 1 Pr55(Gag). Proc Natl Acad Sci U S A
98:7724-9.

von Schwedler, U., J. Song, C. Aiken, and D. Trono. 1993. Vif is crucial for
human immunodeficiency virus type 1 proviral DNA synthesis in infected cells. J
Virol 67:4945-55.

Weissenhorn, W., A. Dessen, S. C. Harrison, J. J. Skehel, and D. C. Wiley.
1997. Atomic structure of the ectodomain from HIV-1 gp41. Nature 387:426-30.
Wiegand, H. L., B. P. Doehle, H. P. Bogerd, and B. R. Cullen. 2004. A second
human antiretroviral factor, APOBEC3F, is suppressed by the HIV-1 and HIV-2

Vif proteins. Embo J 23:2451-8.

49



158.

159.

160.

161.

- 162.

163.

164.

165.

Wieland, U., J. Hartmann, H. Suhr, B. Salzberger, H. J. Eggers, and J. E.
Kuhn. 1994. In vivo genetic variability of the HIV-1 vif gene. Virology 203:43-
51

Wieland, U., H. Kratschmann, R. Kehm, J. E. Kuhn, H. Naher, M. D.
Kramer, and R. W. Braun. 1991. Antigenic domains of the HIV-1 vif protein as
recognized by human sera and murine monoclonal antibodies. AIDS Res Hum
Retroviruses 7:861-7.

Wildum, S., M. Schindler, J. Munch, and F. Kirchhoff. 2006. Contribution of
Vpu, Env, and Nef to CD4 down-modulation and resistance of human
immunodeficiency virus type 1-infected T cells to superinfection. J Virol
80:8047-59.

Wu, Y,, and J. W. Marsh. 2001. Selective transcription and modulation of
resting T cell activity by preintegrated HIV DNA. Science 293:1503-6.

Wyatt, R., and J. Sodroski. 1998. The HIV-1 envelope glycoproteins: fusogens,
antigens, and immunogens. Science 280:1884-8.

Yamada, T., and A. Iwameoto. 2000. Comparison of proviral accessory genes
between long-term nonprogressors and progressors of human immunodeficiency

virus type 1 infection. Arch Virol 145:1021-7.

Yu, Q., D. Chen, R. Konig, R. Mariani, D. Unutmaz, and N. R. Landau. 2004.

APOBEC3B and APOBEC3C are potent inhibitors of simian immunodeficiency
virus replication. J Biol Chem 279:53379-86.
Yu, Q., R. Konig, S. Pillai, K. Chiles, M. Kearney, S. Palmer, D. Richman, J.

M. Coffin, and N. R. Landau. 2004. Single-strand specificity of APOBEC3G

50

B ».‘.‘.‘u‘...,u.;a'»‘l'l .
4 -



166.

167.

168.

169.

170.

171.

accounts for minus-strand deamination of the HIV genome. Nat Struct Mol Biol
11:435-42.

Yu, Y., Z. Xiao, E. S. Ehrlich, X. Yu, and X. F. Yu. 2004. Selective assembly
of HIV-1 Vif-CulS-ElonginB-ElonginC E3 ubiquitin ligase complex through a
novel SOCS box and upstream cysteines. Genes Dev 18:2867-72.

Zhang, H., R. J. Pomerantz, G. Dornadula, and Y. Sun. 2000. Human
immunodeficiency virus type 1 Vif protein is an integral component of an mRNP
complex of viral RNA and could be involved in the viral RNA folding and
packaging process. J Virol 74:8252-61.

Zhang, H., B. Yang, R. J. Pomerantz, C. Zhang, S. C. Arunachalam, and L.
Gao. 2003. The cytidine deaminase CEM15 induces hypermutation in newly
synthesized HIV-1 DNA. Nature 424:94-8.

Zhang, L., Y. Huang, H. Yuan, S. Tuttleton, and D. D. Ho. 1997. Genetic
characterization of vif, vpr, and vpu sequences from long-term survivors of
human immunodeficiency virus type 1 infection. Virology 228:340-9.

Zheng, Y. H., D. Irwin, T. Kurosu, K. Tokunaga, T. Sata, and B. M. Peterlin.
2004. Human APOBECS3F is another host factor that blocks human
immunodeficiency virus type 1 replication. J Virol 78:6073-6.

Zou, J. X., and P. A. Luciw. 1996. The requirement for Vif of SIVmac is cell-

type dependent. J Gen Virol 77 ( Pt 3):427-34.

51

-~



Chapter 2

HIV-1 Vif causes the degradation of
APOBEC3G via the 26S proteasome
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Introduction

The HIV-1 Vif protein plays a major role in the HIV-1 lifecycle. Without Vif, the
replication of HIV-1 and other primate lentiviruses is severely compromised in certain
cell culture and animal model systems (1-3, 5-7). Although the importance of Vif for
viral replication has been known for over a decade, the exact mechanism employed by
Vif had long been a mystery. At the beginning of this work, it was known that Vif
functions by counteracting the antiviral activity of A3G (4). However, the mechanism

employed by Vif was not known.
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The purpose of the work presented in this chapter was to study the mechanism
employed by Vif to counteract A3G. To answer this question we examined (1) whether
Vif interacts with A3G; (2) whether Vif prevents A3G from being incorporated into HIV-
-1 virions; (3) whether Vif affects the intracellular stability of A3G; and (4) if so, whether
other viral proteins were also necessary for this process.

We used standard biochemical and viral-infection techniques to answer these
questions. The work presented in the accompanying paper was performed by myself and
Drs. Carlos de Noronha and Wes Yonemoto. As first author of this work, I designed and
performed the experiment showing the interaction between HIV-1 Vif and A3G, the
infection study demonstrating that HIV-1 Vif causes the degradation of endogenous A3G
in infected T cells, the proteasome-inhibitor study and the virion incorporation study.
Co-first author Dr. Carlos de Noronha preformed the in vitro translation study, the
nuclear/cytoplasmic localization study, and the Northern analysis. Dr. Wes Yonemoto
performed the pulse-chase study and several of the remaining western blot experiments.

Dr. Warner Greene directed and supervised the entire project.
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Summary

The human immunodeficiency virus type 1 (HIV-1) re-
lies on Vif (viral infectivity factor) to overcome the po-
tent antiviral function of APOBEC3G (apolipoprotein B
mRNA-editing enzyme, catalytic polypeptide-like 3Q,
also known as CEM15). Using an APOBEC3G-specific
antiserum, we now show that Vif prevents virion incor-
poration of endogenous APOBEC3G by effectively de-
pleting the intracellular levels of this enzyme in HIV-
1-infected T cells. Vif achieves this depletion by both
impairing the translation of APOBEC3G mRNA and
accelerating the posttranslational degradation of the
APOBEC3G protein by the 26S proteasome. Vif physi-
cally interacts with APOBEC3G, and expression of Vif
alone in the absence of other HIV-1 proteins is suffi-
cient to cause depletion of APOBEC3G. These findings
highlight how the bimodal translational and posttrans-
lational inhibitory effects of Vif on APOBEC3G combine
to markedly suppress the expression of this potent
antiviral enzyme in virally infected cells, thereby effec-
tively curtailing the incorporation of APOBEC3G into
newly formed HIV-1 virions.

Introduction

The function of HIV-1 Vif is to suppress a powerful anti-
viral host defense mechanism mediated by the DNA
editing enzyme APOBEC3G. In the absence of Vif, the
replicative capacity of HIV-1 and other primate lentivi-
ruses is severely impaired in most cell culture (Fisher et
al., 1987; Strebel et al., 1987; von Schwedler et al., 1993)
and in vivo systems (DesRosiers et al., 1998).

Early studies demonstrated that HIV-1 requires Vif for
effective viral spread in primary CD4* T cells, which are
natural targets of HIV-1 infection. Similarly, some cell
lines such as the H9 T cell line are also “nonpermissive”
because Vif is required for the production of fully infec-
tious virus from these cells. However, HIV-1 does not
require Vif for viral spread in “permissive” T cell lines
like SupT1 or Jurkat T cells (Gabuzda et al., 1992; Sova
and Voisky, 1993).

Infectivity studies of virions produced by heterokary-
ons formed between pemmissive and nonpermissive
T cell lines revealed that nonpermissive cells produce
an inhibitory factor(s) that impairs the infectivity of HIV-1
virions (Madani and Kabat, 1998; Simon et al., 1998).

*Correspondence: wgreene@gladstone.ucstf.edu
3These authors contributed equally to this work.

These studies laid the groundwork for the seminal identi-
fication of this antiviral factor as APOBEC3G (CEM15)
(Sheehy et al., 2002). APOBEC3G is homologous to the
APOBEC1 RNA editing enzyme (Sheehy et al., 2002),
and both APOBEC3G and APOBEC1 are able to mutate
DNA (Harris et al., 2002). When APOBEC3G expression
vector DNA is transfected into permissive cells, these
cells are converted to the nonpermissive phenotype
(Sheehy et al., 2002).

APOBEC3G is incorporated into newly formed virions
making it available to act in the subsequent target cell
(Sheehy et al., 2002). In these targets, APOBEC3G in-
duces extensive dC to dU mutations in the viral minus
(first cDNA) strand DNA during reverse transcription,
resulting in G to A substitutions in the viral plus (geno-
mic) strand (Harris et al., 2003; Lecossier et al., 2003;
Mangeat et al., 2003; Zhang et al., 2003).

The mutations induced by APOBEC3G are so exten-
sive that they effectively terminate the viral life cycle
during or at some point after reverse transcription (Harris
et al., 2003; Lecossier et al., 2003; Mangeat et al., 2003;
Zhang et al., 2003). Antiviral effects of APOBEC3G are
not limited solely to HIV-1 but also extend to other retro-
viruses including murine leukemia virus (MLV), simian
immunodeficiency virus, and equine infectious anemia
virus (EIAV) (Harris et al., 2003; Mangeat et al., 2003).
Of note, MLV and EIAV do not encode Vif or Vif-like
proteins and thus may be particularly susceptibie to the
antiviral effects of APOBEC3G.

Although the DNA-hypermutating activity of APO-
BEC3G appears to explain its potent antiviral effects,
little is known about how Vif overcomes the effects of
APOBEC3G. Our studies have focused on this key ques-
tion and demonstrate that Vif reduces the level of APO-
BEC3G protein in virally infected cells through inhibitory
effects on both APOBEC3G translation and intracellu-
lar survival.

Results

Native APOBEC3G Is Selectively Expressed
in Nonpermissive T Cells and Is Principally
Localized in the Cytoplasm
In order to analyze the endogenous APOBEC3G protein,
we developed a rabbit polycional antibody that specifi-
cally reacts with the C-terminal 16 amino acids of this
~46 kDa enzyme. Although APOBEC3G mRNA is ex-
pressed in nonpermissive but not in permissive cells
(Sheehy et al., 2002), it is not known whether the corre-
sponding APOBEC3G protein is stably expressed in
nonpermissive cells. We assessed the expression pat-
tem of APOBEC3G protein in nonpermissive and permis-
sive cell lines by immunobiotting whole-cell lysates with
the anti-APOBEC3G antibody (Figure 1A). In nonpermis-
sive T cells including PHA-stimulated primary peripheral
blood lymphocytes (PBLs) and H9 cells, the antibody
reacted with a ~46 kDa protein (Figure 1A, lanes 2 and
3) that was not recognized by preimmune serum isolated
58°m the same rabbit prior to immunization with C-ter-
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Figure 3. Endogenous APOBEC3G Is Nearly Eliminated from H9 Cells Infected with HIV-1-wt but Not from Cells Infected with HIV-1 AVif

(A) H9 cells were infected with VSV-G pseudotyped HIV-1-wt or HIV-1 AVif virus by spinoculation and analyzed by flow cytometry using
intracellular Gag expression to monitor the extent of viral infection and using forward and side scattering of light (FSC/SSC) to identify live
cells. H9 cells infected with HIV-1 wt and HIV-1 AVif were comparably infected and displayed equivalent numbers of cells in the live cell gate.
(B) Analysis of endogenous APOBEC3G expression in uninfected H9 cells or H9 cells infected with HIV-1 wt and HIV-1 AVif viruses. Cellular
lysates from the cultures in (A) were immunobilotted with anti-C-terminal APOBEC3G antiserum and with anti-a-tubulin, anti-Vif, or anti-Nef
antibodies. The bands were quantified using Scion Image software (version 1.62), which showed a sharp decline in the intensity of the HIV-
1 wt-infected sample (0.24) when compared to that of the HIV-1 AVif (1.0).

(C) Vif does not alter APOBEC3G mRNA expression or integrity. Total RNA was extracted from lysates of H9 cells that were either uninfected
or infected with VSV-G pseudotyped HIV-1 or HIV-1 AVif viruses and then subjected to Northem biot analysis using a *P-labeled APOBEC3G
cDNA probe. Note that APOBEC3G protein expression is decreased in H9 cells infected with HIV-1 wt, but the level of APOBEC3G mRNA in
these same cells is equivalent to that in cells infected with HIV-1 AVif. Radiolabeled GAPDH probes were used as a control for mRNA loading
and integrity.

