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I. INTRODUCTION

1. Origins of HIV-1 and AIDS Pandemic

Human acquired immunodeficiency syndrome (AIDS) is caused by two lentiviruses
of the Retroviridae family, human immunodeficiency viruses types 1 and 2 (HIV-1
and HIV-2). In 1981, AIDS was recognized as a new disease when increasing cases
of rare opportunistic infections were reported in young homosexual men (Centers for
Disease Control (CDC), 1981, 1982). HIV-1 was subsequently discovered to be the
causing agent of this immune system deficiency (Barré-Sinoussi et al., 1983). Three
years after the discovery of HIV-1, a morphologically similar but genetically distinct
virus, named human immunodeficiency virus type 2 (HIV-2), was discovered in West
African patients with AIDS (Clavel et al., 1986). Interestingly, this virus was closely
related to a simian retrovirus that caused an immune system deficiency in macaques
(Chakrabarti et al., 1987; Guyader et al., 1987). Additional simian immunodeficiency
viruses (SIVs) were subsequently discovered in various primates such as

chimpanzees, African green monkeys, mandrills and others (Sharp et al., 2013)
(Fig.1).

Syks’s monke Sooty mangabe
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Figure 1. Origins of HIV. HIV-1 and HIV-2 were originated by a cross-species infection
involving different primate lentiviruses (Sharp and Hahn, 2011).
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Despite the fact that these viruses are closely related with the human and simian
AIDS viruses in the lentiviruses phylogeny (Fig. 2), they are non-pathogenic in their
natural hosts. Interestingly, HIV-1 has a close phylogenetic relationship with the
SIVcpz (Huet et al.,, 1990), while HIV-2 with SIVsmm (Hirsch et al., 1989). This
evidence shows that both macaque and human AIDS was originated by a cross-
species infection involving different primate lentiviruses (Sharp and Hahn, 2011).
During virus infection, HIV and SIV interact with a large number of host proteins (e.g.
host restriction factors) and since the common ancestor of primates existed 25
million years ago, the divergence of these host proteins could be an obstacle to this
cross-species infection. Therefore, a number of adaptive events have to be
overcome before these lentiviruses can contaminate new species. To date, it is
widely accepted that HIV-1 and HIV-2 have emerged from zoonotic events of viruses

infecting primates in Africa (Sharp et al., 2013).
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Figure 2. Phylogeny of lentiviruses based on Pol sequence. Endogenous (blue) and
Exogenous (black) retrovirus are indicated, with HIV-1, HIV-2 and SIVmac highlighted in red
(Sharp and Hahn, 2011).



According to the 2012 UNAIDS and WHO reports, three decades after the discovery
of AIDS, the pandemic HIV-1 main (M) group have infected at least 70 million people
and caused more than 35 million deaths. Globally, 34.0 million [31.4—35.9 million]
people were living with HIV at the end of 2011. In 2011, an estimated 0.8% of adults
aged 15-49 years worldwide are living with HIV, although this percentage varies
considerably between regions (Fig. 3). Sub-Saharan Africa remains the most
severely affected region, with nearly 1 in every 20 adults (4.9%) living with HIV and
accounting for 69% of the people living with HIV worldwide. Additionally, 1.7 million
people died of AIDS in 2011, a 24% decrease since 2005. This is due in part to
antiretroviral treatment (ART) scale-up. Despite the efficiency of this antiretroviral
therapy, access to this treatment remains limited, and the development of an
effective vaccine is uncertain. Thus, AIDS continues to be an important priority in
worldwide public health (McCoy and Weiss, 2013; Sharp and Hahn, 2011).

Prevalence (%) by WHO region

Western Pacific: 0.1 [0.1-0.1) Europe: 0.4 [0.4-0.5]
Eastern Mediterranean: 0.2 {0.1-0.3] [l Americas: 0.5 [0.4-06] | Global prevalence: 0.8% [0.7-0.8]
South-East Asia: 0.3 [0.2-0.4] I Africa: 4.6 [4.4-4.8) o o5 e 400 Kiometes

Figure 3. Adult HIV Prevalence Rate by region (2011).

2. Overview of the HIV-1 life cycle

The HIV-1 life cycle can be structured into two phases (Fig. 4): (1) an early phase
that begins with the recognition of the target cells, attachment and entry, retro-

transcription of the viral genome and integration of the viral DNA into the host cell



genome; (2) a late phase that continues with the viral mRNA biogenesis and
transport, synthesis of viral proteins, packaging, assembly, budding and release of

viral particles.

2.1 Viral entry

The HIV-1 envelope proteins (ENV) are expressed as a precursor protein, gp160,
which transits the Golgi apparatus to complete glycosylation (Swanstrom and Coffin,
2012). The precursor is then cleaved by the cellular protease furin into two proteins,
gp120 and gp41 (Hallenberger et al., 1992). These proteins are present on HIV-1
envelope as trimers of gp120-gp41 heterodimers. Cryo-electron microscopy
tomography analysis of wild-type HIV-1 virion showed 14 + 7 trimers per particle
(Zhu et al., 2006).

HIV-1 infects CD4" T cell with an initial interaction between gp120 and the surface
receptor CD4 (Fig. 4, step 1).The binding of gp120 to CD4 triggers conformational
changes in gp120 that lead to recognition of a co-receptor, a member of the seven-
trans-membrane chemokine-receptor family, CCR5 or CXCR4 (Alkhatib et al., 1996).
Binding to CCR5 is known as R5 tropism, while binding to CXR4 as X4 tropism. R5-
tropic isolates predominates in early infection, whereas X4-tropic isolates are found
in late infection (Duncan and Sattentau, 2011). Engagement of this co-receptor
releases gp41 from its high energy state leading to the insertion of the fusion
peptide, located at the amino terminus of gp41, into the cell membrane. As the fusion
peptide inserts into the host cell membrane, gp41 refolds itself through the heptad
repeat sequences HR1 and HR2.

This event triggers the formation of a six-helix hairpin structure inducing the fusion
(Fig. 4, step 2) of the viral and host cell membranes and further release of the HIV-1
core into the cytoplasm (Swanstrom and Coffin, 2012). Viral entry in the absence of
CD4 expression has been reported but the presence of one of the co-receptors is

indispensable for the entry process (Reeves et al., 1999).
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Figure 4. Overview of the HIV-1 life cycle. Early phase initiates with the attachment (1)
and finalizes with the integration of the viral DNA into the host genome (6). Late phase
continues with transcription of viral DNA (7) and conclude with the release and maturation of
the viral particles (13).

2.2 Uncoating and reverse transcription

Once inside the cytoplasm of the infected cell, the HIV-1 core undergoes a partial
and progressive disassembly of the viral capsid (CA), known as uncoating (Fig. 4,
step 3). This process is still not well understood and several models have been
proposed. In a first model, the HIV-1 core remains intact until it reaches the nuclear
membrane and uncoating occurs at the nuclear pore after completion of reverse
transcription (Arhel, 2010; Arhel et al., 2007). A second model suggests that viral
capsid is disassembled immediately following fusion and most CA is dissociated
from the nucleoprotein complex (Suzuki and Craigie, 2007). A third model proposes
that CA remains intact for some time post-entry and uncoating occurs gradually

during transport towards the nucleus (Warrilow et al., 2009).



During the uncoating process, the viral core is rearranged to form the reverse
transcription complex (RTC), in which reverse transcription occurs (Fig. 4, step 4).
This process is catalyzed by the viral reverse transcriptase (RT). Reverse
transcription process has been extensively studied (Le Grice, 2012) and RT is a
major target for anti-HIV-1 therapy (Das and Arnold, 2013; llina et al., 2012; Lange

and van Leeuwen, 2002).

Reverse transcriptase generates a linear DNA duplex via a complex and multistep
process (Fig. 5). Briefly, reverse transcription begins with minus-strand DNA ((-)
DNA) synthesis that is primed from a host-cell transfer RNA (tRNA™5?). The tRNA"S
% anneals to the PBS (Fig. 5A) located at the 5’ end of the viral RNA genome and the
(=) DNA synthesis continues to the 5’ end generating a DNA intermediate termed
minus-strand strong-stop DNA ((-) ssDNA) (Fig. 5B). This is followed by the first
strand transfer step (Fig. 5C), in which (-) ssDNA is transferred from the 5’ end to the
3’ end R region of the viral genome. After first strand transfer, (-) DNA synthesis
continues, accompanied by RNase-H digestion of the template strand except for the
polypurine tract region (PPT) that is relatively resistant to RNase-H degradation (Fig.
5D) (Thomas et al., 2007). PPT region serves as a primer for the plus-strand DNA
synthesis ((+) DNA). Plus-strand DNA synthesis continues to the 5 of the (=) DNA
until it reaches the PBS region generating the plus strand strong stop DNA ((+)
ssDNA) (Fig 5E). In order to complete plus-strand DNA synthesis, a second strand
transfer step occurs in which (+) ssDNA is transferred to the 3’ end of the (-) DNA to
form a circular intermediate (Fig 5F). The final product of this complex process is
resolved into a linear double-stranded DNA (dsDNA) with duplicated long terminal
repeats (LTRs) intermediate (Fig. 5G) (Basu et al., 2008).