RNA

infected H9 T cells. These cells were infected with vesic-
ular stomatitis protein G (VSV-G) pseudotyped HIV-1,..3
wt or VSV-G-HIV-1,,5-AVif viruses. To isolate highly pu-
rified virions, supernatants from the infected H9 cells
were pelleted through a 5% iodixanol cushion and then
applied to discontinuous iodixanol gradients. Sequential
fractions from the gradients were analyzed for p24-Gag
content as a marker of HIV-1 wt and Avif virions (Figure
2, fraction 13). Immunoblotting of these fractions with
the APOBEC3G-specific antiserum revealed that endog-

enous APOBEC3G is incorporated in HIV-1 AVif virions
(Figure 2, fraction 13, third panel). Conversely, no full-
length APOBEC3G protein was detected in the HIV-1 wt
virions (Figure 2, fraction 13, top panel). Small quantities
of APOBEC3G were detected in fractions that did not
contain p24-Gag (fractions 3 through 7), likely corre-
sponding to APOBEC3G residing in microvesicles. How-
ever, these contaminants were well separated from the
virion fractions. These findings demonstrate that the
5 8resence of Vif in infected T cells prevents the native
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(A W sions b sullicient 1o depiets APOBEC 30 from ransfected 203T celia. 2037 cole were raneheted with graded amouns of APOBECIS
@Lpression vectsr DNA (0.1-1 ug) 1t 1he pressnce or abeence of 3 CONDIANE AMOUNE (2 pg) Of VIf expression veotsr. Celular lysates om thess
Gultres were Lmmuncbiotied with anti-APOBECIQ anlissrum. W alene Ndused 2 decline N APOBECIO ecpression over the reage of
APOBEC20 inpuis, SWhough the ofRct ie Mmost proneunced at the lewer lovele of APOBECIG expression.

(3) Nuckear and cytopissmic fracienatien. Nuciear and cytopbemic proiaine were purified from raneheted 203T cele anel prebed with anll-
HA (10 detect APOBECIG-HA)L anti-lubuiin, or anti-hietone HI antbodise. NO®B that VI¥ induced APOBECIA depietion in beth he nuclesr and
cyteplissmiv fractiens.

(C and D) VW prometes degradatien or extensive proteetysie of APOBECIA as reflscted by the lees ofboth N- and C-tomainal inm uncreastive
opitepse. The experiment in (A)w a0 rapeated using N- or C-rminally HA-tagged APOBEC30. Coltular iyealeswers snalyted by Lamunchistiing
WEh anli-HA ariibodien. VIt axpreseion Mwdused 2 1080 of anti-HA immuncreseliviy regardiess of whether the HA epitope was posliened at
#w N or C tarminus of APOBECIG.

(© APOBEC2A visrmote with GST-VIL Lysales from mmmw.uﬁ,@nwwnmw«mﬂ
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APOBEC3G enzyme from being encapsidated into
newly formed virions.

Infection of Nonpermissive T Cells with HIV-1-
Expressing Vif Resuits in the Apparently Complete
Depletion of intracellular APOBEC3G
To further elucidate the mechanism by which Vif pre-
vents the incorporation of APOBEC3G into HIV-1 virions,
we analyzed the intracellular expression of the endoge-
nous APOBEC3G enzyme in H9 T cells 2 days after
infection with either HIV-1 wt or HIV-1 AVif. For these
studies, we employed H9 cell cultures displaying com-
parable levels of viral infection (76.4% for HIV-1 AVif
versus 73.9% for HIV-1 wt assessed by intracellular anti-
p24-Gag immunostaining) (Figure 3A, top panel) and
equivalent viability as assessed by forward and side
light scattering (Figure 3A, bottom panel). Equivalent
amounts of endogenous APOBEC3G were detected in
uninfected H9 cells and H9 cells infected with HIV-1 AVif
(Figure 3B, top panel). However, APOBEC3G expression
was markedly reduced in H9 cells infected with HIV-1
wt. The intensity of the APOBEC3G band from the HIV-1
wt infected sample was 24% of that from the uninfected
sample. Considering that approximatety 26% of the cells
present in the HIV-1 wt infected sample were uninfected
(p24-Gag-negative), the small amount of APOBEC3G
present in the HIV-1 wt sample likely derives from the
uninfected cells. Therefore, a likely interpretation of this
data is that the endogenous APOBEC3G is nearly com-
pletely depleted in the virally infected subset of cells.
This conclusion is further supported by the absence of
detectable APOBEC3G encapsidation into virions pro-
duced by H9 T cells infected with HIV-1 wt viruses (Fig-
ure 2).

a-tubulin levels were comparable in each of the cell
lysates, indicating equal loading of lysate proteins (Fig-
ure 3B). Moreover, Vif expression was observed in the
H9 cells infected with HIV-1 wt but not in the cells in-
fected with HIV-1 AVif, and equivalent leveis of Nef were
detected in both of the virally infected samples, further
demonstrating comparable infection of these cultures
(Figure 3B). Accordingly, infection of nonpermissive
cells with HIV-1-expressing Vif leads to the apparently
complete depletion of native APOBEC3G protein from
the infected subset of cells.

APOBEC3G mRNA Leveis Are Not Altered

following Infection of Nonpermissive Cells

with HIV-1-Expressing Vif

To further dissect the mechanism undertying the intra-
celiular depletion of APOBEC3G in HIV-1 wt-infected H8
celis, we considered the possibility that Vif alters the
expression or integrity of APOBEC3G mRNA. RNA and
protein were simultaneously prepared from uninfected
and infected nonpermissive H9 T cells, and the levels
of APOBEC3G mRNA and protein were assessed (Figure

3C). As expected, APOBEC3G protein expression was
decreased in the H9 cells infected with HIV-1 wtin com-
parison to the HIV-1 AVif-infected samples. Quantifica-
tion of these immunobiots revealed that the band corre-
sponding to APOBEC3G in the HIV-1 wt sample was
48% of the intensity of the APOBEC3G bands in the
uninfected and HIV-1 AVif-infected samples (data not
shown). Since intracellular p24-Gag immunostaining re-
vealed that 47 % of the H9 cells were infected with HIV-1
wt in this experiment (data not shown), we again con-
clude that Vif induced complete or aimost complete
disappearance of APOBEC3G within the infected subset
of cells. Despite these changes in APOBEC3G protein
expression, there was no apparent difference in the level
of expression of APOBEC3G mRNA among the three
samples (Figure 3C). Equivalent RNA loading was con-
firmed by hybridization with a radiolabeled DNA probe
specific for GAPDH, and RNA extracted from the permis-
sive cell line SupT1 was used as a negative control
(Figure 3C). These findings indicate that Vif does not
impair APOBEC3G protein expression by interfering with
the production or stability of APOBEC3G mRNA.

Vif Alone Is Sufficient to Deplete

intraceliular APOBEC3G

We next examined whether Vif requires the participation
of other viral components to cause the depletion of
intracellular APOBEC3G. 293T cells were transiently
transfected with increasing doses of untagged APO-
BEC3G expression plasmid DNA (0.1-1.0 j.g) in the pres-
ence of a fixed amount of Vif expression vector DNA
(2 ng) (Figure 4A). The expression of Vif alone reduced
the intracellular levels of the APOBEC3G protein (Figure
4A, lanes 5 and 6), although this effect was less apparent
as APOBEC3G input levels increased. Vif expression
was comparable in each of the cellular lysates trans-
fected with the Vif expression plasmid. Since these stud-
ies were performed with cytoplasmic extracts, we con-
sidered the possibility that the Vif-induced depletion of
APOBEC3G was caused by translocation of the APO-
BEC3G enzyme into the nucleus. However, analysis of
subcellular fractions revealed that Vif virtually eliminated
APOBEC3G from both the cytoplasm and the nucleus
(Figure 4B). In this experiment, we observed more APO-
BEC3G in the nucieus than we did in the previous experi-
ment (Figure 1B). The increase in nuclear APOBEC3G
is likely due to protein overexpression as a consequence
of transient transfection. These results indicate that Vif
does not require participation of other viral components
to impair APOBEC3G protein expression. In addition,
the observed depletion is not due to transiocation of
cytoplasmic APOBEC3G into the nuclear compartment.

Vif-induced Depietion of APOBEC3G invoives
Disappearance of the Entire Protein

Next, we investigated whether the apparent loss of APO-
BEC3G in Vif-expressing celis could be explained by

expression vectors were incubeted with giutathione-Sepharose beads. immunobiotting with anti-HA antiserum reveeled that HA-APOBEC3G
was precipitated by GST-Wif but not GST.

(F) GST-W¥ is biologically active. Lysates from 293T celis cotransfected with HA-APOBEC3G expression plasmid and either GST or GST-Vif
expression plasmid were analyzed by immunobiotting. Expression of GST-Vif but not GST induced a decline in intraceliular HA-APOBEC3G
lovels.
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proteotytic aipping of the C terminus, whichwould resut
ina loen of the ephope usad for m.m unodaadtion. when
2037 calis ware cotransiocted with grodod doses Of HA-
APOBEC3a of APOBECMI-HA o prossion vactor DNA
In the prasancae or absance of VI aipression plkasmid
DNA, both tha N-and C-barminally tagged versions of the
AP OBEC3G enzym ewere dininbhad in the presencs of
Vit (Agures 4C and 40). Thase Nndngs indocabe thet
VI targeds the entire APOBECAG protedn for dinination
rather than hdudng protectyad only ot the C BrTinwe.

VIf Plwsically Assemblas with APOBEC3Q

To evaluale whathar HWV-1 VI pivwsically ivberacts with
APOBECIG. 203T cols ware contransfecied wkh HA-
APOBEC3a and GOT-VH or control G8T aupresaion
plaanid DNA (Figure 4E) “olular ks abas were prepared
and Incubabad wih gutathiona-Sepharose baads. Im-
M uncbiotting of probaivs bound to these beads danon-
stad rcovry of HA-APOBBC3Q by GST-vH but not
by GST (Agure 4E). To ao3¢3s whathar the G8T-VI pro-
toin retaned biclogical acthity, we monbored HA-APC-
BEC2a lovals I the presence and absanod of BT M
andobaarved lower lewis of ths anzyme in the presance
of GST-VH (Figure 4F) These indings Indicate that Vil
s abla to @38aT bia with tha APCB B34 probain in Iving
aslle andfurther that the chinanc 3ST-vH protein retaing
the eblky to m pair itrecalular APOBEC 3G anpression.

VIf Shortens the In Vvo Half-Ufe of APOBEC30Q

Wo hypothasized that Vi might dephkte the trecallar
wis of APOBEC 33 by accalkerating Its degradation.
To Imvastigate this possbiity. PPeinathioniney cystone
pube-chase radiclabeling studies ware paformed In
HEK203 calls cotrenstected with APOBEC3G-HA and
PNL-A1 (Which axproseas wiid-type VI of pNL-A1-2VH.
Afer Inaubetion In stanvation mediun folowed by @ 30
nh puse, the cultres wara chesed for up bo 7 hr In
naede contaning acass unlabakad nathionine and cys-
he. APCBECIA-HA wes then Inmunoprecipitated
from hysabes of Galishanvested at diferent inturval (Fig-
ure SA) In the abaance of VI, the rediclabeled APO-
BEC3Q probein wes ralatively stabla, and about 80°N of
the proteln wes prasent oven efter 7 hr of chese. How-
aver, Inthe presanceof VI, the radiokabaded APOBE G
dieappaared nore mpidy, dhplying a T,y thet comnsis-
tontly wos ks than 2 hr (Figue SA) Those fnd-
ings danonstrbe that VH shortans the halfire of
APOBECIQ.

Proteasomne Inhiblors Partially Block Vit-Maalatos
Depletion of APOBEC3Q

We hypothaalzad that the 269 proteasome migiht n odl-
ste the VHi-ihduced degradation of APOBECAG. To ex-
plore this poaibity, HO Gells were infocbad with HV-1
wt of ware modk Infected Forty-four hours aftes infec-
ton the aadlis were treated for 16 I with althar DMSO
PO1%) or 025 uM epmomnidn, 9 speciG inhiblkor of
three protaciytic activties i the pro®dasom a Whok-
aodll aabas ware subsequantty preparad by boling the
oalhs In Laam il hysis buffer, follow ad by probain separa-
lon by 8D8-PAGE and I uncbiotiing. As axpected,
AP OBECIG lawvals ware much lowerin the infactad sam-
ols when compared to the uninfected sam ok (Flaure
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S8, anes 1 and 3) Howewer, APOBEC3Q levels ware
elovated In infected oslls treabed wih apaormicinwhen
compeared o DMSO-treated cole (Figure 98, anas 1
and 3, whie epaxomicin did not appaar to cause o
sim kar hareans In the lewval of APOBEC3G inthe unintec-
tod cultures (Rgure 58, Bnde 3 and 4). Interestingly,
epoxonichn alse caused an inaease i VI lovels We
then perfotmad e similar axpariment using 203T calle
tramsiently ransfoctad with an APOBECIG-HA axpras-
sion vector and ot har a VIf axpression veator of acontrol
vacior. The calls ware then treatedwith @ pansl of diffes-
ot proteanoma Inhbdors 1or 13 hr. We cbeerved that
the proteasomie inhibkors MG13X2 (123 M) end ALLN
25 M) 93w ol o3 the more speciiic proteas ane inhibbor
chmro-lctacystin p-lactone (10 M, 20 uM) enhenaed
the levals of APOBEC3Q-HA hthe of Vitwhen
ocompared to the diuent control san ple (0.1 % DMSO)
Figure 32, kanas 7-12) In contrest, calpah inhbdor i
B0 . M), which Inhibls @ separbs proteciytia pathway
(Figure 32, lana 12) did not aeuse an inareass N APO-
BEC0G leveis W e abo obaarved thet proteasome nhibi-
tors enhaenced APOBECIG levals (Induding 9 lowermo-
lecuisr waight APOBEC3G band) even i the ebsance
of VI (Figure 3C, lenes 2-6) Taken together, our nesults
indicate that the vif-mediated dapiation of APOBEC X
b ot host partialy mediabed by the probeascmae, or,
sbomathaly, that VIf aacalerabtos the netural tumover of
APOBEC 33 by the protaasona.

VIt Also impairs Trarsation of APOBEC3G MANA
In the course of the in vivo puise-chese redolkabeing
@ponmonts, we obsanved that 15%-40% less radiola-
beled APOBEC33 was recovered after the puse-kbel-
ing phese In colb axpresaing Vit @3 canpared to celle
not apreasing VI. (This finding wes not presentad In
the graph In Figuro 3A since the time = O saw pswere
nosmalked for bethor comparison of the relative dagra-
dotion naies.) Thass results rahsed the poesibity that
VI night inhibt APOBEC 3G oxpression by impabing the
transkation of APOBECIGQ WMRNA. To further Ivestigets
this poanbliity. we performed shorber pulse-labeling an-
petments (13 min) In the presence of Increasing
enocunts of VI (0-8 ng) (Figure &4, it panel). These
studios revealed that Vif inpared [MSjnathionina/cys-
oo ndokabeling of APOBECIG-HA In vivo In @ dose-
relabod manner, consistantly cawning @ 30%-00% de-
alina In APOBEC 3G transiation during the pulse-kabeling
. Imm unoblotiing ane of the same sam plee
rveded an 80N deciine In the staady-atabe lovels of
APOBEC3Q-HA (Figwe GA, right panel) Sincs @ 30% -
90% dodine In tranaslation doas not fully sacount for the
80% daciine In the steady-stabe kbvels of APOBECAG-
HA, Vi must function both by partially biocking the syn-
thesis of the APOBEC3G probain and by Inducing APO-
BEC2G dagredation after trensiation.

To futhar axanine the affeats of VI on APOBEC X
mANA transialion, we employed an in viro-coupled
trenscription/iransiation systan. Rabbit -
sates were progran nad wkh APOBECIG DNA In the
presence of pretransiebad VI or GST control probein
(Figure 6B, lart panal) In thisin vitro systam, VT iwnpaired
APOBEC 3G transiat on by apprasinabaly 70%-78% Te
oonficn it the offect wes due to o transiational imoelr-
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Figure 5. Vif Shortens the Half-Life of APOBEC3G, and Proteasome Inhibitors Partialty Biock the intraceliular Depletion of APOBEC3G-HA

(A) Puise-chase radiolabeling. HEK2983 celis transiently transfected with APOBEC3G-HA and pNL-A1 or pNL-A1AVIf DNA were puise-iabeled
and then incubated with chase media for the indicated time points (left panel). After immunoprecipitation with anti-HA antibody, the proteine
were separated by SDS-PAGE, and the geis were subjected to autoradiography. The relative intensity of the bands was quantified, and the
Vif (+) and Vif (—) samples were normalized to 100 and graphed (Figure 5, right panel).

(B) Proteasome inhibitor studies using infected H9 cells. Mock or HIV-1 wt-infected H9 celis were treated with epoxomicin (0.25 uM) or DMSO
(0.1%) 44 hr after infection. Whole-cell lysates were prepared by bolling the celis in Laemmii lysis buffer. Note that epoxomicin caused an
increase in endogenous APOBEC3G levels in the infected sample (compare lane 2 with lane 1).

(C) Proteasome inhibitor studies using transiently transfected 2937 cells. After transfection of 283T celis with 0.1 ug APOBEC3G and 2 ug W
or control vector DNA, the celis were treated with the indicated concentrations of inhibitor for 15 hr. APOBEC3G-HA leveis (including a minor
molecular weight band derived from APOBEC3G) were elevated in the presence of the proteasome inhibitors MG132, ALLN, and clasto-

lactacystin -iactone (lanes 8-11), but not in the presence of calpain inhibitor Il ane 12).

ment, we performed a similar experiment in the presence
or absence of 5 .M epoxomicin, a potent proteasome
inhibitor (Figure 6B, right panel). Although epoxomicin
did slightly increase APOBEC3G levels in both samples,
the Vif-mediated translation inhibition was not dimin-
ished.

Together, these results demonstrate that Vif depletes
intracellular APOBEC3G in a bimodal manner by both
inhibiting translation of APOBEC3G mRNA and by accel-
erating proteasome-mediated degradation of the APO-
BEC3G enzyme. In combination, these two mechanisms
cause the essentially complete elimination of the APO-
BEC3G enzyme from infected T cells.

Discussion

APOBEC3G mediates extensive hypermutation of viral
DNA during reverse transcription but has no apparent
effect on the full-length genomic RNA packaged into
the virion (Harris et al., 2003; Lecossier et al., 2003;
Mangeat et al., 2003; Zhang et al., 2003). It follows that
APOBEC3G must be incorporated into the virion in order
to mutate DNA in the subsequent target cell during viral

DNA synthesis. Our resuits demonstrate that HIV-1 Vif
effectively prevents native full-length APOBEC3G from
being incorporated into HIV-1 virions. These resuits
agree with the recently published work of Mariani and
colleagues (Mariani et al., 2003) who made similar obser-
vations in transiently transfected cultures.

Our studies are also most consistent with the conclu-
sion that Vif prevents virion incorporation of endogenous
APOBEC3G by causing the near-complete depletion of
the intracellular levels of this enzyme in HIV-1-infected
T cells. We suggest that the dramatic reduction in the
native APOBEC3G levels that occurs in HIV-1-infected
T cells lies at the heart of Vif action and explains why
APOBECS3G is not encapsidated in progeny HIV-1 vir-
ons. This conclusion is further supported by our finding
that the intracellular levels of APOBEC3G are not altered
in cells comparably infected with HIV-1 AVif viruses and
that the virions derived from these celis contain readily
detectable APOBEC3G.

Mariani et al. observed only a modest decrease in
cellular APOBEC3G levels in the presence of Vif. We
also found that in transiently transfected cells, moderate

62xpreaslon of APOBEC3G can diminish the Vif effect.
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Howawr, ot lowar dosas of APOBECAG, VIf camsed
marked reduction in the Intracaliuier kwais of APC-
BEC3G ewven in this systam . Markanl and collkaguas have
suggestad that Vi assambly with APOBEC3G somahow
pravents the incorporation of this into the virlon
Marianiet al, 2003). Wo sin Bary find that VI pivysically
ossamblas wih APOBEC3Q Howawer, our studies re-
vaal that the biologlod uances of the VI-APC-
BEC3G Intaraction are not simply to block virkon Incor-
poration. Rathar, wa ind that VI targets the APOBECIG
onzyme for essantially con almination In HV-1-
ifactod T calls. We also show that VI does not require
the participation of other vial com ponents to reduce
the kwals of APOBECIG.
ntrigungly, our studika Indicabe that Vif-mediated
of inreceluar APOBEC3G Involves binodal
Inhibbory affects with VI both triggering the sacelerated
degmdation of the APCBEC3G probain and impabking
the transialion of APOBEC3G mRNA (summarted In
Figure 7). Pubachese radiclabaling studikes revealed
thet Vi markadly shortana the half-be of APOBECIG,
which s relalively stable i the absence of V. Qur pulse-
chase reaults differ from those of Marianl ot al Cne
potential axplanation Is that we employed different
transfection conditions than Marlanl at al, who used o
viral pleam id-to-APOBEC3G plaamid ratio of 21, 8ince
weo had provicusly cbearved thet the kwals of APO-
BECAA and VI eahieved underthesecondtions resulted
in nagligible Vi-nducad deplation of APOBECIG and
that the same 21 mitlo of plasmids In the studies of
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Fgum & YT inps ks the Temslston of A70-
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A Invivo puiss lsbsel shudies. HEXEDD calle
tmnulesily turmiscied wih 1 pg of AFO-
BECEG-HA expmasios woior DNA and 0-8
pg W expmmics vecior DNA were pa leed
wth rdicisbslecivahionine snd oysisine for
16m inand the s imwad istsly harvasisd . Afler
[T wih antiHA

the aampias we m o Bi or (1) subjeciadio 8D
PAGE srel srmiyracd by muiorsd lography feft
i) or (Z) sa bjecisd 1o 8D S-FAGE ascd sre-
Iyasci by imrana biofting fig it paral). Higher
concenirstiors of Vi cmmsed & sgnifioant
PI-80%) n pairnart in the I vio femis-
tion of Al" OB CB4 -HA (left parwl). V¥ caused
an even gresisr @0%) rcduciios h e
slandy-wisis levels of AF OBECBG -HA (right

pnai
ﬂ: m-;‘pﬁh — |II4‘-;

sodbed erxd {massisd f5r 90 mis wming e

Fromags THT T*Gospled Relicsiooyts Ly-
axis Oyuiarn socord ing 1o the mansiscirer's
insirsciions. The Wor GST
wanthenmdced i 2 nas ferecripiiov/irare-
bl hon rrdx peagrarerad with AFO0 BC2G DHA
on los In the pressnce or sbesncs of B M
epoxoreicis. The resctions were allowecd to
procesd for 6 or30min The profslas were
thes ssparsied by SDS-FAGE, asd e

was asshmed by suiorediography. The m
tha inrally of the barxds wem quanified,

ard ol | of th e VH[-) sampiesss sre rorves koed
o 1. Note thet VT -~

impairant inthe in vio guheis of A70-
BEC3G (left parwl) even Is the preserce of
epoxxrvic (righ! panal)

Mearianiat al sinllarty did not reacue full virel

wo porfomad additional ax parinents ih which the Vii-
to-APOBEC2G ralio wos navesed Under these
condtions, we cbsarved that VI markadly
shorened the intrecallutar half-#e of APOBEC3G.

Qurstudios further notion thatVi-induaed

of APOBECIG Invoives the proleasame
since addtion of epacomicin, 8 drug that spedficaly
nhibis each of the three probeciytic adtivities prosent
in the 288 proteasomae, partialy blocks the ablity of VI
to deplete APOBEC3G I the cel. Shas wo also ob-
soved some arfect of one nhbitors on APO-
BEC34 lovels In the abasncs of VI, & b also
thet VI accelerates the normal tumover of APOBEC3G
by the 265 proteasoma Such targeted degradation of
0 host fector by @ viral probein is not without precedent.
For auampla, both the STAT1 trmnscriplion factor and
the Rb tunor suppressor are targeted for probeasom o
degradation by the sinlan virus 3 V protein end humen
papliloma virus (HPV) E7 protains respaectively (Boyer at
ol, 1005 Didcock ot al, 1000)

However, Vilinduced degradation of APOBEC3G by
the probeesaonse does not appear to be the sole meaha-
nisn by which W APOBEC3A I the Infectad
host call Puse-labeling studies and In viro tramslation
aperments support an eddtionel nhbitory effedt of
VI ocourring st the lewel of APOBEC30 mANA transia-
tion In the Invitro translation wysbem, VIf produced upto
a7o% reduction in APOBEC3G mANA translation
whie In W pubs-labelng axperinent, o 30%-40°% n-
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HIV-1 AVif Infection
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Figure 7. Schematic Summary Depicting How Vif Both Impairs the Translation of APOBEC3G mRNA and Targets the Remaining APOBEC3G

Protein for Degradation by the Proteasome

The combined effect of these two activities of Vif effectively eliminates APOBEC3G from the cell leading to a failure of APOBEC3G encapsidation
in virions. Through these combined effects, Vif prevents APOBEC3G from inducing devastating mutations in the viral DNA synthesized during

reverse transcription in the subsequent target cell.

pairment in translation was observed. Interestingly, an
even greater decline (80%) in the steady-state level of
APOBEC3G was observed in samples from the in vivo
pulse-labeling experiment. These findings further sup-
port the bimodal nature of Vif action since the impair-
ment of translation is not sufficient to account for the
even greater decline in steady-state levels of APO-
BEC3G. Thus, Vif targets two different steps in the APO-
BEC3G cycle, one producing inhibition of APOBEC3G
mRNA translation and the second increasing turmover
of the synthesized APOBEC3G protein. Whether the ac-
celerated tumover of the APOBEC3G protein could be
the result of Vif-mediated inhibition of translation of a
second cellular factor required for stability of the APO-
BEC3G protein remains a possibility that is under further
study. Nevertheless, such a two-pronged strategy allows
HIV-1 to maintain genetic economy while ensuring the
essentially complete elimination of the potent antiviral ac-
tivity of APOBEC3G within the HIV-1-infected host cell.

Other viruses also attack key intracellular proteins in
a bimodal manner. For example, the HPV type 16 E6
oncoprotein inhibits the p53 tumor suppressor by two
distinct mechanisms (Zimmermann et al., 1999). Specifi-
cally, the E6 protein abrogates p53 function both by
binding to CBP/p300, which represses the transcrip-
tional activity of p53, and by directly targeting the p53
protein for degradation by the 26S proteasome (Zimmer-
mann et al., 1999).

It remains unknown whether the impairment of trans-
lation produced by Vif is mediated through binding to
APOBEC3G mRNA or to the APOBEC3G primary transla-
tion product. An impairment before translation is unlikely
in view of our finding that Vif does not alter the levels

or stability of APOBEC3G mRNA. However, it is possible
that Vif targets a more general process such as the initia-
tion of translation. In this regard, poliovirus (PV) induces
marked inhibition of host cell cap-dependent protein
synthesis by cleaving several components necessary
for efficient translation (Etchison et al., 1982; Kuyumcu-
Martinez et al., 2002). Interestingly, PV-induced cleav-
age of an essential translation initiation factor, elF4Gl,
results in only a 50% decrease in the translation of cellu-
lar proteins (Bonneau and Sonenberg, 1987; Bovee et
al., 1998). Whether a similar mechanism could underlie
the partial impairment of APOBEC3G mRNA translation
induced by Vif is currently under study.

Taken together, our findings shed new light on the
mechanism by which HIV-1 Vif defeats the function of
APOBEC3G, a powerful innate antiretroviral factor. it
might be possible in the future to exploit these mecha-
nistic insights for the development of a new class of
antiviral agents that interfere with the ability of Vif to
reduce APOBEC3G levels in the cell. Such small mole-
cules would lead to increased virion encapsidation of
APOBEC3G and allow this cytidine deaminase to induce
debilitating mutations during viral DNA synthesis in the
subsequent target cell. By suppressing the activity of Vif,
this class of antiviral drugs would restore an essential
feature of the innate immune system and enable host
cells to utilize endogenous APOBEC3G to inhibit HIV
replication.