2.3 Nuclear Import and integration

Completion of RTC maturation and reverse transcription generates the pre-
integration complex (PIC). HIV-1 PIC is composed of the dsDNA associated with the
viral proteins RT, the matrix (MA), integrase (IN) and the viral protein R (Vpr) (Miller
et al., 1997). Several cellular factors have also been shown to be present in the HIV-
1 PIC, such as the high mobility group protein HMG | (Y) and LEDGF/p75 (Llano et
al., 2006; Miller et al., 1997).
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Figure 5. Reverse transcription. This process can be divided in 3 principal steps: 1) (-)
DNA synthesis (A to D), 2) (+) DNA synthesis (D to F) and 3) synthesis of the double-
stranded viral DNA (dsDNA) (G).



Since the HIV-1 PIC has an estimated diameter of 56 nm and the central channel of
the nuclear pore is able to transport macromolecules only up to 39 nm (Panté and
Kann, 2002), the PIC can only enter into the cell nucleus by active diffusion ensured
by the nuclear import machinery (Fig. 4, step 5). Among the proteins implicated in
the import machinery, the importin 7 has been proposed to play an important role in
nuclear import of HIV-1 PIC in primary macrophages (Fassati et al., 2003). The viral
proteins associated with the HIV-1 PIC play also a significant role in this complex
process, although the precise function of each remains undetermined (Suzuki and
Craigie, 2007).

Once inside the nucleus, the IN, which is a member of the D,D(35)E transposase/IN
superfamily of proteins, mediates integration of the viral DNA (Fig. 4, step 6) into the
host genome. Additionally, several cellular DNA binding proteins have been reported
to bind the IN and could therefore play a role in the integration process. For example,
the integrase interactor 1 (Ini1, also called hSNF5) (Kalpana et al., 1994), the high
mobility group protein HMG | (Y) (Miller et al., 1997), the survival motor neuron
(SMN) interacting protein 1 (SIP1) (Nishitsuji et al., 2009) or the small ubiquitin-like
modifiers (SUMO1 and SUMO2) and their conjugation enzyme Ubc9 (Li et al.,
2012b).

Viral dsDNA integration occurs in two well-characterized catalytic steps, named the
end-processing reaction and the joining reaction. End processing involves removal of
a dinucleotide from the 3’ strand of the U3 and U5 viral DNA LTRs. The
endonucleolytic cleavage always occurs at the 3’ of a conserved dinucleotide (CA)
and results in exposure of a new hydroxyl group at the 3’ end of the viral dsDNA.
This hydroxyl group is used as an attacking nucleophile on the target DNA during the
joining reaction, in which the viral DNA is inserted into the cellular DNA (Krishnan
and Engelman, 2012). Integration site preferentially occurs in genes highly
transcribed by the RNA polymerase Il favoring efficient HIV-1 gene expression
(Ciuffi, 2008). Recently, Cooper et al (2013) have shown that the integration process
triggers the death of CD4" T cells. This mechanism is activated by a DNA-dependent

protein kinase (DNA-PK), a central component of the DNA damage response.



2.4 Viral mRNA biogenesis and splicing

Integration determines the passage from the early to the late phase of HIV-1
replication, in which viral mRNA biogenesis and further protein synthesis occurs
followed by the assembly, release and maturation of viral particles. Once the viral
genome is integrated, the viral transcription initiates from a complex promoter
located within the 5 LTR of the viral genome (Fig. 4, step 7). The HIV-1 LTR
promoter contains two Sp1 binding motifs and two nuclear factor NF-kB binding sites
which serves to regulate basal HIV-1 transcription (Krishnan and Engelman, 2012;
Ocwieja, 2012).

Transcription of the viral genome requires the viral transactivator protein (Tat) which
activates RNA polymerase |l by recruiting several specific factors. During this
process, Tat interacts with the cellular protein positive transcription elongation factor
b (P-TEFDb), including the cyclin-dependent kinase 9 (CDK9) and cyclin T1 (CycT1)
to the viral transactivation response (TAR) element. Subsequent CDK9-mediated
phosphorylation of the heptad repeat residues Ser-2 and Ser-5 in the C-terminal
domain of the large subunit of RNA polymerase Il stimulates transcription elongation
(Wagschal et al., 2012).

Viral mMRNAs are produced as a variety of alternatively spliced species ensuring the
synthesis of all HIV-1 structural and regulatory proteins. More than 40 different viral
mMRNAs are produced during the infectious cycle by alternative splicing of a single
polycistronic pre-mRNA. HIV-1 mRNAs can be divided into three classes: multiply
spliced (2 kb), singly spliced (4 kb) and full-length non-spliced mRNAs (9kb)
(Leblanc et al., 2013). HIV-1 RNA splicing is regulated by cis-acting sequences
including suboptimal splice sites (polypyrimidine tracts and branch point sequences),
exonic splicing enhancers (ESEs) and the exonic/intronic splicing silencers (ESS /
ISS).



2.5 Nuclear export and translation of the viral mMRNA

Once the viral mMRNA biogenesis is accomplished, the multiply spliced (2 kb) viral
mRNAs are exported from the nucleus to the cytoplasm by the endogenous nuclear
pathway (Fig. 4, step 8). On the contrary, the singly spliced (4 Kb) and the unspliced
full-length (9 Kb) viral RNAs are exported by a mechanism involving the HIV-1 Rev
protein (Fernandes et al., 2012; Purcell and Martin, 1993). This protein acts as a
linker between the Rev response element (RRE), located within the env mRNA
coding region, and the host cellular proteins implicated in the mRNA nuclear export

process.

Rev recruits the exportin CRM1 (Chromosome Region Maintenance 1) and the
nuclear export factor Ran bound to guanosine triphosphatase (RanGTP). The Rev-
CRM1-RanGTP complex interacts with the nuclear pore complex (NPC) to be
transported through the nuclear pore to the cytoplasm. The hydrolysis of GTP to
GDP allows the dissociation of the complex and the redirection of Rev back into the
nucleus (Purcell and Martin, 1993; Tazi et al., 2010).

The translation of HIV-1 mRNAs (Fig. 4, step 9) is initiated by the classical cap-
dependent mechanism or by internal recruitment of the ribosome through specific
RNA regions called IRES (internal ribosome entry site). In the classical model the
ribosome initiates translation from the first AUG in a favorable Kozak context after
scanning of the 5UTR (discussed below). In the IRES-dependent mechanism the
ribosome is recruited near or at the AUG star codon without a scanning step (Balvay
et al., 2009; Chamond et al., 2010).

2.6 Assembly, budding and maturation

The late stages of HIV-1 replication comprise the assembly of virus particles from
newly synthesized components at the host cell membrane and the release of
progeny virus (Fig. 4, step 10-12). Viral assembly is mediated by the Pr55%2 through
a complex network of interactions (Fig. 6). The assembling virion packages the
genomic viral RNA, cellular tRNAYS3, the Gag polyprotein, the viral ENV protein and
the three viral enzymes: protease (PR), reverse transcriptase (RT), and integrase

(IN) (Sundquist and Krausslich, 2012). Moreover, other cellular and viral components
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are also incorporated including the viral infectivity factor (Vif), the viral protein R
(Vpr), and several cellular proteins: Cyp-A, Hsp70, LysRS, TSG101, Ubiquitin,
APOBEC3G, INI1/HSNF5, Staufen, UNG2, HLA-Il, ICAM-1, CD54, annexins and
tetraspanins (Balasubramaniam and Freed, 2011; Ott, 2008; Paxton et al., 1993;
Selig et al., 1999).

3. Maturation
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Figure. 6. Late stages in HIV-1 life cycle. Assembly (1) is mediated by the Pr55 through
a complex network of interactions. The virion packages the genomic RNA and several viral
and cellular proteins (see text). After assembly, the host ESCRT machinery is recruited for
viral budding (2). Viral maturation (3) starts immediately after budding and is mediated by the
viral protease (PR).

Coding for the structural proteins, the precursor, Pr55°% contains four major
domains (MA, CA, nucleocapsid (NC) and p6) and two spacer peptides (SP1 and
SP2). The Pr55%9 js myristylated and binds to the plasma membrane through the M
myristate moiety while the CA, SP1, and NC domains promote Gag multimerization
and assembly. The assembling particle incorporates the cellular tRNA™®® and the
viral genomic RNA through an interaction with NC domain and the Pr160°2°°. Two
copies of the viral RNA are incorporated into the viral particle by interactions
between the Pr55°%9 and the encapsidation signal W (Psi) positioned at the leader
region of the genomic RNA (Paillart et al., 2004). Concerning the envelope
glycoproteins, they are recruited into the budding virions through interactions with

MA domain (Sundquist and Krausslich, 2012). In this process, the cellular cofactor
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TIP47 (Tall-Interacting Protein of 47 kDa) is also required for envelope glycoproteins

incorporation into HIV particles (Bauby et al., 2008).

After assembly of the viral particles, the host ESCRT (endosomal sorting complexes
required for transport) machinery mediates budding of the virion particles from the
plasma membrane (Fig. 6). During this process, ESCRT-I is recruited through
interactions between viral p6 and host TSG101 and ALIX. This in turn recruits
ESCRTH-III to initiate membrane fission and virion release (Martin-Serrano and Neil,
2011).

Viral maturation (Fig. 4, step 13 and Fig. 6) begins immediately following the budding
process, and is driven by viral PR cleavage of Pr55°% and Pr160%%9"% at different
sites, producing the fully processed MA, CA, NC, p6, PR, RT, and IN proteins.
During this process, these proteins rearrange orderly: MA remains associated with
the viral membrane, NC condenses with the dimeric gRNA, and CA reassembles to
form a conical core shell enclosing the NC-RNA complex. This reorganization results
in a mature infectious virion that is capable to infect new CD4" T cell (Dordor et al.,
2011; de Marco et al., 2012).

3. Innate immune responses in HIV-1 infection

The innate immune system is the first line of antiviral defense and protects the host
by either eliminating the pathogen or by reducing the negative impact of infection on
host fitness (Medzhitov et al., 2012). However, regarding endogenous retroviruses,
immune responses involve self-preservation mechanisms and not virus elimination
strategies since these retroviruses are significantly integrated in the human genome
(Griffiths, 2001; Iwasaki, 2012). This notion might be considered to analyze immune
response against exogenous retroviruses like HIV-1 (Iwasaki, 2012). Innate immunity
facilitates a rapid response by the recognition of evolutionarily conserved elements
on pathogens, named pathogen-associated molecular patterns (PAMPs) (Silvin and
Manel, 2013). This recognition is mediated by pattern recognition receptors (PRRs),
including, the toll-like receptors (TLRs), the (RIG-I)-like receptors (RLRs), and the
nucleotide oligomerization domain (NOD)-like receptors (NLRs) (Fig. 7) (Carrington
and Alter, 2012).
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Figure 7. Pattern recognition receptors (PRRs) in HIV-1 infection. Single (ssRNA) and
double-stranded HIV-1 viral RNA (dsRNA) are recognized by PRRs to induce IFN response.
Thus, TLR7 induce IFN-a/p expression through MyD88 adaptor, IKKa and IRF7 in pDC. In
DCs, TLR8 and DC-SIGN signaling promotes HIV-1 transcription through MyD88 adaptor
and Raf-1, respectively. RIG-I-like receptors (RIG-1 and MDAS5) also promote IFN-a/p
production through MAVS adaptor, TBK1, IKKe, IRF3 and IRF7. NLRP3 could also detect
HIV-1 RNA.

PAMPs recognition leads to signal transduction, stimulation of transcription factors
such as NF-kB and interferon regulatory factors (IRFs), and finalizes with the
expression of pro-inflammatory cytokines such as type-1 interferons (IFNs) which
activate the expression of several proteins including cellular restriction factors (Jolly,
2011).



3.1 Toll-like receptors

TLRs are expressed in macrophages and dendritic cells. They are named for their
similarity to Toll, a receptor first identified in Drosophila to have an important role in
the immunity of this organism regarding fungal infections (Hoffmann, 2003; Lemaitre
et al., 1996). To date, thiteen human and mouse TLRs have been reported. TLRs
trigger the NF-kB pathway, which activates cytokine expression, through several
protein adaptors, such as MyD88, TRIF and TIRAP/Mal. In addition, other receptors
such as type-C lectins and scavenger receptors can also activate TLR-like

responses (Poovassery and Bishop, 2012).

During HIV-1 infection, TLR7 mediates the detection of single stranded viral RNAs
(ssRNA). TLRY7 is constitutively expressed by plasmacytoid dendritic cells (pDC) and
B cells (Poovassery and Bishop, 2012; Santana-de Anda et al., 2013). In this
mechanism, HIV-1 virus particles are endocytosed by pDCs to generate a proteolytic
degradation compartment in which virus components are degraded and the viral
RNA is recognized by TLR7. These events induce the expression of IFN-a/f through
MyD88 adaptor, IKKa and the interferon regulatory factor 7 (IRF7) (Fig. 7) (Hardy et
al., 2007).

Similarly to TRL7, TLR8 also recognizes ssRNA but is expressed in dendritic cells
(DCs) (Heil et al., 2004). However, in contrast to the signaling cascade activated by
TRL7, TLR8 signals are exploited by HIV-1 to enhance its own transcription in DCs.
In this mechanism, HIV-1 ssRNA activates the transcription factor NF-kB through
TLR8 to initiate transcription of the integrated provirus. At this point, NF-kB is
required for transcription initiation but is not sufficient for elongation. In parallel, the
association between gp120 and DC-SIGN induces phosphorylation of the NF-kB
through Raf-1, allowing transcription elongation of HIV-1 transcripts. Thus, TLR8 and
DC-SIGN signaling promotes HIV-1 transcription (Fig. 7) (Gringhuis et al., 2010;
Tremblay, 2010).

3.2 RIG-I-like receptors

Retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs) are expressed in almost

all cell types, including epithelial and fibroblastic cells as well as macrophages and
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DCs (Kato et al., 2006). RLRs are RNA helicases that specifically detects viral RNA
molecules in the cytoplasm (Solis et al., 2011). RLRs contain an N-terminal caspase-
recruitment domains (CARDs) and a DExD/H-box helicase domain (Dixit and Kagan,
2013). RLR family has three members: RIG-I, melanoma differentiation associated
gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) (Dixit and
Kagan, 2013).

During HIV-1 infection, RIG-I and MDA5 detect HIV-1 RNA in the cytoplasm of
infected cells. RIG-I recognizes both the dimeric and monomeric forms of the
genomic RNA, while MDAS only detects the dimeric conformation (Solis et al., 2011).
RIG-I discriminates viral from cellular RNA by the recognition of 5-triphosphorylated
(5-PPP) structures, modifications that are not found on processed cellular RNA
(Hornung et al., 2006; Pichlmair et al., 2006).

After detection of HIV-1 RNA, RIG-I and MDAS5 interact with the downstream CARD-
containing adapter mitochondrial antiviral signaling protein (MAVS) (Kawai et al.,
2005). MAVS in turn activates the IKK-related kinases TBK1 and IKKe, which result
in the activation of IRF3 and IRF7. The coordinated activation of these factors results
in the induction of the IFN-a/B (Fig. 7) (Eisenacher and Krug, 2012). However, HIV-1
depletes RIG-I cytoplasmic levels through the action of the HIV-1 protease (PR). The
decrease of cytoplasmic RIG-I was prevented by the lysosomal inhibitor E64,
suggesting that PR targets RIG-I to the lysosomes (Solis et al., 2011). Concerning
LGP2, this protein does not present any CARDs and was originally reported as a
negative regulator of RLR signaling in vitro. However, Satoh et al (2010) have shown

that LGP2 was required for RIG-I and MDA5-mediated antiviral responses in vivo.

3.3 NOD-like receptors

NOD-like receptors (NLRs) are expressed primarily in phagocytes including
macrophages and neutrophils (Franchi et al., 2009). NLRs typically contain a central
nucleotide-binding domain termed NACHT domain, a C-terminal receptor domain
characterized by a series of leucine-rich repeats (LRRs) and a N-terminal binding
region that presents protein-protein interaction domains such as the caspase
recruitment domain (CARD), pyrin domain (PYD), and baculovirus inhibitor repeat
domain (BIR) (Philpott and Girardin, 2010).
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To date, 22 members of the human NLR protein family have been reported, which
can be distinguished into three subfamilies depending on the basis of their N-
terminal region (CARD, PYD or BIR). NLR proteins trigger a number of signal
transduction cascades. For example, NOD1 and NOD2 induce the pro-inflammatory
NF-kB pathway through the interaction with the receptor-interacting serine-threonine
protein kinase 2 (RIPK2) (Monie, 2013). NOD1 and NOD2 also promote autophagy
by recruiting the autophagy-related gene 16-like 1 (ATG16L1) to the plasma
membrane (Travassos et al., 2010). Finally, NLR family members, NLRP1 (NLR
family PYD-containing 1), NLRP3 and NLRC4 (NLR family CARD-containing 4)
activate the caspase-1 inflammasome pathway, which leads to the production of
interleukin-1B (IL-1B) and IL-18 (Yu and Levine, 2011).

During virus infection, NLRP3, NOD2, NLRX1 and NLRC5 play an important role in
virus recognition by activating different signaling pathways (Jacobs and Damania,
2012; Kanneganti, 2010). Among these proteins, only NLRP3 has shown to have a
susceptibility to HIV-1 infection. Indeed, a single-nucleotide polymorphisms (SNP) in
NLRP3 is associated in HIV-1 infection (Pontillo et al., 2010, 2012). Although no data
has shown that HIV-1 genetic material triggers this pathway, NLRP3 could be
activated by HIV-1 RNA (Fig. 7) due to its previously reported ability in recognizing
viral RNA of influenza A virus (Allen et al., 2009), vaccinia virus Ankara (Delaloye et
al., 2009) or encephalomyocarditis virus (EMCV) (Poeck et al., 2010).