Experimental Procedures
Plasmids

64\0 pNL4-3 and pNL4-3 AVHf (also known as p-NL-ND) expression
vectors have been described (Adachi et al., 1991; Sakai et al., 1993).
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Chapter 3

Design of a high-throughput screen for
inhibitors of Vif-mediated degradation of
APOBEC3G
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Introduction

In the past decade, the availability of highly active antiretroviral therapy
(HAART), has improved the mortality and morbidity rates of HIV-infected individuals
(14). Current HAART involves the administration of a combination of drugs targeting
the Protease (Pr) or Reverse Transcriptase (RT) proteins of the HIV virus or targeting the
process of virion fusion to cells. RT inhibitors include nucleoside RT inhibitors (NRTI)
that block elongation of the growing polynucleotide chain by mimicking natural
nucleotides and non-nucleoside RT inhibitors (NNRTI) that act by allosterically binding
RT just outside the catalytic domain. The entry inhibitor Fuzeon (T-20, enfuvirtide), a
peptide that blocks virion fusion to cells by impairing gp41/Env hairpin formation, has
been recently approved by the FDA and is included as part of salvage therapy (10, 20).
Despite the benefits of HAART, and the availability of over 20 anti-HIV drugs, obstacles
such as cost, drug toxicity(3), and emerging single-drug-resistant and cross-resistant
strains of HIV (4, 6) underscore the necessity of new drug targets.

Drugs targeting other aspects of the virus are currently under development, but
are not available for widespread use. One such drug, BMS-378806, which is an
attachment inhibitor that interferes with gp120 and CD4, has demonstrated a reasonable
safety profile in early animal toxicology studies (7, 10); a related inhibitor, BMS-499043,
has improved pharmacokinetic properties and is currently in Phase 2a clinical trials (7,
10). Other promising drugs currently under development target the viral integrase (IN)
and RNAseH proteins and the interaction between gp120 and the CCRS chemokine

receptor (6, 10).
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Several groups have also studied the potential of the HIV-1 Vif protein to be a
possible anti-HIV drug target. A Vif-specific single-chain antibody has been developed
that showed anti-HIV potential when expressed intracellularly (5). Similarly, siRNA
designed to block the intracellular expression of Vif has shown significant anti-HIV
effects (1). Although of questionable practicality given current drug technologies, both
of these studies at least highlight the suitability of the HIV-1 Vif protein for drug
targeting.

The identification of A3G (16) and the discovery that Vif causes the virtual
elimination of A3G from infected cells (18) provides a new vantage point for the
development of anti-HIV drugs.

Potential Development of a Drug Targeting Vif-mediated Degradation of A3G

HIV-1 Vif prevents virion incorporation of the endogenous A3G enzyme by
causing the intracellular depletion of A3G from infected T cells (18). Vif reduces
intracellular levels of A3G both by accelerating the degradation of A3G by the 26S
proteasome and by partially impairing the synthesis of the A3G protein (18). By
employing this bimodal mechanism, Vif succeeds in removing A3G from the cell before
it has the chance to be incorporated into the virion. Vif also interacts with A3G (18), and
functions as an adaptor molecule, bringing A3G in contact with a E3 ubiquitin ligase
complex, which promotes the polyubiquitylation of A3G (9, 17, 22). This ubiquitylation
reaction targets A3G for rapid degradation by the 26S proteasome.

One advantage of our highthroughput screen is that it will be able to identify
molecules that block any one of a number of steps in the Vif-mediated depletion of A3G.

Small molecule antagonists could be identified that act by 1) blocking the assembly of
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Vif with A3G, 2) blocking the interaction of Vif with the E3 ligase machinery, 3) binding
A3G in a manner that prevents its polyubiquitylation, or 4) preventing Vif-mediated
inhibition of the synthesis of A3G.

The first two scenarios, and possibly the fourth, would involve identifying an
inhibitor that blocks protein-protein interactions. Several recent studies support that it is
possible to disrupt protein-protein interactions with small molecules. Small molecular
antagonists of the interaction between the E3 ligase MDM2 and the pS3 tumor
suppression protein have recently been identified. (19). And, as mentioned earlier, there
are several small molecule inhibitors of HIV already in development that target protein-
protein interactions. Small-molecule inhibitors that block viral attachment by interfering
with the interaction between gp120 and CD4 are currently in clinical development (7,
10). Small molecule inhibitors targeting CCRS5-gp120 interactions are also showing
clinical promise (10).

The Vif:A3G interaction might be especially conducive to inhibition by a small
molecule. Several laboratories have reported that mutation of a single amino acid (Asp
128) in the A3G sequence suffices to make it resistant to Vif, allowing it to function as an
antiviral agent against wild-type human HIV-1 (2, 8, 15, 21). While it remains unclear
whether this single amino acid forms a key component of the Vif binding site or instead
affects the overall conformation of A3G, it is certainly possible that small molecules
might either block this site or induce similar conformational changes. It is also promising
that there is a potential target within this single site rather than in an extended interface

between the two proteins.
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Recent work clarifying the exact domains in Vif that participate in the degradation
of A3G provide additional places a candidate drug from our screen could target. Vif
binds to A3G and targets it for ubiquitination through a cullin-dependent ubiquitin ligase
complex containing Cullin 5 (CulS), Elongins B and C (EloBC) and Rbx (11, 22, 23).
Ubiquitination is a post-translational modification that requires the coordinated activity of
three enzymes. El ubiquitin activating enzymes transfer ubiquitin to E2 conjugating
enzymes. E2 conjugating enzymes transfer ubquitin to the target protein with the help of
E3 ubiquitin ligases. Cul5, EloBC are core subunits of a Skp1-Cullin-F-box (SCF)-like
E3 complex. HIV-1 Vif and other lentiviral Vif proteins contain a highly-conserved BC
Box motif, SLQXL, that is necessary for viral replication and allows Vif to directly
interact with EloC (11, 22, 23) Fig. 1A. A longer sequence, ending with a C terminal
P/L-rich region makes up a novel SOCS (suppressor of cytokine signaling)-box, but the
functional significance of the P/L-rich sequence to Vif is unclear (11, 23) Fig. 1A.
ASLQYLAL-mutant Vif proteins are still able to bind A3G, but do not cause degradation.
Interestingly, several single mutations in this region prevent binding to the Cul5 eloBC
complex including L145A, A149G, L150A, A149L (11, 23). Although the BC box is
sufficient to bind EloC, an additional HCCH zinc-binding region upstream of the BC-box
mediates Vif binding to Cul$ (12, 23) Fig.1A(lowerpanel). Mutations of His/Cys residues

in this region impair zinc coordination, Cul$5 binding and A3G degradation.
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Design of The High-throughput Screen

The high-throughput screen for Vif inhibitors will rely on the construction of an
adherent cell line stably transfected with a Vif expression vector as well as a vector
expressing A3G fused to the renilla luciferase enzyme (“A3G-Luc”), a sensitive reporter
protein (Figure 2). In the absence of an inhibitor, Vif will trigger the degradation of the
A3G-Luc in these cells; and the cells will lack a significant positive signal for luciferase
action. Conversely, an effective small-molecule inhibitor will block the action of Vif,
resulting in the accumulation of A3G-Luc within the cells. Preserved expression of A3G-
Luc will be detected by an increase in luciferase activity. Provided that a cell line is
constructed that passes rigorous quality assurance and quality control standards, these

cells will be used in automated, single well screening assays involving approximately
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200,000 compounds displaying high pharmacore diversity. One advantage of this
approach is that since it is cell-based, only compounds disrupting the activity of Vif in its
native conformation will be selected. In addition, since only cells with enhanced signal
will score positive in our screen, it contains a built-in mechanism to exclude small

molecules that are toxic to cells.

. APOBECIG

Fig. 2. Model of High-throughput Screen. The basis of the screen will be a cell line stably
expressing both Vif and a version of A3G tagged with luciferase. Under basal conditions, Vif
will induce the depletion of A3G-Luc by targeting this enzyme for polyubiquitylation and
degradation by the 26S proteasome (left panel). If a small molecule succeeds in blocking Vif-
mediated depletion of A3G-Luc, then the levels of A3G-Luc will accumulate to detectable
levels in the cell (right panel). The screen is designed to identify molecules that have blocked
the physical assembly between Vif and A3G, the assembly between Vif and the E3 ubiquitin

T e e—

| ligase machinery, or any other event in the Vif-mediated cascade leading to A3G depletion.

The data presented in this chapter was performed by myself, Dr. Wes Yonemoto
and Louise Ogle. The original idea for the screen was my own, with the help of Dr.
Carlos de Noronha, and stemmed from my identification of the mechanism employed by
Vif to counteract the activity of A3G. The data relating to the original monoclonal cell

line, including construction of the A3G-Luc and Luc-A3G plasmids was performed by
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myself and Louise Ogle. The engineering of the human-codon-optimized version of Vif
used for the next versions of the cell line was done by myself with the help of Dr. Wes
Yonemoto. Figure S was done by Wes Yonemoto using my reagents. He subsequently
assumed responsibility for this project and has, on his own, produced a cell line
expressing the human-codon-optimized Vif under an inducible promoter along with
A3G-Luc, which is now being developed for screening purposes. Dr. Warner Greene
directed and supervised this project.
Results

In order to construct our cell line, we cloned a series of vectors expressing Vif and
APOBEC3G (“A3G”). The vectors encoded A3G tagged with the reporter protein Renilla
Luciferase at either the C’ or N’ terminal. Given that A3G-Luciferase (C’ terminal tag)
was more susceptible to Vif-mediated degradation than was Luciferase-A3G (Fig. 5(b)
and data not shown), we decided to use A3G-Luciferase in our cell line. Our initial
strategy was to transfect HeLa cells with Vif and A3G-Luciferase expression vectors at a
5:1 ratio. Since the A3G-Luciferase contained a neomycin resistance gene, we subjected
the transfected cells to G418 (neomycin) drug selection (1.0 mg/ml). Once we obtained a
parental line stably expressing both proteins, we obtained subclones by limiting dilution.
We also attempted to select the clones using the histidinol selection marker present on the
Vif plasmid, but this method did not yield viable cells. However, since we had
transfected the Vif and A3G-Luciferase vectors at a high ratio, we reasoned that any cells
containing A3G-Luciferase should also have Vif.

Western analysis of one of our clonal lines (Clone “78”) revealed the presence of

both Vif and A3G-Luciferase (Fig. 3A). In addition, we observed significant
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upregulation of the A3G-Luciferase protein in the presence of MG132, an inhibitor that
blocks the 26S proteasome, thereby also blocking the activity of Vif (Fig. 3A, lane 3
versus 4). Luciferase assays also revealed significant induction of A3G-Luciferase after

treatment of Clone 78 with MG132 (Fig. 3B).

A. B.
HelLa Cl. 78 poy e e

MG132 e e .

A3G-Lucif. —» e -.-;
-] 4 Month Culture

-

W - =

o

B-Actin — g

1 2 3 4 6000 10,000 15,000 30,000 10,000 16,000 15,000 30,000 30,000

Coll numbers from Clone T8

Fig. 3. Initial Testing of Monclonal Cell Line. (A) Western Blot of Monoclonal Cell
Line (“Clone 78”) stably expressing both A3G-Luc and Vif. Clone 78 and untransfected
HeLa cells were treated with either MG132 or DMSO. Cellular lysates were prepared
and subjected to SDS-PAGE and western blotting with anti-Vif, anti-A3G, or anti--
Actin antibodies. Comparison of lanes 3 and 4 reveals MG132-induced A3G-
Luciferase expression in Clone 78. B-Actin was used as a loading control. (B)
Luciferase Assays of Clone 78. Clone 78 was cultured for either 8 weeks (blue bars) or
4 months (red bars) and then treated with MG132 or DMSO. The fold-induction of
A3G-Luc activity of the MG132-treated cells over DMSO-treated is indicated on the y’
axis. The x’ axis notes the number of cells used in each assay.

For these experiments, the G418 selection medium was removed from cells that
had been in culture for either 8 weeks or 4 months. The cells were then treated for 16
hours with MG132 (12.5 uM) before analysis by luciferase assay. In cells that had been
cultured for 8 weeks, MG132 enhanced A3G-Luciferase expression by as much as 75-

fold. In cells that had been in culture for 4 months, MG132 caused a 30-fold increase in
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A3G-Luciferase expression (Fig. 3B). Although the level of induction had fallen over
time, it remained robust, indicating that the cell line was relatively stable.

Our next step was to perform Z’ series tests on our cell line to assess its suitability
for high-throughput screening. The Z’ value is an industry standard that measures the
quality of a high-throughput assay. The Z’ value reflects the assay’s signal dynamic range
as well as the data variation associated with the signal measurements (Fig. 4A). In our
assay, large deviations in luciferase activity from sample to sample would reduce the Z’
value, indicating that the assay is unsuitable for HTS. Similarly, a high induction of
A3G-Luciferase by MG132 would improve the Z’ value. To perform the Z’ series test,
we plated Clone 78 in a 96-well plate with the indicated number of cells per well (Fig.
4B). We then treated the first and fourth quadrants of the 96-well plate with MG132.
These quadrants served as our experimental “positive” wells. Our “negative” control
wells were in the second and third quadrants, which were treated with DMSO. The
average MG132-induction of A3G-Luciferase in our positive wells was up to 70-fold
(Fig. 4B). The Z’ values for Clone 78 ranged from 0.8 to 0.9, indicating that our line was
highly suitable for HTS (Fig. 4B).

Before sending Clone 78 to our collaborators at the Southern Research Institute
for HTS, we decided to perform one last test given that the MG132 experiments were not
definitive proof that our phenotype had been caused by Vif. It was possible that the
observed induction of A3G-Luciferase upon MG132 treatment had been due to rapid
turnover of the protein by a Vif-independent mechanism. To assure that the phenotype
was truly Vif-dependent, we developed small-interfering RNA that would knock-down

Vif levels in our cell line. When these experiments were performed, the results were
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inconclusive. The hope had been that reducing the intracellular level of Vif would cause

the A3G-Luciferase levels to increase. Given the stakes involved, we decided to abandon

Clone 78 and pursue a better strategy to develop a cell line.