3.4 HIV-1 restriction factors

Recognition of HIV-1 RNA by PRRs leads to the induction of type-1 IFNs. IFNs
activate interferon inducible genes (ISGs), some of which encode important antiviral
proteins capable of counteracting HIV-1 at many diverse steps in the life cycle (Fig.
8). These have been termed restriction factors or intrinsic resistance factors, and
they have at least four main characteristics: 1) the expression of the restriction
factors is often activated by IFNs, mainly IFN-a; 2) a restriction factor must cause a
significant reduction in HIV-1 infectivity; 3) HIV-1 has co-evolved with the restriction
factors developing complex defense mechanisms to inhibit their activity. These
restriction factors are often counteracted by viral proteins; and 4) restriction factors

present hallmarks of positive selection during evolution caused by protein-protein
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interactions that often occur between restriction and counter-restriction factors (Fig.
8) (Harris et al., 2012).

Virus
Restriction

Positive Immune
Selection Induction

Figure 8. Properties of a HIV-1 restriction factor. A) Four defining characteristics are
presented: 1) interferon responsiveness (promoter sign); 2) HIV-1 restriction (no-go sign); 3)
Counteraction mechanism (shield sign); and 4) positive selection signatures (plus sign)
(Harris et al., 2012).

Historically, Lilly (1967) discovered the first restriction factor against murine leukemia
virus (MLV) infection, termed Friend virus susceptibility factor-1 (Fv1). Fv1l gene
encodes a Gag-like protein that recognizes the MLV CA protein and blocks infection
by mechanism operating after reverse transcription but before integration (Jolicoeur
and Rassart, 1980; Kozak and Chakraborti, 1996). Fv1 was subsequently discovered

to be a species-specific variant of TRIM5a (see below) (Hatziioannou et al., 2004).

Restrictions factors have been commonly characterized from non-permissive cells
that are restrictive for viral replication. This restricting phenotype can be dominant
and capable of severely inhibiting virus replication. Consequently, when a non-
permissive cell is fused with a permissive cell, the restrictive phenotype is conferred
to the resulting heterokaryon. Such cell fusion experiments have led to the discovery
of cellular restriction factors counteracted by Vif and Vpu (Madani and Kabat, 1998;
Sheehy et al., 2002; Simon et al., 1998; Varthakavi et al., 2003).
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3.4.1 APOBEC3G

3.4.1.1 APOBEC3G and other members of the cytidine deaminase family

APOBEC3G (apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3G,
also known as CEM15) (Sheehy et al., 2002) belongs to the APOBEC family of
putative cytosine-deaminase proteins that includes 11 members located on
chromosome 12 (activation-induced deaminase, AID and A1), chromosome 6 (A2),
chromosome 22 (A3A, A3B, A3C, A3DE, A3F, A3G, and A3H) and chromosome 1
(A4) (Fig. 9) (Smith et al., 2012).

All APOBEC family members present one (A1, AID, A2, A3A, A3C, A3H and A4) or
two cytidine deaminase domains (CDAs) (A3B, A3DE, A3F, A3G) (Smith et al.,
2012). Among these two domains, only the C-terminal domain is active, while the N-
terminal domain is implicated in different functions such as RNA binding,
multimerization or encapsidation. Recently, Uyttendaele et al. ( 2012) showed that
both CDAs of A3G are involved in Vif binding (see below). CDAs of the A3 subfamily
are characterized by a conserved zinc(Z)-coordinating DNA cytosine deaminase

motif, H-x1-E-Xx25-31-C-x24-C (X stands for a non-conserved amino acid).

The A3 Z domains can be divided into three groups (Z1, Z2 and Z3). Z1 and Z2
proteins possess a SW-S/T-C-xo_4-C motif, while Z3 proteins have a TW-S-C-x,-C
motif. Z1 and Z2 proteins can be further distinguished by H-x4-E-x5- X-V/I and H-x1-
E-xs-W-F motifs, respectively. Z1 proteins also present a unique isoleucine within a
conserved RIY motif located C-terminal to the zinc-coordinating residues (LaRue et
al., 2009) (Fig. 9). At least one protein of each Z domains has DNA cytosine
deaminase activity; thus, A3F, A3G and A3H have catalytically competent 22, Z1
and Z3 domains, respectively (LaRue et al., 2009). This enzymatically active site
catalyzes the hydrolytic deamination at the C4 position of the C (or dC) base,
converting C to U (or dC to dU) (Harris and Liddament, 2004).
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Figure 9. APOBEC3 subfamily. A schematic domain organization of APOBEC3 members
is shown. Blue bars indicate APOBEC3 proteins and their relative alignments according to
exon junctions. Z1, Z2, and Z3 domains are shown in green, orange and blue, respectively.
The subcellular distribution is shown (nucleus, N, cytoplasm, C) and the deaminase activity
is indicated by +/-. The conserved zinc (Z)-coordinating DNA cytosine deaminase motif of
Z1, Z2 and Z3 is shown (Adapted from Franca et al., 2006, LaRue et al., 2008, 2009 and
Smith et al., 2012).

Structural studies of the C-terminal CDA of A3G by nuclear magnetic resonance
(NMR) (Chen et al., 2008; Harjes et al., 2009) and X-ray crystallography (Holden et
al., 2008; Shandilya et al., 2010) revealed that the CDA is composed of five stranded
B-sheet (B1-B5) with six a-helices (a1—a6) with a coordinated zinc ion. Kitamura et al
(2012) have confirmed this observation by solving the structure of full-length human
A3C (Fig. 10). Recently, the C-terminal CDA of human A3F has been determined
(Bohn et al., 2013; Shandilya et al., 2013). This domain also share structural motifs
with the C-terminal CDA of A3G reported by Shandilya et al. (2010). However, it
seems that these two enzymes present potentially different modes for Vif binding
(Shandilya et al., 2013).



APOBEC family members are present only within the vertebrate lineage. The most
ancient are AID and APOBEC2. AID is expressed in germinal center B-cells and
generates the deamination of DNA cytidine residues in the immunoglobulin genes
resulting in the diversification of the adaptive immune system (Wang et al., 2012b).
A2 is expressed in cardiac and skeletal muscle and is necessary for normal muscle
development and maintenance of fiber-type ratios in skeletal muscle (Sato et al.,
2010)

C-terminal CDA of A3G Full-length A3C

Shandilya et al., 2010 Kitamura et al., 2012

Figure 10. Structure of A3G CDA and full-length A3C. A3G CDA and A3C full-length are
composed of five stranded B-sheet (B1—5) with six a-helices (a1-a6) with a coordinated
zinc ion. Adapted from Kitamura et al., 2012 (PDB 3VOW) and Shandilya et al., 2010 (PDB
3IR2).

A1 and A3 are later evolutionary arrivals whose expression is only found in
mammals. A1 is expressed in enterocytes and is involved in lipid metabolism (Ashur-
Fabian et al., 2010). A3 members participate in innate immunity against exogenous
retrovirus, endogenous retroelements, DNA and RNA viruses (Table 1). A4 has been
identified in silico and presents orthologues in mammals, birds and amphibians. In
mammals, A4 is expressed principally in testis, suggesting a possible role in
spermatogenesis (Franca et al., 2006; Rogozin et al., 2005) as measles (MV),

mumps (MuV) and human respiratory syncytial virus (RSV).
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Table 1. APOBEC3 family members activity against retroviruses

Exogenous retrovirus Endogenous retroelements DNA viruses
HIV-1 SIvV EIAV MLV FV LTR LINES SINES | HBV  AAV
A3A + - - + ND + + + - +
A3B - - - - - + + + + -
A3C - - - - - + + + - -
A3DE + + - - ND ND + + ND ND
A3F + + + = + + + + + -
A3G + + + + + + - + + -
A3H + + - - ND ND + + - ND

SIV = Simian Immunodeficiency Virus; EIAV = Equine Infectious Anemia Virus; MLV = murine leukemia
viruses; FV = Foamy Virus; LTR = Long Terminal Repeat based endogenous retroviruses; LINEs =
Autonomous Long Interspersed Nuclear Elements; SINEs = non-autonomous short interspersed nuclear
elements; HBV = Hepatitis B Virus; AAV = Adeno-associated virus; ND = Not Determined. (Adapted from
Smith et al., 2012)

3.4.1.2 HIV-1 restriction by APOBEC3G/3F deamination activity

A3G was discovered through efforts to determine the HIV-1 Vif function that is
required for the generation of infectious particles by non-permissive cells, particularly
CD4" T cells, but not by permissive cells such as HEK293T (Madani and Kabat,
1998; Sheehy et al., 2002; Simon et al., 1998). Using a cDNA subtraction-based
screen between the permissive cell line CEM-SS and the closely related but non-
permissive CEM cell line, Sheehy et al (2002) identified A3G (firstly called CEM15)
as a restriction factor and Vif as its counter-restriction factor. Indeed, A3G
expression in CEM-SS cells is sufficient to render these cells non-permissive to HIV-
1AVif replication. Additionally, inhibition of HIV-1AVif only occurs in the next viral
cycle, indicating that A3G is incorporated into the viral particles. Xu et al. (2007)
determined that approximately 7 (+/-4) molecules of A3G are incorporated into AVif
viral particles produced from peripheral blood mononuclear cells (PBMCs) and
showed that a few A3G molecules are necessary to inhibit HIV-1 replication. The
identification of A3G as the restriction factor was soon followed by the
characterization of A3F, which is also a potent retroviral inhibitor counteracted by Vif.

A3F can perform its activity independently of A3G, is expressed in many human
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tissues alongside with A3G and shows a partial resistance to Vif (Liddament et al.,
2004; Wiegand et al., 2004; Zheng et al., 2004). However, A3G restricts HIV-1 to a
greater extent than A3F and A3DE (Chaipan et al., 2013).

Concerning the other members of the A3 family, A3A restricts some endogenous
retroelements and another DNA virus, but not HIV-1, due to its incapacity to
associate with the HIV-1 PIC (Goila-Gaur et al., 2007; Zheng et al., 2012). However,
recent studies showed that A3A has an anti-HIV-1 activity associated with a specific
A3A protein variant. Indeed, deaminase activity in PBMCs or isolated primary
monocyte-derived cells correlated with a variant whose translation initiated with
methionine at residue 13 instead of residue 1 after treatment with IFN-a or IFN-a-
inducing TLR ligands (Thielen et al., 2010). Furthermore, Berger et al (2011) showed
that A3A counteracts HIV-1 replication during reverse transcription and inhibits the
spread of replication-competent R5-tropic HIV-1, specifically in differentiated THP-1

cells, primary macrophages and DCs.

Several studies showed that A3B is also able to counteract HIV-1 replication even in
the presence of HIV-1 Vif protein. A3B differs from A3G and A3F in that it is
incapable to bind Vif protein and is therefore packaged into viral particles regardless
the presence of Vif (Bogerd et al., 2007; Doehle et al., 2005). A3B inhibits HIV-1 in a
cell type-dependent manner. A3B counteracts HIV-1 in commonly used cell lines
(HEK293 and Hela cells) but not in T cell lines, such as SupT1 and CEM-SS. It is
currently thought that A3B may require an unknown A3B-interacting partner to
perform its activity in HeLa or HEK293 cell lines. Affinity tag purification mass
spectrometry and heterokaryon fusion experiments have yield a number of possible
candidates for this unknown partner but it remains indeterminate (Hultquist and
Harris, 2013).

Contrary to A3B, A3C possesses a limited cytidine deamination activity in non-
permissive cells. This cause insufficient dG — dA substitutions that allows HIV-1
replication; thus, A3C may therefore contribute to HIV-1 diversity (Bourara et al.,
2007). Indeed, Smith (2011) suggests that A3 members may produce favorable
mutations which generate HIV-1 quasispecies and diversify viral genome. A3DE also
counteracts HIV-1 replication in a Vif-sensitive manner although its activity is
reduced compared with A3G and A3F (Dang et al., 2006). A3H was initially
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characterized to lack antiretroviral activity against HIV-1 due to its low protein
expression (Dang et al., 2008; OhAinle et al., 2006). However, in addition to the
inactive A3H haplotype | (A3H Hapl), several studies showed that other A3H
haplotypes exist and some of them (A3H Hapll, Ill, IV and V) are stably expressed
and can potently restrict HIV-1 (Chaipan et al., 2013; Harari et al., 2009; Ooms et al.,
2013). To summary, A3DE, A3F, and A3G possess the most relevant anti-HIV-1
activity in vivo (Refsland et al., 2012), although only A3G and A3F are considered to

be the main HIV-1 restriction factors.

A3G/F is packaged into the budding virions by an interaction with the N-terminal
domain of the nucleocapsid (NC) of Gag (Alce and Popik, 2004; Zennou et al., 2004,
Zheng et al., 2012) (Fig. 11). In fact, HIV-1 virus particles deleted for the NC domain
fail to incorporate A3G into the virions (Schéfer et al., 2004). Furthermore, HIV-1
RNA also promotes A3G incorporation into the virions by stabilizing the A3G-NC
interaction (Burnett and Spearman, 2007; Khan et al., 2005). In this mechanism, the
SL1 hairpin structure of the dimerization initiation site located in the 5'-untranslated
region of the HIV-1 RNA is necessary for A3G incorporation (Khan et al., 2005).
Additionally, Wang et al. (2007) showed that polymerase lll-derived 7SL RNA is
involved in A3G packaging. In this mechanism, NC domain of HIV-1 Gag mediates
efficient packaging of 7SL RNA, as well as A3G. Reducing 7SL RNA packaging by
overexpression of a 7SL RNA-binding protein (SRP19) inhibited 7SL RNA and A3G
virion packaging (Wang et al., 2007).

Once packaged into the virion, A3G/F are introduced into the next target cell and
perform their antiviral activity (Henriet et al., 2009). In this process, A3G/F remain
attached to HIV-1 PIC with different affinity (ASF>A3G>A3C) (Burdick et al., 2013)
and execute their cytidine deamination activity during reverse transcription. A3G/F
induce a high level of dG — dA mutations (hypermutation) in the (+) DNA. These
mutations reflect the previous dC — dU substitutions introduced by the cytidine
deaminase activity of A3G/F on the (=) DNA during reverse transcription (Liddament
et al., 2004; Zhang et al., 2003) (Fig. 5D and Fig. 11). A3G mutates (-) DNA 5’-CC
— 5’CU and causes (+) DNA 5GG — 5'AG substitutions (Liddament et al., 2004).
A3B, A3DE, A3F, and A3H mutate 5TC — 5TU and cause 5GA — 5 AA mutations.
A3DE mutates (=) DNA 5°CG — 5’UG and produces 5’-GC — AC mutations (Zheng
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et al., 2012). In vitro experiments determined that the (-) DNA, in its single-strand
conformation, is the preferential substrate of A3G (10% of cytidines are mutated)
rather than double-stranded DNA or RNA/DNA hybrids (Harris et al., 2003; Yu et al.,
2004).

Recently, Holtz et al. (2013), using in vitro FRET-based oligonucleotide assays
(fluorescence resonance energy transfer), have shown that the A3G deamination
sites are governed by the sequence context surrounding the CC dinucleotide as well
as the secondary structure of the ssDNA. A3G activity is enhanced when an A, C or
T are present on either side of the CC, but G bases around this dinucleotide limit
A3G activity. These results are supported by the fact that HIV-1 sequences
recovered from infected individuals showed A3G deamination activity on 40% of 5'-
CCCC-3’ sequences, 21% of 5-ACCA-3’ sequences, 11% of 5’-TCCT-3" sequences
and 0% of 5’-GCCG-3’ (Jern et al., 2009). Concerning the structure of the ssDNA,
A3G has a lower deamination activity for the CC positioned in ssDNA stem
structures or the CC located in three base loops (Holtz et al., 2013). Moreover, the
minimal ssDNA substrate length for A3G activity was recently determined to be a
pentanucleotide containing the 5’-CCC motif located in the center of this molecule
(Solomon et al., 2013).

It was initially proposed that the introduction of dC — dU mutations in the (—) DNA
may activate uracil-DNA glycosylases (UDGs). These UDGs can recognize the U-
containing (=) DNA generating a basic AP (apurinic/apyrimidinic) site leading to (-)
DNA degradation by specific AP-endonucleases (Harris et al., 2003). However, this
pathway is now considered improbable (Gillick et al., 2013), principally because
decrease in viral cDNA is still observed in the absence of cellular UDGs (UNG2 and
SMUG1) (Langlois and Neuberger, 2008). Despite that, dG — dA substitutions in the
viral genome might lead to non-functional viral proteins or cause an integration
defect of the viral genome (Franca et al., 2006; Harris et al., 2003; Wissing et al.,
2010).
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Figure 11. APOBEC3G/F impairs HIV-1AVif replication. A3G/F are incorporated into the
viral particles and in the next viral cycle, A3G/F convert cytidines to uridines in the (-) DNA
generating further integration defect or non-functional proteins production.

3.4.1.3 HIV-1 restriction by APOBEC3G/3F deamination-independent activity

Despite the fact that the antiviral activity of A3 family members is clearly associated
to their cytidine deaminase activity (Harris and Liddament, 2004; Harris et al., 2003;
Zheng et al., 2012), several studies showed that ASG/F also have an antiviral effect
independently of their cytidine enzymatic activity. Shindo et al (2003) reported that
the enzymatic activity of A3G is essential but not the only determinant of its antiviral
activity. Indeed, the expression of the catalytically inactive domain alone (N-terminal
domain) is sufficient to counteract HIV-1 replication (Li et al., 2004). Additionally,
A3G mutants disrupted from their catalytically active domain are still capable of
impairing HIV-1 infectivity and they can reduce the amount of HIV-1 cDNA generated
in next viral cycle (Newman et al., 2005; Shindo et al., 2003). Similarly, it has been
shown that A3G is also able to inhibit hepatitis B virus by a deamination-independent

mechanism (Turelli et al., 2004).