A.
+ MG132 + DMSO
+ DMSO + MG132

2'=1—

[3xS.D. of pos.)+{(3xS.D. of neg.)]

Kave. of pos.){ave. of neg.)l

Fold Induction by MG132

# of Cells

Fig. 4. Z’ Series Analysis of Clone 78. (A) Diagram of 96-well plate format used to calculate Z’ value (top
panel) and Equation for Calculation of Z’ factor (lower panel). Optimal Z’ values are as close to 1 as
possible. (B) Z’ series analysis of Clone 78. Clone 78 was seeded in a 96-well plate. The first and fourth
quadrants were treated with MG132, and the second and third quadrants were treated with DMSO (as
shown in (A)). The average fold induction by MG132 (blue bars) and the individual Z’ values (pink
diamonds) were then calculated and represented by the y’ axis. Cell numbers used for the assays are

indicated on the x’ axis.

For phase two of the project, we improved the expression of Vif by engineering a
human codon-optimized version of Vif (“cVif”). The expression of cVif was superior to

hVif, a partially-human-codon-optimized protein that had been created by another

laboratory (Fig. SA, compare lane 8 with lane 10). Western blot analysis revealed that

cVif not only expressed well but was equally active against A3G-Luc as it was against

HA-A3G (Fig. 5A, lanes 2-8). The effectiveness of cVif at depleting A3G-Luc was

77




confirmed by Luciferase assay (Fig. 5B, lanes 4,5). The cVif protein was not effective at

depleting Luciferase-A3G (Fig. 5B, lanes 6,7).
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Fig. 5. cVif Expression and Activity against A3G-Luciferase. (A) Western blot analysis of cVif
expression and activity against A3G-Luciferase. 293T cells were transfected with expression
vectors encoding A3G-Luciferase or HA-A3G either alone or in combination with the indicated
amount of cVif or hVif expression vectors. The cells were lysed and analyzed by SDS-PAGE,
followed by immunoblotting to determine the intracellular level of A3G-Luciferase or HA-A3G.
The activity of cVif against HA-A3G (lanes 2-4) and A3G-Luciferase (lanes 6-8) is presented
next to the activity of a lower-expressing version of Vif (hVif) (lanes 9,10). aTubulin was used
as a loading control. (B) Luciferase assay demonstrating the activity of cVif against A3G-
Luciferase or Luciferase-A3G. 293T cells transfected with the indicated A3G expression vector
plus-or-minus cVif were harvested. The level of the A3G fusion protein was then determined by
Renilla Luciferase assay. The cells were also transfected with f-galactosidase, which was used to
normalize the data.

Discussion

The development of the cell line has had two distinct phases. In the first phase,
we followed a single-selection procedure in which we selected cells co-transfected with
Vif and APOBEC3G-luciferase vectors at once and then proceeded to clone out
monoclonal cell populations by limiting dilution. Using this procedure, we isolated a
clonal population (“clone 78”) that met all initial requirements for the cell line. Western

analyses revealed that both APOBEC3G-luciferase (“A3G-luc”) and HIV-1 Vif proteins
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were expressed in clone 78. In addition, both western analyses and luciferase assays
revealed high induction of A3G-Luciferase expression following treatment with MG132
to block the activity of the 26S proteasome. Since Vif mediates degradation of A3G by
the 26S proteasome, this assay suggested that Vif was causing significant degradation of
A3G-Luc in the cell line and that this process was being blocked by MG132.
Furthermore, this clone passed Z’ series tests, an industry standard to measure the quality
of a high-throughput assay. The Z’ value reflects the assay’s signal dynamic range as
well as the data variation associated with the signal measurements. Unfortunately, the
clone did not pass the very last test we performed, which was an siRNA study. In this
study, we used siRNA to knock down the Vif protein in our cell line. If our assay had
been working correctly, the loss of Vif should have resulted in increased expression of
A3G-Luciferase. However, the siRNA studies were not conclusive, suggesting that the
induction observed with MG132 treatment may have been an artifact of the system. It
was possible that the induction of A3G-Luciferase we had previously observed may have
been due to rapid turnover of the protein in the cell that had been caused by some other,
Vif-independent mechanism.

We decided to abandon this cell line and initiate a second stage for developing the
cell line. We concluded that there were two areas that could have been improved in order
to assure that the phenotype was truly Vif-dependent. One was that instead of using a
one-step selection system, it would be preferable to first derive a clonal population
expressing A3G-Luciferase and then, in a second step employing a second drug-
resistance marker, introduce Vif. In this way, we could directly compare the A3G-Luc

clone with the A3G-Luciferase plus Vif clone to ensure that any differences in A3G-
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Luciferase expression were truly due to the presence of Vif. We also decided to explore
ways to improve expression of the Vif protein in our line. We had previously observed
only weak expression of Vif in our clone. Since Vif is a notoriously difficult protein to
express in the absence of a viral protein to facilitate the export of Vif mRNA from the
nucleus, the poor expression of Vif was not surprising. We have since engineered a
“cVif” expression plasmid containing a fully-human codon-optimized version of the vif
gene. The expression of cVif is vastly superior to the expression of Vif from the plasmid
we had previously employed. During the first phase of our project, another laboratory
developed a plasmid containing a partially human codon-optimized vif gene (“hVif”)(13).
For proprietary reasons, the hVif expression plasmid was unavailable for use in our HTS
assay. However, our cVif vector expresses even better than the hVif, making it a great
candidate for use in our cell line. Using both western analyses and Luciferase assays, we
have also confirmed that cVif ably mediates the degradation of A3G-Luc.

We are currently in the next phase of the project, which has been taken over by
Dr. Wes Yonemoto, who also contributed to the early studies. Dr. Yonemoto has
developed a new monoclonal cell line expressing human-codon-optimized Vif protein
under an inducible promoter along with A3G-Luc. This cell line is currently being
screened for candidate small molecule inhibitors by our collaborators at The Southern

Research Institute.
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Protecting APOBEC3G: A potential new target for HIV drug discovery
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Chapter 4

Regulation of APOBEC3G expression and
activity by cytokines
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Introduction

APOBEC3G (A3G) is a component of the innate immune system that provides a
defense against both exogenous retroviruses and endogenous retroelements. The
exogenous viruses inhibited by A3G include retroviruses such as HIV, SIV, EIAV, MLV,
foamy virus and HTLV-1 as well as hepatitis B virus, a pararetrovirus (3, 4, 6, 8-10, 12,
14-17, 20, 22). A3G is also a potent inhibitor of Alu retrotransposition in human cells
(2). Although natural levels of A3G would suffice to block some retroviral replication,
suboptimal levels of A3G may actually promote viral replication by contributing to viral
diversification (18). Given the diverse roles played by A3G, an understanding of how
A3G is regulated at the cellular level may be useful.

A3G is primarily expressed in cells of lymphoid and myeloid lineages, although
some also appears in ovary and testes (5). The A3G gene and other related A3 proteins
are also inducible. Both A3A and A3B are modulated by phorbol esters and
consequently were originally termed phorbolin-1 and -2, respectively (S). Another CyDA
family member, AID, is induced by IL-4 (23) as well as by cell division (13).

We have previously reported that treating resting peripheral blood lymphocytes
(PBLs) with phytohemmagglutinin (PHA) and IL-2 results in enhanced expression of the
A3G protein (19). Another group has published that treatment of the H9 T-cell line with
phorbol myristate acetate (PMA) induces expression of A3G mRNA and protein (11).
PMA activation of A3G gene expression in H9 cells relies on the MAPK signaling
pathway (11).

In order to determine whether A3G regularly induced in physiologic settings, we

applied a panel of cytokines to primary resting PBLs and examined the effects on A3G
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mRNA and protein expression. IL-2 and IL-15 both significantly enhanced expression
of A3G mRNA and protein. IL7 also had an effect, but at somewhat slower kinetics.
Since the MAPK pathway is one of the pathways activated by ligation of the IL-2 and
—15 receptors, we also interrogated the contribution of MAPK signaling members (7).

A curious aspect of the finding that IL-2 and -15 upregulate the expression of
A3G, a known antiviral factor, is that it was already known that both of these agents also
enhance the permissivity of CD4+ T cells to infection by HIV-1 (21). In previous work,
our lab reported that mitogenic stimulation of CD4+ T cells causes A3G to become
inactivated (1). More precisely, A3G exists in an active low-molecular mass (LMM)
form in resting CD4+ T cells, which enables it to act as a post-entry restriction factor to
HIV-1 (1). Mitogenic activation of T cells enhances A3G expression, but also causes it
to shift into an inactive, highmolecular mass (HMM) complex that is no longer able to
protect T cells from infection by HIV-1 (1). In order to determine whether a similar
process was at work in cytokine- treated cells, we stimulated CD4+ T cells with IL-2, -7,
or —15 and analyzed the complex status of A3G by fast performance liquid
chromatography (FPLC). Since these experiments involved cells with mixed population
of activated and less-activated cells, we also sought to determine the A3G complex status
of the infected population. To do this, we infected activated CD4+ T cells with GFP
lentiviral vectors, sorted the infected from the uninfected cells and analyzed the A3G
complex status in each population.

In a different line of investigation, we also analyzed expression of A3G in

interferon-treated PBLs and macrophages and in polyl;C/TNFa-matured dendritic cells.
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Human APOBEC3G (A3G), a
deoxycytidine deaminase, is a broadly-
acting antiretroviral factor expressed in a
variety of cells. Mitogen activation of CD4
T cells enhances A3G expression and leads
to recruitment of low-molecular-mass
(LMM) A3G, which functions as a post-
entry HIV restriction factor, into
enzymatically inactive, high-molecular-
mass (HMM) RNA-protein complexes that
include Staufen RNA transporting
granules. We now report that IL-2 and IL-
15, and to a lesser extent IL-7, enhance the
expression of A3G in peripheral blood
lymphocytes and that this effect is blocked
by inhibitors of the JAK and MAPK
signaling pathways. In mixed cultures of
CD4+ T cells containing either HMM or
LMM A3G, we find that HIV preferentially
infects cells containing HMM A3G. A3G
shifts into a HMM complex when IL-2, -7,
or -15 are added to resting T cells, likely
explaining how cytokine treatment renders
resting CD4+ T cells permissive to HIV
infection. Similarly, poly (I:C)/TNFa-
induced maturation of dendritic cells (DCs)
is associated with a sharp increase in A3G
expression; however, this induction leads to
accumulation of the LMM form of A3G.
Together, these results highlight the distinct
inductive effects of select cytokines on A3G
gene expression and A3G complex assembly
that occur in natural cellular targets of HIV
infection.

Human APOBEC3G (A3G), a

powerful antiretroviral factor, is a
deoxycytidine deaminase that induces dC-dU
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mutations in minus-stranded DNA formed
during reverse transcription. A3G employs
this enzymatic activity, along with a possible
non-enzymatic activity, to disable a broad
range of retroviruses, including human
immunodeficiency virus (HIV), simian
immunodeficiency virus (SIV), equine
infectious anemia virus (EIAV), murine
leukemia virus (MLV), foamy virus, and
HTLV-I, as well as hepatitis B virus, a
pararetrovirus. (1-13).

A3G can exist in two different forms
in cells: a low molecular mass (LMM) form
that restricts HIV spread and an
enzymatically-inactive, high molecular mass
(HMM) complex containing one or more
inhibitory RNAs that lacks HIV restricting
activity (14). HMM A3G complexes are found
in mitogen-activated CD4 T-cells and in
macrophages while LMM A3G is present in
blood-derived resting CD4+ T cells and
monocytes, which are poorly permissive for
HIV replication (14). In activated CD4+ T
cells infected with HIV lacking Vif, A3G is
incorporated into budding virions and exerts
its potent antiviral activity in the subsequent
target cell either by causing lethal
hypermutation in nascent viral DNA
transcripts formed during reverse transcription
(1,7,9,15), or by a non-editing mechanism
(16,17,18). A major function of HIV Vif is to
deplete A3G from the cytoplasm of virus-
producing cells, thereby preventing A3G from
being incorporated into virions (19-23). Vif is
thus absolutely required for the production of
infectious virus emanating from A3G-
expressing cells (24-29). Vif binds to A3G and
promotes its polyubiquitylation and
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subsequent degradation by the 26S proteasome
(19-23).

A3G is a member of larger family of
cytidine deaminases (CyDA) that includes
APOBECI, 2, 3A-H, and activation-induced
cytidine deaminase (AID). The APOBEC3A-
H family is expressed in a tandem array on
chromosome 22 (30). Several of the genes
encoding these enzymes are expressed in an
inducible manner. For example, both A3A and
A3B are upregulated by phorbol esters and
consequently were originally termed
phorbolin-1 and -2, respectively (30). Another
CyDA family member, AID, which is present
on chromosome 12 and plays a critical role in
class-switch recombination and somatic
hypermutation in B cells, is induced by IL-4
(31) as well as by cell division (32).

The A3G gene is also inducible.
Treatment of resting peripheral blood
lymphocytes (PBLs) with phytohemagglutinin
(PHA) and IL-2 increases expression of the
A3G protein (19). Similarly, treatment of the
H9 T cell line with phorbol myristate acetate
(PMA) induces expression of A3G mRNA and
protein (33), a result that correlates with the
effects of phorbol esters on A3A and A3B.
Further, PMA activation of A3G gene
expression is dependent on activation of the
MAPK signaling pathway in H9 leukemic T
cells (33).