Based on these observations, several studies have shown that A3G inhibits different

steps of the reverse transcription process explaining how this deaminase-
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independent activity decreases the level of viral cDNA (Bishop et al., 2006; Guo et
al., 2006; Holmes et al., 2007; Li et al., 2004; Luo et al., 2007; Mangeat et al., 2003;
Mbisa et al., 2007; Yang et al., 2007). Table 2 summarizes the effects of A3G/F ex
vivo on the different reverse transcription steps of HIV-1AVif or HIV-1-derived clones
(Henriet et al., 2009). Recently, Fehrholz et al (2012) have shown that A3G can also
inhibit (=) RNA viruses such as measles (MV), mumps (MuV) and human respiratory
syncytial virus (HRSV) independently of its deamination activity. Further studies
showed that A3G can physically interact with the HIV-1 RT independently of the
presence of other viral proteins or the genomic RNA. Additionally, residues 65 to 132
in the N-terminal domain of A3G are necessary for this interaction (Wang et al.,
2012a).

Almost all of the previous studies cited in this section have been performed ex vivo
using transfected cell lines, raising the possibility that A3G/F deamination-
independent activity is an artifact of A3SG/F overexpression and does not reflect the
physiological microenvironment of HIV-1 target cells (Browne et al., 2009; Miyagi et
al., 2007). However, Gillick et al (2013) have determined that both cytidine
deamination and reverse transcription inhibition contribute to the antiviral effect of A3
proteins on HIV-1 virions from infected primary human CD4" T cell. Additionally,
MacMillan et al (2013) showed that ASG/F deamination-independent activity occurs
in vivo in mouse mammary tumor virus (MMTV)-infected mice. In this study, A3G is

able to restrict MMTYV reverse transcription independently to its deaminase activity.

Apart from the reverse transcription, Luo et al (2007) was the first to demonstrate
that ASG/F also prevents viral DNA integration. Interestingly, wild-type A3G and A3F
are able to interact with the PIC, especially with the integrase. This interaction
negatively impairs the integration efficiency by 5- to 50-fold of HIV-1Avif (Luo et al.,
2007; Mbisa et al., 2007, 2010). Indeed, A3G generates 6 base pairs (bp) extension
at the viral U5 end of the 3’ LTR causing the formation of aberrant 3’LTR.
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Table 2. A3G/F effects on reverse transcription and integration ex vivo (Adapted from Henriet et al.,

2009)
Fold change (reduction of products)
A3G wt A3G A3F wt A3F Reference
Reverse deaminase- deaminase-
transcription steps minus minus
tRNALys-3 2 (MT2, H9 or 1.5 (SupT1) (Guo etal., 2006)
annealing 293T)
2 (SupT1 1.4 (SupT1) (Yangetal., 2007)
and 293T)
-ssDNA synthesis ~ >10 (SupT1) 2(SupT1)  5(SupT1) 5 (SupT1) (2';‘;':)‘65 otal.
(Bishop et al.,
>20 (SupT1) 4 (SupT1) 2008)
2 (SupT1) (Guo et al., 2006)
2 (SupT1) (Yang et al., 2007)
2 (SupT1) (Li etal., 2007)
1.7 (HelLa) 1.7 (HelLa) 2 (HelLa) (Luo et al., 2007)
First-strand
3 (SupT1) 3 (SupT1) (Li et al., 2007)
transfer
1.15 (293T) (Mbisa et al., 2007)
-ssDNA synthesis 20 (SupT1) 1.4 (SupT1) (Guo et al., 2006)
20 (SupT1) (Yang et al., 2007)
20 (SupT1) (Li et al., 2007)
3 (HelLa) 3 (HelLa) 5 (HelLa) (Luo et al., 2007)
Second-strand >10
10 (SupT1) 10 (SupT1) 10 (SupT1) (Lietal, 2007)
transfer (SupT1)
2-3 (293T) (Mbisa et al., 2007)
Proviral DNA
5-10 (293T) (Mbisa et al., 2007)
synthesis
3 (HeLa) (Mangeat et al.,
2003)
No effect
Integration 5 (293T) (Mbisa et al., 2007
(293T)
3 (HelLa) 3 (HelLa) >10 (HeLa) (Luo et al., 2007)
7 (HOS) (Mariani et al.,
2003)
7.2 3.4 (Mbisa et al., 2010)

27



This aberrant structure causes ineffective +ssDNA transfer (Fig. 5E) and inefficient
integration. In this mechanism, A3G deaminase activity is essential to generate the
6-bp extension. In contrast, A3F is not able to generate a 6-bp extension but impairs
integration more efficiently than A3G by reducing the 3' processing of viral DNA at
both the U5 and U3 ends (Mbisa et al., 2010).

Despite the fact that almost all studies cited above were carried out with wild-type
A3G or A3F, there is evidence that A3G/F mutants can impair the integration of HIV-
1Avif in a deamination-independent mechanism. In the same studied performed by
Luo et al (2007), it was also reported that A3G C291S, an A3G mutant previously
described as inactive for deamination activity (Newman et al., 2005), can also inhibit
HIV-1Avif integration. This mutant is also capable of interacting with the integrase
present in HIV-1Avif clones. This interaction may abrogate the structural
conformation of the PIC preventing nuclear import and integration of viral DNA.
Additionally, Mbisa et al (2010) also shown that the mechanism by which A3F
impairs HIV-1Avif integration (described above) is partially dependent on A3F

cytidine deaminase activity.
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3.4.1.4. HIV-1 Vif: general characteristics and biological functions

Vif function in the infected cell

Vif is encoded for by all lentiviruses except for the Equine Infectious Anemia Virus. In
HIV-1, the gene product is a 23 kDa basic protein that is produced in a Rev-
dependent manner (Mandal et al., 2009) during the late phase of the replication
cycle. This protein has been named Vif because its deletion has been associated
with a reduction or a complete loss of viral infectivity (100 to 1,000 fold) (Strebel et
al., 1987). Interestingly, this phenotype is cell-type specific since Vif was shown to be
required in cells termed non-permissive such as lymphocytes, PBMC, or
macrophages (Borman et al., 1995; Courcoul et al., 1995; Fan and Peden, 1992;
Gabuzda et al.,, 1992; Sova and Volsky, 1993; von Schwedler et al., 1993). By
contrast, production of infectious particles does not require a functional Vif in
permissive cell lines such as non-hematopoietic cells (HeLa, 293T, Cos7) and some
leukemic T-cells (Jurkat, SupT1, C8166) (Gabuzda et al., 1992; Sakai et al., 1993).
The observation that some, but not all cell lines require Vif for the production of
infectious virus, could be explained by the fact that either permissive cells express a
positive factor that substitutes for the absence of Vif, or else non-permissive cells
express a negative factor that is counteracted by Vif. The fusion of these two cell
types, giving rise to heterokaryons, exhibited a non-permissive phenotype indicating
the presence of an intrinsic antiviral factor in non-permissive cells (Madani and
Kabat, 1998; Simon et al., 1998). By using subtractive cDNA cloning analyses
(permissive versus non-permissive cells), Sheehy and collaborators identified the
cellular factor APOBEC3G, or A3G (Sheehy et al.,, 2002). When expressed in
permissive cells, this factor renders these cells non-permissive for the replication of
HIV-1Avif viruses (by reducing their infectivity) and northern blot analysis showed
that ASG mRNAs were exclusively expressed in non-permissive cells (Sheehy et al.,
2002). Altogether, these results showed that A3G is necessary and sufficient to

confer the non-permissive phenotype to cells targeted by HIV-1.
Vif-mediated neutralization of APOBEC3G

The different mechanisms used by Vif to prevent the antiviral activity of A3G/3F have
been extensively studied (Conticello et al., 2003; Liu et al., 2005; Marin et al., 2003;