Mitogenic activation relieves the
A3G-mediated post-entry restriction block in
CD4+ T cells and causes these cells to become
permissive to HIV infection (14). The mitogen
effect is caused by shifting A3G from its
active LMM form into inactive HMM
complexes that include Staufen RNA
transporting granules and Ro
ribonucleoprotein complexes (34). Certain
cytokines including IL-2, IL-7, and IL-15 have
been reported to render resting CD4+ T cells
permissive for HIV infection (35-38). We
have explored the possibility that these
cytokines activate A3G gene expression and
recruit the LMM A3G present in primary
resting CD4 T-cells into HMM A3G
complexes. In addition, we have examined
A3G expression in interferon-treated
monocyte-derived macrophages and in
dendritic cells (DCs).
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Experimental Procedures

Isolation and Culture of Primary Cells - Buffy
coats from individual healthy donors were
processed on Ficoll-Hypaque density gradients
to isolate peripheral blood mononuclear cells.
CD14- peripheral blood lymphocytes (PBLs)
were prepared by negative selection with anti-
CD14+ microbeads (Miltenyi) according to
the manufacturer’s instructions using
Automacs technology (Miltenyi). Residual
CD14+ cells were further depleted by
adherence to plastic for 3 hours. To enrich
CD4+ cells, PBLs pre-incubated with anti-
CD4+ microbeads were positively selected
with the Automacs. The purity of these
populations was >95% when analyzed by flow
cytometry. Cells were routinely cultured
(2x10° cells/ml) in RPMI medium
supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 ug/streptomycin.

Immature DCs were derived by
culturing CD14+ monocytes for 6 days in
complete medium supplemented with 25
ng/ml IL4 (R&D Systems) and 50 ng/ml GM-
CSF (Biosource)39). DC maturation was
induced by incubating the immature DCs for
24 h with 25 u g/ml poly(I:C) (Amersham)
and 5 ng/ml TNF-a (Biosource) (40). The
phenotype of these DCs was verified by
immunostaining with antibodies specific for
immature and mature DCs. Macrophages were
derived from CD14+ blood monocytes by
culture of these cells for 7-12 days in medium
supplemented with 5% human AB serum
(Omega).

Cytokine Stimulation - To study potential
changes in A3G expression over time, freshly
isolated CD14- PBLs were preincubated
overnight at an approximate density of 2x10°
cells/ml in medium and then stimulated with
IL-2 (50 ng/ml), IL-6 (50 ng/ml), IL-7 (62.5
ng/ml), IL-9 (50 ng/ml), IL-15 (12.5 ng/ml) or
phytohemagglutinin (PHA) (5 pg/ml). All
cytokines were purchased from R&D Systems.
Samples were collected 0, 6, 12, 18, 24, 48,
120, and 168 hours following treatment and
analyzed by either quantitative real-time PCR
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to assess changes in A3G mRNA levels or by
immunoblotting using a rabbit anti-human
A3G specific antibody to detect changes in
protein expression (14). Dose response
experiments with these cytokines as well as
IL-4, IL-12, and IL-13 (R&D Systems) were
similarly performed with collection of samples
at 48 hours for real-time PCR analysis and at
120 hours for immunoblotting studies.
Potential effects of interferon on A3G
expression were studied in macrophages
treated with interferoms (1000
U/ml)(Schering, intron a); interferon-g (1000
U/ml) (R&D),or interferon-y (1000
U/ml)(R&D). For the kinase inhibitor
experiments, CD14- PBLs were pre-treated for
1 hour with 12.5, 50, or 100 uM AG490
(CalBiochem) or 2.5, 10, or 20 uM UO0126
(Cell Signaling) before being stimulated with
the indicated cytokine or PMA. To analyze
A3G complexes in cytokine-treated cells,
freshly isolated CD4+ T cells were treated
with the indicated cytokine or mitogen for 5
days, washed with ice-cold 1X PBS, and lysed
prior to analysis by fast protein liquid
chromatography as described below.

Immunoblotting - Harvested cells were washed
in ice-cold PBS and then lysed in lysis buffer
(LB) containing 50 mM Hepes, pH 7.4, 125
mM NaCl, 0.2% NP-40, 0.1 mM
phenylmethylsulphonyl fluoride (PMSF) and
1x EDTA-free protease inhibitor cocktail
(CalBiochem) or, for the phosphorylation
studies, RIPA buffer containing 50 mM Tris-
HCl (pH 7.4), 1% NP-40, 0.1% Sodium
deoxycholate, 150 mM NaCl, 2 mM NaVO,,
25 mM NaF, 0.1 mM PMSF, and 1x EDTA-
free protease inhibitor cocktail (CalBiochem).
After clarification of the lysates, protein
concentrations were determined using the
BCA Protein Assay Kit (Pierce); an equal
amount of lysate protein from different
samples was loaded in individual lanes of
12.5% SDS-polyacrylamide gels followed by
electrophoretic separation of proteins. Proteins
were then transferred to Immobilon-P PVDF
(Millipore) membranes followed by
immunoblotting with anti-A3G antibodies
(19), anti-ERK1/2 (Santa Cruz),
anti-phospho-ERK1/2 (Cell Signaling), or
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anti-PKR (Santa Cruz). The specificity of the
anti-A3G antibody has been previously
described (41). Membranes were subsequently
stripped and re-probed with anti--actin
antibodies (Sigma) to assess comparability of
protein loading.

Quantitative Real-time PCR - A3G mRNA
transcripts were assayed using quantitative
kinetic reverse transcription PCR
methodology (Applied Biosystems) and
Taqman chemistry (Roche). Total RNA was
extracted from pelleted cells using RNeasy
(Qiagen) and subjected to on-column DNasing
prior to elution of the purified RNA. A portion
of the RNA was reverse transcribed and
subjected to real-time PCR using an ABI
Prism 7700 Sequence Detector (Applied
Biosystems). A quantification standard
prepared by run-off in vitro transcription of a
molecular clone containing the A3G open
reading frame was assayed along with the
cellular RNAs and used to construct a standard
curve. Total RNA concentrations in the
extracts were measured on a NanoDrop ND-
1000 spectrophotometer (NanoDrop
Technologies) and A3G mRNA was reported
as copies per nanogram of total RNA.
Infection and Sorting of CD4+ T Cells -
Reporter ppt-GFP viruses were produced by
calcium phosphate transfection of HEK 293T
cells with VSV-G envelope expression
plasmid (provided by Dr. J. Burns (University
of California, San Diego, La Jolla, CA)), the
packaging construct CMVRS8.2 (provided by
Dr. D. Trono, University of Geneva, Geneva,
Switzerland and described in (42)), and the
lentiviral vector pRRL.cPPT.hPGK.GFP.Wpre
(provided by L. Naldini, Turin, Italy). Freshly
purified CD4+ T cells were stimulated with
PHA for 24 hours, followed by stimulation
with IL-2 for an additional 72 hours and then
infected with vsv-g ppt-GFP virus. Cells were
harvested 24-48 hours later and sorted
according to GFP-positivity using a FACS
DiVa (Becton Dickinson (BD)) instrument.
The GFP positive, GFP negative, or unsorted
fractions were then either (1) washed, lysed in
LB, and analysed by fast protein liquid
chromatography or (2) stained for CD3, CD4,
CD25, or CD69 positivity with fluorescent-
conjugated antibodies (BD) and analysed by




flow cytometry on a FACSCaliber (BD)
instrument. The data were acquired using
CellQuest software and analyzed with FlowJo
software (TreeStar).

Analysis of A3G HMM and LMM Complexes
by Fast Protein Liquid Chromatography -
FPLC analysis was performed as previously
described (14). Briefly, CD4+ T cells or DCs
were washed in PBS (1x) and lysed in LB.
Lysates were applied to a calibrated Superose
6 HR 10/30 gel filtration column attached to
an FPLC apparatus (AKTA, Amersham
Biosciences). The FPLC running buffer
consisted of 50 mM Hepes, pH 7.4, 125 mM
NaCl, 0.1% NP-40, 1 mM dithiotreitol, and
10% glycerol. One column volume (24 ml)
was collected in 1 ml fractions.

RESULTS

A3G is induced by IL-2, -7, and -15. A
range of individual cytokines were first tested
to assess whether any altered the expression of
A3G in primary CD14- PBLs. Cells were
cultured for up to 120 hours with four
escalating doses of each cytokine. Lysates
were then prepared and subjected to SDS-
PAGE and immunoblotting with anti-human
A3G antibodies. IL-2 (5, 12.5, 25, 50 ng/ml)
and IL-15 (1, 5, 12.5, 25 ng/ml) consistently
induced moderate upregulation of A3G protein
expression (Fig. 14). Treatment with IL-7 (1,
12.5, 25, 62.5 ng/ml) also produced an
increase in A3G protein expression at this time
point (Fig. 14). Inmunoblotting with anti-g-
actin antibodies confirmed comparable protein
loading (Fig. 14). Stimulation of the cells with
IL4 (5, 12.5, 25, 50 ng/ml), IL-6 (5, 12.5, 25,
50 ng/ml), IL-9 (5, 12.5, 25, 50 ng/ml), IL-12
04, 1, 2, 4 ng/ml), or IL-13 (2, 5, 10, 20
ng/ml) did not significantly alter levels of
A3G expression (Fig. 14). All of the cytokines
were biologically active based on their ability
to stimulate STAT tyrosine phosphorylation
(data not shown). Three independent
experiments were performed with three
different donors and the protein bands were
quantitated using Scion Image 1.63c software.
A3G protein was enhanced in PBLs treated
with IL-2 (~3.5 fold) or —15 (~4 fold), while a
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lesser increase (~2-fold) was observed in
PBLs treated with IL-7 (Fig. 1B).

When changes in A3G protein
expression were monitored over time, IL-2
and IL-15 enhanced expression as early as 12-
18 hours (Fig. 1C). The response to these
cytokines peaked after 48 hours and persisted
for 120-168 hours (Fig. 1C). The time course
following PHA stimulation was similar (Fig.
1C). In contrast, IL-7 required more than 48
hours of stimulation to enhance A3G
expression and this response did not peak
until 7 days after initial stimulation (Fig. 1C).
A3G protein levels in the mock- and IL-6-
treated samples remained constant over the
entire time course (Fig. 1C). Together, these
findings demonstrate that IL-2 and IL-15
enhance A3G expression in primary PBLs as
early as 12 hours after stimulation, with a
peak response occurring approximately 48
hours after stimulation. IL-7 also increases
A3G expression, but induction by this
cytokine occurs with much slower kinetics
and could be the result of an indirect pathway.

Interferon-treatment of monocyte-
derived macrophages, but not PBLs, results in
enhanced A3G expression. We next assessed
the regulation of A3G protein levels in
monocyte-derived macrophages. A3G is
recruited into a HMM complex when
monocytes differentiate into macrophages,
likely contributing to the enhanced
permissivity of these cells to HIV infection
(14). Macrophages contain significantly less
A3G protein than do monocytes relative to
total levels of protein and B-actin (Fig. 1D).
However, when macrophages were treated
with interferon-a, -$, or -y, A3G protein levels
markedly increased, almost achieving the level
found in monocytes (Fig. 1D). These results
suggest that at least in macrophages, A3G may
form part of the interferon response to viral
infection. Similar induction of A3G
expression by interferon-a and -y has recently
been described by Peng et al. (43). When
PBLs were treated with interferon -a, -8, -y, or
both -a and -y, no effect on A3G protein
expression was observed, despite an increase
in PKR expression (Fig. 1E). These results




highlight differences in the inducible A3G
response occurring in macrophages and PBLs.

Enhanced A3G protein expression in
PBLs correlates with higher levels of A3G
mRNA and is not the result of enhanced mRNA
stability. A3G mRNA levels in the same PBLs
treated with the escalating doses of cytokine
shown in Fig. 14 were assessed by
quantitative real time PCR. IL-2 induced an
~8-fold increase in A3G mRNA at the highest
dose (50 ng/ml), while the highest dose of IL-
15 (25 ng/ml) stimulated a ~4-fold increase in
A3G mRNA (Fig. 24). IL-7 caused an
increase in A3G mRNA, but displayed greater
donor-to-donor variability at this timepoint,
likely because IL-7 effects require more than
48 hours to become manifest in most donors
(Fig. 24). When A3G mRNA levels were
analyzed over time, IL-2 and IL-15 induced
upregulation of A3G mRNA as early as 6
hours following treatment, while the effects of
IL-7 were slower and less-pronounced (Figs.
2B-D). A3G mRNA levels in the mock- , IL-6
and IL-9-treated samples remained relatively
unchanged over the entire time course (Fig.
2E). In order to assess whether the observed
increase in A3G mRNA was due to increased
synthesis of mRNA or increased stability of
mRNA transcripts, PBLs were stimulated
with either IL-2 or IL-15 to enhance A3G
mRNA levels and then tracked over time for
the persistence of these transcripts after
inhibiting new mRNA synthesis with
Actinomycin D. A3G mRNA transcripts in the
IL-2- and IL-15-treated samples decayed at a
similar rate as the mock-treated sample,
indicating that increased mRNA synthesis, and
not enhanced mRNA stability, likely underlies
the observed increase in A3G expression
(Figs. 2F,G). Rose et al. similarly found that
PMA stimulation of H9 leukemic T cells
stimulated increased A3G mRNA synthesis
with no effect on mRNA stability (33). These
findings highlight the ability of IL-2 and IL-15
to activate de novo A3G gene expression in
primary PBLs.

Regulation of A3G expression is
sensitive to inhibitors of the JAK and MAPK
signaling pathways. Although IL-2 and IL-15
play distinct roles in immunologic responses,
they also share some overlapping biological
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properties and have nearly identical effects on
T cell proliferation (44-46). The IL-2 and IL-
15 receptors share common f and y. chains but
contain different alpha chains (IL-2Ra and IL-
15Ra) (47). Interaction of IL-2 with its
intermediate- (IL2RBy.) or high (IL2Rafy.)-
affinity receptor or of IL-15 with its equivalent
intermediate or high affinity receptor leads to
the initiation of a variety of signaling
cascades, beginning with a rapid activation of
Janus kinase-1 (JAK-1) and JAK-3 bound
respectively to the B and yc receptor chains
(47). Activated JAK-1 and JAK-3
phosphorylate select tyrosines on both the IL-
2Rf and y. cytoplasmic tails thus forming
docking sites for various signaling
intermediates including StatSA/B. JAK-
mediated phosphorylation of tyrosine residues
on the cytokine receptor also initiates other
signaling cascades including activation of the
mitogen-activated protein kinase (MAPK)
cascade. Specifically, JAK-induced
phosphorylation of the cytokine receptor
recruits the adaptor protein Shc, which in turn
associates with Grb2, another adaptor protein,
and mSos, a guanine nucleotide exchange
factor (47). These serial binding events
ultimately culminate in activation of the Ras-
Raf-MEK-MAP kinase pathway.

To assess whether IL-2 or IL-15
upregulation of A3G gene expression involves
signaling through the JAK/MAPK signaling
pathway, PBLs were pretreated with either
AG490, a pan-JAK inhibitor, or U0126, a
MEK inhibitor that blocks downstream
activation of MAPK. Addition of either of
these small molecule inhibitors effectively
inhibited IL-2- and IL-15-mediated
upregulation of A3G protein (Fig. 34) and
mRNA expression (Fig. 3C). IL-7 had only a
slight effect on A3G protein and mRNA levels
at this time point, so the action of the
inhibitors could not be evaluated (Fig. 34 and
C). PMA activates the MAPK pathway but not
through the JAK pathway. As such, U0126,
but not AG490, blocked PMA-mediated
upregulation of A3G protein expression (Fig.
34). When U0126 and AG490 were added in
increasing amounts, a dose-related inhibition
of IL-2 and IL-15-mediated upregulation of
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A3G protein expression was detected (Fig.
3B). Similarly, both U0126 and AG490
blocked IL-2 and -15-mediated upregulation
of A3G mRNA but only U0126 blocked the
effects of PMA (Fig. 3C). The quantitation
and standard error bars reflect the results of
three independent experiments performed with
cells from three different donors. We
confirmed that IL-2 and IL-15 activate the
MAPK pathway by analyzing the expression
of phospho-ERK1/2, a known intermediate in
the pathway. Enhanced phospho-ERK1/2 was
observed in PBLs treated with IL-2 or IL-15
(Fig. 3D). Phospho-ERK1/2 was also elevated
in PBLs treated with PMA, which was
employed as a positive control (Fig. 3D). In
addition, both AG490 and U0126 inhibited the
induction of phospho-ERK1/2 in the cytokine
treated cells (Fig. 3D). However, since PMA
does not act through a JAK kinase pathway,
only the MEK inhibitor U0126, and not the
JAK inhibitor AG490, impaired ERK1/2
phoshorylation (Fig. 3D ). Taken together,
these results indicate that the JAK/MAPK
kinase pathway may play a role in cytokine-
mediated upregulation of A3G gene
expression. Interestingly, IL-7-mediated
upregulation of A3G occurs with significantly
slower kinetics than that observed with IL-2
and IL-15, suggesting that either IL-7 less-
potently triggers the JAK/MAPK kinase
pathway (36) or that A3G upregulation by IL-
7 involves a different, or possibly indirect,
pathway.

A3G is recruited into HMM complexes
Jollowing cytokine stimulation of CD4+ T
cells. Since treatment of resting CD4+ T cells
with cytokines or mitogens relieves a post-
entry block and renders these cells permissive
to HIV infection, we hypothesized that, like
mitogens, cytokines may inactivate LMM
A3G by triggering its recruitment into HMM
RNA-protein complexes. We wused gel
filtration to assess the size of A3G complexes
in resting CD4+ T cells that were either mock
treated or treated with IL-2, IL-7, or IL-15.
Samples were harvested 5 to 7 days later
depending on the time required for at least
50% of the cells to express the activation
marker CD25 (data not shown). We observed
that all three cytokines (IL-2, IL-7 or IL-15)

104 6

promoted HMM A3G formation reflected by a
shift of a portion of A3G from fractions 14-17
(LMM) to fractions 7-8 (HMM) (Fig. 4). The
fact that a significant fraction of A3G
remained in the LMM form is consistent with
the prior finding that cytokine treatment of
resting T cells results in only 5 to 22% of cells
acquiring permissiveness to HIV infection
37).

HIV-1 preferentially infects cells
containing HMM A3G. PHA/IL-2-activated
CD4+ T cells contain inactive, HMM A3G
and are therefore more susceptible to infection
by HIV-1 than resting CD4+ T cells, which
contain an active, LMM form of the enzyme
that restricts HIV infection. Since the
cytokine-treated cells in our system contained
a mixture of activated and less-activated cells,
we sought to determine whether HIV-1
preferentially infects the cells containing
HMM A3G over those with LMM A3G in
such mixed population. To emulate the
cytokine-treated conditions, CD4+ T cells
were treated with PHA (24 hours) and IL2 (72
hours). Cells were then infected with vsv-g
ppt-GFP lentiviral vectors. Two days later, the
cells were harvested. 57% of the cells were
CD25+, indicating that the culture contained a
mixed population of activated and less-
activated cells (Fig. 4B). The cells were then
sorted based on GFP expression and assessed
for purity. The GFP negative cells were nearly
100% pure, while the GFP positive cells were
90% pure, indicating a 10% contamination
with uninfected cells (Fig. 4B). The samples
were then lysed in LB, and A3G complex
formation was assessed using FPLC. In the
GFP positive, or infected, cells, A3G was
primarily localized in a HMM complex (Fig.
4C). Although a small percentage of the A3G
appeared to be LMM, this could stem from the
10% contamination of this population by non-
GFP expressing cells or other experimental
irregularities. Conversely, the vast majority of
the A3G in the GFP negative populations was
LMM (Fig. 4C). The experiment presented is
representative of four independent
experiments performed with cells from four
different donors.

A3G expression increases during the
maturation of DCs; and LMM A3G appears in



mature DCs. Potential changes in A3G
expression during DC maturation were also
evaluated. A3G protein levels were much
higher in mature DCs compared to immature
DCs (Fig. 54). The presence of LMM versus
HMM complexes was next evaluated in these
two populations of DCs. In immature DCs,
A3G was primarily localized to HMM
complexes (Fig. 5B). This finding is consistent
with the known permissivity of immature DCs
to RS5-tropic HIV infection, which reflects
high levels of expression of the CCRS
chemokine receptor on these cells. In contrast,
as reported earlier, A3G in monocytes was
distinctly LMM, eluting in fractions 14-17
likely corresponding to a monomeric or
dimeric form of A3G (Fig. 5B) (14).
Interestingly, in mature DCs, which are less
permissive to HIV infection than immature
DCs, a higher proportion of A3G appeared in
a LMM form. Further, intermediate-sized
complexes present in fractions 13-15, roughly
155 kDa in size, were also more present.
These findings reveal that DC maturation is
associated with an upregulation of A3G
expression and the appearance of LMM A3G,
perhaps reflecting saturation of a limiting host
factor(s) required for HMM A3G complex
formation in mature DCs.

DISCUSSION

Our studies indicate that IL-2, IL-7,
and IL-15 induce upregulation of A3G protein
expression in PBLs. In contrast, other
cytokines including IL-4, -6, -9, -12, 13 and
IFN-a, B,y and TNF-a did not alter A3G
expression in PBLs. Since the IL-2 and IL-15
receptors share the same P-chain and y.
subunits, it is perhaps not surprising that IL-2
and IL-15 exert similar inducing effects on
A3G protein expression. These cytokines
increased A3G expression even when they
were administered in the absence of prior
mitogen stimulation. Quantitative real-time
PCR studies indicate that the increase in A3G
protein expression is due to increased
synthesis of A3G mRNA. IL-2 and -15 did not
appear to alter the overall stability of A3G
mRNA transcripts. In addition, since
inhibiting both the activation of JAK and
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MAPK impaired IL-2 and IL-15 upregulation
of A3G mRNA and protein in PBLs, the
observed upregulation is likely the result of
cytokine triggering of the JAK/MAPK
signaling pathway. We have found that IL-7-
stimulated upregulation of A3G occurs with
much slower kinetics than the response
triggered by IL-2 or IL-15, perhaps
implicating a different signaling pathway or an
indirect pathway. A3G expression was also
enhanced during DC maturation and in
macrophages treated with interferon a, p, or y,
indicating that A3G expression can be
influenced by Toll-like receptor signaling and
is a component of the interferon response in
certain cell types.

A curious feature of our T-cell
findings is that while IL-2, -7, and -15
increase the expression of A3G, which is a
potent antiviral factor, these same agents
render T cells permissive to HIV infection
(37,38). Like cytokines, mitogens also
enhance A3G protein expression in T cells
(19,33); and such mitogen-treated T cells also
become permissive to HIV infection. The
mechanism by which mitogens act is now
known: they inactivate LMM A3G by
promoting its recruitment into enzymatically
inactive HMM complexes that are unable to
interfere with reverse transcription (14).
Similarly, we find that treatment of T cells
with IL-2, -7, or —15 leads to the formation of
HMM A3G complexes, likely explaining how
these cytokines act to render resting T cells
permissive to infection by HIV-1 in the
absence of full-fledged cellular activation.
Thus, although these cytokines induce higher
levels of A3G expression, the post-entry
restricting activity of A3G is forfeited due to
cytokine-induced recruitment of A3G into
enzymatically inactive HMM A3G complexes.
In addition, we provide additional evidence
indicating that HIV-1 preferentially infects
activated cells containing HMM A3G
complexes in mixed populations of activated
and less-activated cells.

Our recent studies demonstrate that
Staufen-containing RNA transporting granules
form one important component of the HMM
A3G complex (34). Of note, endogenous Alu
and hY retroclement RNAs are recruited to



these granules in an A3G specific manner.
This recruitment interdicts Alu
retrotransposition apparently by sequestering
the retroelement RNA away from the nuclear
LINE enzymes required for the
retrotransposition of non-autonomous Alu
retroclements. These findings suggest that
HMM A3G complexes form to protect
activated T cells from the threat posed by
select mobile genetic elements. Unfortunately,
this response removes the post-entry
restriction block provided by LMM A3G and
thus renders these cells permissive for HIV
infection.

In related studies, we have found that
the local action of much lower concentrations
of IL-2, IL-15 and one or more additional
cytokines present in lymphatic tissues
underlies the permissive state of naive CD4+
T cells to HIV infection, which contrasts
sharply with the
nonpermissiveness of these same cells
circulating in the blood stream (48).

In the setting of A3G induction during
DC maturation, low- and intermediate-sized
forms of A3G appear. Whether A3G plays a
role in the replicative block observed in
mature DCs seems likely but is unproven.
Certainly, other explanations for the
differences in permissivity between immature
and mature DCs are also possible, including
variations in receptor expression.
Nevertheless, our findings suggest that the
high levels of A3G protein occurring as a
result of DC maturation may saturate one or
more of the cellular factors required for HMM

A3G complex formation. Alternatively, the
differentiation signals underlying DC
maturation may actively promote HMM A3G
complex disassembly and give rise to LMM
and intermediate-sized forms of A3G.

Together, our findings highlight the
action of distinct cytokines as inducers of A3G
gene expression in different cellular targets of
HIV infection. IL-2 and IL-15 play an
inductive role in T-cells; the interferons in
macrophages; and polyl:C/TNF-a in DCs. Our
findings also reveal distinct differences in the
regulation of A3G activity in these different
cell populations. In cytokine-stimulated CD4
T cells, induction of A3G gene expression
correlates with HMM (inactive) A3G complex
formation, while in DCs the increase in A3G
levels associated with maturation appears to
result in the increased appearance of
intermediate and LMM (active) forms of A3G.
Cytokine-induced recruitment of A3G into
HMM complexes correlates with the
acquisition of permissiveness to HIV infection
in CD4 T cells, while the appearance of LMM
A3G in mature DCs correlates with the
decreased permissivity of these cells to HIV
infection. Whether it will be possible to
manipulate the form of A3G expressed in HIV
target cells for therapeutic benefit remains
unclear, however exploration of this
possibility merits investigation.
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FIGURE LEGENDS

Figure 1. Inducibility of A3G Protein Expression by IL-2, IL-7 and IL-15. (4) Survey of Effects
of Cytokines on A3G Protein Expression. Resting, CD14- PBLs were treated with increasing
doses of the indicated cytokine for 5 days before harvest and immunoblotting with anti-A3G or
anti-B-actin antibodies. Cytokine concentrations tested were as follows: IL-2 (5, 12.5, 25, 50
ng/ml), IL-4 (5, 12.5, 25, 50 ng/ml), IL-6 (5, 12.5, 25, 50 ng/ml), IL-7 (1, 12.5, 25, 62.5 ng/ml),
IL-9 (5, 12.5, 25, 50 ng/ml), IL-12 (0.4, 1, 2, 4 ng/ml), IL-13 (2, 5, 10, 20 ng/ml), and IL-15 (1, 5,
12.5, 25 ng/ml). (B) Quantitative Assessment of Effects of Cytokines on Expression of A3G
protein. Studies were performed as in Fig. 1(4) using cells from three independent donors. The
A3G bands were quantitated and normalized to the B-actin loading control bands and graphed as
shown. Error bars representing standard error of the mean for the three donors were also included.
(C) Effect of Cytokines on Expression of A3G Protein Over Time. Resting, CD14- PBLs were
treated with the indicated cytokine (IL-2 (50 ng/ml), IL7 (62.5 ng/ml) or IL15 (12.5 ng/ml) and
then harvested 0, 6, 12, 24, 48, 120, or 168 hours after treatment. As negative controls, cells were
either mock-treated or treated with IL-6 (50 ng/ml) and harvested in parallel. PHA (5 pg/ml) was
employed as a positive control. The results presented were obtained with lymphocytes from a
single donor and are representative of results obtained from three independent donors. (D) Effects
of interferon on monocyte-derived macrophages. CD14+ macrophages were treated with
interferon -a, -B, or -y for 24 hours and analyzed by immunoblotting for changes in A3G protein
expression. B-actin was employed as an internal protein loading control. (E) Effects of interferon
on PBLs. CD14- PBLs were treated with interferon -a, -f, -y, or both a and y for 24 hours and
then analyzed by immunoblotting for changes in A3G expression. PKR was used as a control to
confirm that the interferons tested were biologically active.