29



Mehle et al., 2004b; Sheehy et al., 2003; Stopak et al., 2003; Yu et al., 2003). The
main mechanisms are briefly reviewed here (Fig. 12A), and readers can consult
recent reviews for more detailed explanations (Albin and Harris, 2010; Henriet et al.,
2009; Smith et al., 2009). Firstly, the inhibition of A3G packaging by Vif is associated
with a strong reduction of its intracellular level, which has been attributed to the poly-
ubiquitination and proteasomal degradation of A3G/3F by Vif (Conticello et al., 2003;
Liu et al., 2005; Marin et al., 2003; Mehle et al., 2004b; Sheehy et al., 2003; Stopak
et al., 2003; Yu et al., 2003). Indeed, Vif is able to bind A3G/3F through various
domains (Fig. 13C), and to recruit an E3 ubiquitin ligase complex composed of
Elongin B, C, Cullin 5, and Rbx2 leading to the poly-ubiquitination and degradation of
A3G/3F (Luo et al., 2005; Mehle et al., 2004a; Mehle et al., 2006; Yu et al., 2003)
(Fig. 12A, pathway 2). Very recently, the transcription cofactor CBF- (Core Binding
Factor ) has been shown to be an integral component of this ubiquitin ligase complex
and to be required for Vif-mediated degradation of A3G (Hultquist et al., 2012;
Hultquist et al., 2011b; Jager et al., 2011; Zhang et al., 2011). Besides, Vif has also
been shown to counteract A3G by inhibiting its translation (Fig. 12A, pathway 3)
(Kao et al., 2003; Mariani et al., 2003; Stopak et al., 2003). Yet this process is not
clearly understood, but our last study suggests that a steric hindrance mechanism
may be considered as Vif was shown to specifically bind to the 5’-untranslated region
(UTR) of ASG mRNA, that is required for the translational repression ((Mercenne et
al., 2010) and S. Guerrero, J.-C. Paillart, unpublished results). Lastly, the simplest
way to prevent A3G activity is probably to prevent its packaging into virions (Sheehy
et al., 2003), and indeed reports showed that Vif was able to impede packaging and
counteract the antiviral activity of a degradation-resistant A3G variant (Fig. 12A,
pathway 1) (Mariani et al., 2003; Opi et al., 2007). Interestingly, during virus
assembly, A3G interacts with the nucleocapsid (NC) domain of Pr55%% and the
genomic RNA, while the same partners are involved in the packaging of Vif (Burnett
and Spearman, 2007; Khan et al., 2005; Luo et al., 2004; Schafer et al., 2004;
Svarovskaia et al., 2004; Zennou et al., 2004), suggesting that Vif may prevent A3G

packaging by means of a competition mechanism.
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Figure 12: Schematic representation of the functions of Vif and cellular A3G in the
course of HIV-1 replication. (A) During viral particle assembly, Vif is found in the cytoplasm of
infected cells and is packaged at a low copy number into virions. Vif neutralizes A3G/A3F in virus-
producing cells by different mechanisms. (1) Vif competes with A3G for binding to viral components
like the nucleocapsid domain of Gag and/or the genomic RNA. (2) Vif binding to A3G recruits an E3
ubiquitin ligase that mediates the poly-ubiquitynation of A3G and its degradation. (3) Vif impairs the
translation of A3G mRNA through an mRNA-binding mechanism. Taken together, these three
different actions of Vif on translation, degradation and packaging not only deplete A3G from virus-
producing cells but also prevent A3G from being incorporated in virions. (B) Intracellular Vif may also
influence viral assembly by regulating in a timely fashion genomic RNA dimerization and protease
(PR)-mediated cleavage of the Gag precursor molecules. Due to its chaperone activities, Vif could
facilitate late events such as Gag precursor maturation, RNA dimer maturation and initiation of
reverse transcription during and after viral budding. Finally, Vif might participate in virion morphology
and in reverse transcription after viral entry. The green “plus” and red “minus” signs indicate the
positive and negative effects of Vif, respectively.
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Functions of Vif in virus assembly

Beside its action against the APOBEC3 restriction factors, Vif was found to be
involved in the late steps of virus replication (Fig. 12B). Indeed Vif interacts with the
Pr55°3 polyprotein precursor, that drives virus assembly, and the Pr160¢29F
precursor, possibly allowing its transient association with Gag assembly
intermediates in the cytoplasm (Akari et al., 2004; Bardy et al., 2001; Bouyac et al.,
1997; Lee et al., 1999). Accordingly Vif is able to counteract the effect of a betulinic

acid derivative that inhibits HIV-1 Gag assembly (Dafonseca et al., 2008).

In addition, Vif, as an RNA-binding protein, can bind to the HIV-1 genomic RNA in
vitro (Bernacchi et al., 2007; Henriet et al., 2005) and in infected cells (Dettenhofer et
al., 2000; Zhang et al., 2000). This interaction seems to be required for Vif
packaging, since inhibiting RNA packaging by mutating NC or the Psi packaging
signal led to a complete absence of Vif in virions (Khan et al., 2001). This RNA-
binding ability of Vif seems to be governed by its N-terminal domain (Fig. 13) (Khan
et al., 2001; Zhang et al., 2000).

Vif was also reported to be required for normal virion morphology and optimal core
stability (Borman et al., 1995; Ohagen and Gabuzda, 2000; Sakai et al., 1993). As
this defect has been exclusively observed in Avif virions produced from non-
permissive cells, it is likely a (direct or indirect) consequence of the expression of the
antiretroviral factors A3G/3F in these cells, even though the involvement of another
cellular factor cannot be totally excluded. In fact, it is known that APOBEC3G inhibits
some of the reverse transcription steps that require the RNA chaperone activities of
NC (Guo et al., 2007; lwatani et al., 2007; Yang et al., 2007). These are precisely the
steps that Vif is able to activate (Henriet et al., 2007). As NC is a more potent RNA
chaperone activity than Vif (Henriet et al., 2007), Vif would not be required in the
absence of A3G (i.e. in permissive cells), however, it would be required in restrictive

cells, because NC chaperone activities are inhibited by APOBEC3G in these cells.

Moreover, NC and RT were less stably associated with the viral core in HIV-1Avif
particles (Hoglund et al., 1994), and Pr55% processing by the viral protease (PR)
was altered at the MA-CA and CA-NC junctions (Akari et al., 2004; Bardy et al.,
2001; Kotler et al., 1997). Even though Vif is dispensable for HIV-1 replication in

permissive cells, it appears to be part of the HIV-1 replication machinery during early
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reverse transcription and acts as an helper factor to promote reverse transcription
and viral infectivity (Carr et al., 2008; Carr et al., 2006; Henriet et al., 2007;
Kataropoulou et al., 2009). Indeed, HIV-1 Avif replicated normally in permissive
cells under optimal in vitro replication conditions; however, HIV-1 Avif replication was
impaired at the level of reverse transcription when cells were treated with a
thymidylate synthase inhibitor that altered the cellular ANTP levels, suggesting that

preventing the A3G anti-viral action is not the only biological function of Vif.

Vif functions in virus assembly could be viewed as controversial (Henriet et al., 2009)
because Vif modulates PR activity but does not prevent maturation of newly made
virions. Along this line little Vif is found in cell-free virions (between 10-100
molecules, with a Vif/Gag ratio of 1/47 to 1/89) while it is found in large quantity in
cells (Vif/gag ratio 1:1.1 to 1:1.3) (Fouchier et al., 1996; Simon et al., 1999). One
hypothesis could be that Vif acts as a temporal regulator of Pr55%% assembly and
processing and should thus be considered as a Janus factor with both protein and
RNA chaperone activities (Henriet et al., 2007; Kovacs et al., 2009; Tompa and
Kovacs, 2010) (see below section 5). In accordance with this notion, Vif might
prevent premature Gag processing in the cytoplasm of infected cells, and/or
modulate PR activity, thus inhibiting premature reverse transcription (Akari et al.,
2000; Bardy et al., 2001; Kotler et al., 1997; Mougel et al., 2009). This could be
achieved either by direct transient interactions with PR and Pr55%% or by modulating
Pr55°#-RNA interactions. Thus, a competition mechanism preventing the majority of
Vif from being recruited into viral particles can be envisioned where Vif acts in a

transient manner.
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Figure 13. Vif Sequence, structure and domains. (A) Vif disordered domain prediction
according to Predictor of Naturally Disordered Regions (PONDR®): dark and light purple
boxes correspond to highly disordered domains (PONDR score > 0.5), and slightly
disordered domains (PONDR score between 0 and 0.2), respectively. (B) Vif secondary
structure prediction showing strand in yellow arrows and helices in green was performed
using PsiPred (McGuffin et al., 2000). (C) Schematic representation of Vif functional
domains described in the text together with key residues and the interaction map with A3G,
A3F, A3H, A3C, A3DE, and other Vif partners. (D) Vif multimerization domain, including the
PPLP motif has been enlarged for a detailed description. (E) 3D structure of Vif. Left panel:
structural model of Lv and collaborators (Lv et al., 2007), colored according to Vif functional
domains in C; central panel: structural model (PDB: 1VZF) from Balaji and collaborators
(Balaji et al., 2006); right panel: tridimensional structure of the Vif SOCS box (PDB: 3DCG -
residues Nq40-P1s56 - (Stanley et al., 2008)) with the same orientation as the left model.
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3.4.1.5. Structural organization of Vif

Biochemical properties of Vif

The HIV-1 Vif protein is a small basic protein (pl=10.7) composed of 192 amino acids
(23 kDa) where the N-terminus is enriched in tryptophan residues (Fig. 13C). The
presence of a high number of conserved hydrophobic amino acids (38.5% of Vif,
including 8 tryptophan and 16 leucine residues) might well explain why Vif has a
strong tendency to form aggregates in solution (Fig. 13C). Interestingly, each of
these tryptophan residues has been shown to be important for the binding of either
A3G or A3F (see below and (Tian et al., 2006)). Several amino acids (Tgs, S144, T155,
S165, T1sg) are potential targets for cellular kinases (such as MAPK) and their
phosphorylation seems to play important roles in HIV replication (Yang and
Gabuzda, 1998; Yang et al., 1996). Indeed, mutating Tgs or Sq44 leads to a marked
decrease in virus infectivity. Finally, the L5 residue has been shown to be a
processing site for HIV-1 PR (Khan et al., 2002) since mutating this residue affected

viral infectivity, suggesting that Vif processing is important for function.