Figure 2. Induction of A3G mRNA Expression by IL-2, IL-7, and IL-15. (4) Effects of Cytokines
on Expression of A3G mRNA. Samples were treated identically to those in Figure 1(4), but were
collected 48 hours after treatment for analysis of A3G mRNA by quantitative real-time PCR. The
data reflects the results from three independent experiments using three different donors. Error
bars representing standard deviation (SD) data from three donors were included. (B-E) Effects of
Cytokines on Expression of A3G mRNA Over Time. Samples were treated identically to those in
Figure 1(C), and then harvested and subjected to analysis of A3G mRNA levels by quantitative
real-time PCR. The results presented reflect samples taken from a single donor and are
representative of results obtained from three independent donors. (F,G) CD14- PBLs were
incubated with IL-2 (50 ng/ml) or IL-15 (12.5 ng/ml) for 24 hours before being treated with
Actinomycin D (5 g/ml) at T=0. Samples were collected at the indicated time and analyzed by
real-time PCR for A3G mRNA expression. The results are representative of two independent
experiments.

Figure 3. JAK/MAPK Activation and Induction of A3G Gene Expression. (4) Effect of Inhibiting
JAK or MAPK Signaling on Induction of A3G Protein Expression. CD14- PBLs were pre-treated
with either AG490 (JAK inhibitor) or U0126 (MEK inhibitor) for 1 hour prior to stimulation with
the indicated cytokine (IL-2 (50 ng/ml), IL-7 (62.5 ng/ml) or IL-15 (12.5 ng/ml)). Samples were
harvested 48 hours later and analyzed by immunoblotting for expression of A3G protein. B-actin
was employed as an internal protein loading control. The results presented are representative of
two independent experiments. (B) Dose-dependent Effects of Kinase Inhibitors on Induction of
A3G Protein Expression. CD14- PBLs were pre-treated with escalating amounts of AG490 (12.5,
50, or 100 uM) or U0126 (2.5, 10, or 20 uM) and then were analyzed as in Figure 3(4). (C)
Effect of Inhibiting JAK or MAPK Activation on Induction of A3G mRNA. Samples were
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treated the same as in (4), except cells were harvested after 24 hours and analyzed by quantitative
real time PCR for induction of A3G mRNA. The results presented reflect three independent
experiments conducted using three different donors. Error bars represent SD for the three donors.
(D) Effect of AG490 and U0126 on the MAPK Kinase Pathway. CD14- PBLs were pre-treated
for 1 hour with the indicated inhibitor and then incubated with the indicated cytokine or mitogen
for 45 minutes. Samples were washed and lysed in RIPA buffer and then analyzed by
immunoblotting for phospho-ERK1/2. Immunoblotting of ERK1/2 was performed to assess
comparability of protein loading between the different samples.

Figure 4. Cytokine-Induced Formation of A3G HMM Complexes in Primary Human T Cells. (4)
Purified CD4+ T cells were cultured 5 to 7 days with the indicated cytokine or with PHA/IL2 as a
positive control. Cell lysates were loaded on a gel-exclusion column for FPLC analysis. Twenty-
four one-ml fractions were collected and analyzed by immunoblotting for expression of the A3G
protein. Two different donors are shown. (B) Separation of Infected CD4+ T Cells. Purified
CD4+ T cells were infected with vsv-g pseudotyped ppt-GFP lentiviral vectors. Infected (GFP+)
cells were separated from uninfected (GFP-) cells using a FACS DiVa instrument. Cells were
stained for the CD25 or CD69 activation markers, or for CD3/CD4 and analyzed by flow
cytometry. (C) FPLC Analysis of A3G Complexes in Infected versus Uninfected Cells. The
sorted cells from Fig. 4(B) were lysed, and the samples were then subjected to FPLC analysis and
analyzed by anti-A3G immunoblotting.

Figure 5. A3G Expression and Complex Formation in DCs. (4) Immature or mature monocyte
derived DCs were analyzed for changes in A3G protein expression. B-actin was employed as an
internal control for protein loading. The two donors shown are representative of results obtained
in three independent experiments. (B) FPLC analysis of A3G Complexes in DCs. Lysates from
monocytes or immature or mature DCs were analyzed by FPLC to assess the size of A3G-
containing complexes. The results presented were obtained with cells from a single donor and are
representative of results obtained with three independent donors.
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Stopak et al, Figure 2
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Stopak et al, Figure 3
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Chapter 5

Conclusions
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When we began the work presented in this dissertation, it was known that Vif
played a very important role in the HIV-1 lifecycle and that it counteracted the antiviral
activity of A3G. It was also known that in activated T cells, A3G needs to be
incorporated into virions before exerting its antiviral activity in the subsequent target cell.
We set out to determine the mechanism employed by Vif to inhibit A3G. We learned
that Vif binds A3G and prevents A3G from being incorporated into T cells (12). When
we compared HIV-1-infected T cells to AVif-HIV-1-infected cells, we observed a marked
decrease in A3G expression in the presence of Vif. Measuring the decrease revealed a
near 70% reduction in A3G protein in cells. Given that only 70% of the cells were
infected in these studies, we concluded that Vif causes the virtual elimination of A3G
from infected T cells and the residual A3G reflected protein that was present in the
uninfected cells. Further investigation revealed that A3G mRNA was intact in HIV-1
infected cells, indicating that the elimination occurs at the protein level. Studies using
proteasome inhibitors revealed that Vif caused marked degradation of A3G through the
26S proteasome; and pulse-chase studies revealed that Vif caused rapid turnover of A3G.
We also observed that Vif partially blocked the synthesis of new A3G proteins. Together
these findings revealed a coordinated effort by Vif to deplete T cells of A3G, thereby
preventing virion incorporation of the A3G protein.

We next turned from the academic question of the mechanism of Vif action to the
more practical question of whether these findings could help in the identification of new

anti-HIV-1 drugs. We reasoned that a fairly simply method of high-throughput screening
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could be developed based on the observation that Vif causes the degradation of A3G.
The screen would involve a cell line co-expressing HIV-1 Vif as well as the A3G protein
tagged with luciferase (A3G-Luc), which would act as a reporter in the screen. Under
basal conditions, the action of Vif would prevent the expression of A3G-Luc. However,
in the event that a candidate small molecule inhibited the action of Vif;, the cells would
score positive for A3G-Luc. Work published subsequently to our original findings
lended further support to the possibility of finding a small molecule that would inhibit
either the protein-protein interactions between Vif and A3G or between Vif and other
elements of the E3 ligase machinery, particularly Cul5 and EloC, both of which bind
directly to Vif (6, 7, 15). Single amino acid substitutions in either Vif or A3G can
abrogate these interactions, indicating a short interface between Vif and A3G (1, §, 11,
13) or Vif and the E3 ligase machinery (6, 7, 14). Our first attempts at the screen were
unsuccessful for a variety of reasons. One important hurdle we solved in our next
attempt was the engineering of human codon-optimized Vif, which was expressed very
well, even in the absence of viral proteins such as Rev. In addition, Dr. Wes Yonemoto
has engineered a new cell line using the human-codon optimized Vif under an inducible
promoter. This strategy avoided the toxicity that might occur with constitutively-
expressed Vif, and also provided an elegant means of ensuring that any decrease in A3G-
Luc expression was actually due to the presence of Vif.

In the third set of studies, we switched our attention from how the virus regulates
cellular A3G expression, to how the cell does so. We tested a panel of cytokines,
chemicals naturally produced by human cells, for their effect on the expression of A3G in

cells. We found that IL-2, -7, and -15 all significantly enhanced the expression of A3G

118



protein and mRNA through a Jak/MAPK signaling pathway. A curious aspect of this
finding is that these agents also render resting CD4+ T cells permissive to HIV infection,
which is counterintuitive given the enhanced presence of A3G, a powerful antiviral
factor. When we studied the activity of A3G, we found that the cytokines caused A3G to
shift into an inactive complex that removed the restriction to HIV infection, which
correlated with the effects of mitogens on CD4+ T cells (2). When we looked at mixed
populations of activated and less-activated CD4+ T cells, the more-activated cells
containing a higher proportion of inactive HMM A3G complexes were more easily
infected by a lentiviral vector.

In another line of investigation, we learned that interferon-treatment of
macrophages, but not PBLs, leads to a marked enhancement of A3G expression. These
findings were also reported by another group, who found that A3G forms a part of an
anti-HIV-1 interferon response in macrophages (8).

Finally, when we compared A3G expression in immature monocyte-derived
dendritic cells (DCs) with DCs that had been matured by treatment with polyl:C/TNFa,
we observed a marked enhanced of A3G protein expression in the mature DCs.
Interestingly, FPLC studies revealed that while immature DCs, which are permissive to
HIV-1 infection, contained HMM A3G, a higher abundance of LMM and intermediate
molecular mass A3G was present in mature DCs, which are more resistant to infection by
HIV.

The PBL and DC data was very distinct. In the case of PBLs, enhanced A3G
expression correlated with the appearance of inactive, HMM A3G complexes and

enhanced permissivity to HIV-1 infection. In contrast, enhanced A3G expression in DCs
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led to the appearance of active LMM and intermediate-sized A3G and correlated with
enhanced resistance to HIV-1 infection. The DC data is intriguing in that it indicates that
increased expression of A3G may saturate a nucleating factor in the HMM complex,
permitting the appearance of overflow A3G in more active forms. Alternatively,
maturation may trigger a signaling pathway in DCs leading to dissolution of HMM A3G
complexes.

In summary, our studies began with the narrow question of the method employed
by Vif to block the antiviral activity of A3G. Our finding that Vif mediates the
degradation of A3G led to the development of a cell-based high-throughput screen for
inhibitors of Vif activity. In our last set of studies, we switched focus from how the virus
regulates A3G expression to how cellular factors regulate A3G expression. We found
that cytokines regulate both the expression and activity of A3G in PBLs, macrophages,
and DCs, and that the cellular milieu determined whether enhanced expression of A3G
would lead to enhancement or repression of A3G activity.

Although an enormous amount of progress has been made in just the last four
years in the Vif-A3G field, there are still many interesting questions that remain
unexplored. In addition, as the years move forward, our previous understanding of Vif
and A3G has also undergone some transformations. It was originally supposed that since
A3G induced such massive hypermutation in viral minus-strand DNA during reverse
transcription, editing was the primary means used by A3G to block viral replication.
However, increasing evidence suggests that A3G may act through a non-editing
mechanism as well. Deciphering that mechanism will likely be the subject of much

research over the next few years. In addition, given that Vif virtually eliminates A3G
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from cells, it was also originally supposed that this was the primary mechanism employed
by Vif to block virion incorporation of A3G. However, increasing evidence suggests that L
Vif might also block A3G function through non-degradative means as well (9).

The future may also involve further investigation of the mechanism employed by
A3G in interferon-treated macrophages to counteract the activity of HIV-1. Although it
is clear that interferon treatment upregulates A3G expression and antiviral activity in
macrophages, it is not clear whether A3G acts as a post-entry restriction factor in these

cell-types or by some other mechanism. It is possible that the enhanced presence of the

A3G protein in these cell-types overwhelms the Vif effect and enables some A3G to be
incorporated into virions. Alternatively, interferon treatment could lead to the
appearance of LMM, active forms of A3G. In preliminary studies, we have observed a
slightly enhanced presence of LMM forms, but more work in this area still needs to be
done.

The post-entry restricting function of the A3 proteins will likely also be the
subject of further research in the future. Our lab has demonstrated that removing A3G
from resting CD4+ T cells removes a post-entry block to HIV-1. However, it is also
possible that other post-entry blocks mediated by other A3 proteins are also at play in
these cell-types and others. Notably, investigators studying the anti-HIV potential of the ' .
A3A-H proteins performed experiments investigating virion incorporation and producer- N
cell-dependent antiviral activity. Whether the other A3 proteins can exert post-entry
restricting behavior in T cells and other natural targets of HIV-1 infection, remains to be

determined. :
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More research will also likely focus on the natural role played by A3G and the
other A3 proteins, The presence of A3G and the other A3 proteins in primates predates
modern lentiviruses (10), indicating that these proteins play a role outside of their
antiviral function. Work in our lab and others has demonstrated that several of these
proteins, including A3G, inhibit the retrotransposition of LTR and non-LTR
retroelements (3) and that they thus play a role in defending the germ-line from
retrotransposon-mediated insults. Additional functions of the A3 proteins may still be
uncovered. For example, it has been previously reported that A3G is present in ovary
and testis(4), yet the role played by A3G in these tissues is not fully understood.

Finally and most importantly, we hope that the culmination of our research and
that of others’ will result in the development of a therapeutic of benefit to AIDS patients.
Perhaps the drug will be a Vif inhibitor that prevents interaction of Vif with A3G or of
Vif with other members of the E3 ligase machinery. Perhaps the drug will encourage the
appearance of LMM A3G, so that even activated T cells will harbor a post-entry
restriction factor against HIV. Perhaps the drug will promote expression of A3G,
enabling the sheer amount of A3G to overwhelm the activity of Vif. Or perhaps the drug
will work in different way beyond our current imagination. Whatever the mechanism,
adding Vif to the current menu of viral factors targeted by HAART will hopefully aid the

effort to defeat the deadly games played by HIV.
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