Alignment of HIV-1 Vif sequences highlights several conserved domains that
correlate with the predicted secondary structure of Vif (Barraud et al., 2008). At the
N-terminus, amino acids ®RLVITTYW’ and 8SIEW® are important to form p-sheet
structures that are involved in the regulation of Vif expression and in viral infectivity
(Fujita et al., 2003). The last two amino acids, Egg and Wgg of this [I-sheet structure
are also part of a hydrophilic region ®EWRKKR® and are critical for the replication
of HIV-1 in target cells by enhancing the steady-state expression of Vif (Fig. 13B)
(Fujita et al.,, 2003). In the central region, residues 108-139 constitute a non-
consensus HCCH zinc finger motif that binds zinc and Cullin 5 (Mehle et al., 2006;
Xiao et al, 2006). Next to this HCCH motif is the so-called SOCS box
("SLQYLA™) (Fig. 13C) due to high similarities with boxes present in SOCS
(Suppressor Of Cytokine Signaling) proteins. The last highly conserved domain is
the "®'PPLP'®* motif also known as the Vif multimerization domain (Fig. 13C and
13D) (Yang et al., 2003; Yang et al., 2001). Interestingly, this motif belongs to the C-
terminal region of Vif, predicted to be intrinsically disordered (Reingewertz et al.,

2009), while being involved in many important interactions (see below).
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Structured and disordered domains of Vif

Due to its intrinsic properties, characterization of the 3D-structure of Vif is still a
challenging problem and a matter of intense research. In fact Vif has a high tendency
to aggregate in solution, which hampers the production of large amounts of soluble
Vif required for crystallization assays and NMR studies. The 3D-structure of Vif has
been predicted on the basis of model proteins that share similar secondary structure
elements (Fig. 13E) (Balaji et al., 2006; Lv et al., 2007). High secondary structure
similarities were found between both the N- and C-terminal domains of Vif and Narl
and the SOCS Box from the VHL protein, respectively (lwai et al., 1999). These
proteins can also bind to Elongin B and C. Moreover, this model correctly fits with the
secondary structure prediction shown in the alignment (Fig. 13B), contrary to the
model of Balaji and collaborators which predicts only one helix (Fig. 13E). If such
models are helpful to understand Vif protein organization, they unfortunately lack
important Vif sequence information such as the HCCH zinc finger motif, as well as
the long C-terminal region predicted to be disordered (Reingewertz et al., 2010),
which constitutes another limiting factor for the crystallization of the full length Vif

protein.

Yet only a very short fragment of Vif corresponding to the SOCS Box (residues 139
to 179) has been crystallized in a complex with Elongin B and C (Stanley et al.,
2008). The crystal structure of a shorter fragment (residues 140 to 156) has been
solved at 2.4 A resolution (PDB: 3DCG), showing a loop-helix structure that forms a
highly hydrophobic interface allowing binding to Elongin C (Fig. 13E). Interestingly,
the structure of this peptide could fit in the predicted model of Lv and collaborators
(in place of another helix) and could also be included in place of an unstructured
sequence in the model of Balaji and collaborators (Fig. 13E - SOCS box in orange).
Despite the lack of full-length Vif 3D-structure, the function of Vif has been
extensively investigated by mutational and functional domain analyses. As for other
HIV-1 accessory proteins, Vif appears to be a multifunctional protein with several
domains involved in specific and/or overlapping functions, notably the disordered C-

terminus (Tompa and Kovacs, 2010).
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The N-terminal tryptophan rich domain: A3G, genomic RNA and CBF-f

As mentioned above, the N-terminal region of Vif is enriched in hydrophobic amino
acids, notably in tryptophan residues that are conserved. Mutagenesis studies have
shown that these residues are important for binding to either A3F or A3G. Binding to
A3F requires residues W1y, W7g, Q42 and the *DRMR"" motif (Fig. 13C) (Russell and
Pathak, 2007; Schrofelbauer et al., 2006; Tian et al., 2006). Interestingly, binding to
A3G involves other residues, namely Ws, W1, W3s, Wag, lg, Koz, Es5, Nag and the
UYRHHY* and ®VSIEW?®® motifs that are the key residues for A3G binding (Fig.
13C) (Mehle et al., 2007; Russell and Pathak, 2007; Santa-Marta et al., 2005; Simon
et al., 2005; Wichroski et al., 2005). Other domains have been described to be
important for A3G binding, especially the PPLP moitif in the C-terminal domain (Fig.
13C). Such discontinuous interacting sites suggest that the correct folding of Vif is
crucial to generate the binding platform allowing interaction with APOBECS proteins.
More recently, Vif residues important for interaction with A3H, A3C and A3DE have
also been identified in the N-terminal region (Binka et al., 2012; Pery et al., 2009;
Zhang et al., 2008; Zhen et al., 2010)

The N-terminal region of Vif and more precisely the first 64 amino acids are also
involved in genomic RNA binding both in vitro (Bernacchi et al., 2007; Henriet et al.,
2005) and in infected cells (Dettenhofer et al., 2000; Zhang et al., 2000). Deletion
analysis underlined the importance of amino acids 75-114 for the binding of Vif to
RNA in infected cells (Khan et al., 2001). CBF-p (Core Binding Factor ), a partner of
Vif involved in the E3 ubiquitin ligase recruitment, has recently been identified and
the interaction domain mapped to the N-terminal domain of Vif, with an important
role for Wy1 and W3g (Hultquist et al., 2011a; Jager et al., 2011; Zhang et al., 2011).
Finally, Vif binds to the viral PR through residues 78-98 (Baraz et al., 2002) and to
the cellular MDM2 E3-ligase involved in its degradation by the proteasome (Izumi et
al., 2009).

The HCCH central zinc finger domain

One of the major functions of Vif is to recruit an E3 ubiquitin ligase in order to target
A3G for proteasomal degradation. The E3 ligase recruited by Vif is composed of
Elongin B, Elongin C, CBF-B, Cullin 5, and Rbx2 proteins (Yu et al., 2003). The
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Cullin 5 binding domain (Yu et al., 2004b) involves residues Cq14 and Cy33 of the
conserved HCCH zinc finger motif (Xiao et al., 2007) of the form H'%-(X)5-C""*-(X)1s-
C'™¥B.(X)s-H™® | that is different from a conventional zinc finger. In fact its primary
structure is not found in other classes of zinc binding proteins and thus can be
considered to be Vif specific. This motif represents a bona fide zinc finger (Mehle et
al., 2006; Xiao et al., 2007), where each zinc'coordinating residue has been shown
to be important for the binding of Cullin 5. Changing sequences and spacing
between HCCH residues affected the binding to Cullin 5, viral infectivity, and A3G
degradation (Mehle et al., 2006). Interestingly, the conformation of both the HCCH
motif and the whole Vif protein is altered upon zinc binding (Paul et al., 2006).
Moreover, the aggregation of Vif is favored by zinc, but in a reversible manner (Paul
et al., 2006).

The SOCS box: Elongin C binding domain

This highly conserved sequence is composed of residues *SLQ-(Y/F)-LA™® and
alanine substitution in the SLQ motif leads to important defects in virus infectivity
(Schmitt et al., 2009). This region promotes the interaction with the heterodimer
Elongin C/Elongin B (Yu et al., 2004b) and is therefore important for the recruitment
of the E3 ubiquitin ligase that targets A3G for degradation. This interaction occurs via
a hydrophobic platform on both proteins (Wolfe et al., 2010), requiring the SLQ
residues and the last Aq49 of the motif (Yu et al., 2004b) together with a-helix 4 of
Elongin C (Stanley et al., 2008). Very recently, it has been shown that interactions
between Vif and Elongin C/B also involve downstream elements such as the Cullin 5
box and the "'PPLP'®* motif (see below and (Bergeron et al., 2010; Wolfe et al.,

2010))
The intrinsically disordered C-terminal domain

The C-terminal region of Vif is intrinsically disordered (Fig 13A) and starts with a
putative Cullin 5 box (residues 159-173), that is able to recruit Cullin 5 (Stanley et al.,
2008) but with a lower efficiency compared to the HCCH zinc finger domain (Wolfe et
al., 2010). This region encompasses the '®'PPLP'™ motif involved in Vif
multimerization (Fig. 13D) (Yang et al., 2003; Yang et al., 2001). This PPLP motif is

also involved in the interaction with various partners such as A3G (Donahue et al.,
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2008; Miller et al., 2007), Elongin B/Cullin 5 (Bergeron et al., 2010; Wolfe et al.,
2010), HIV-1 RT (Kataropoulou et al., 2009) and the cellular kinase Hck (Douaisi et
al., 2005; Hassaine et al., 2001). Finally, the last 25 residues are important for Vif
interaction with Pr55%2 (Bouyac et al., 1997; Simon et al., 1999; Syed and McCrae,
2009), cytoplasmic membranes (Goncalves et al., 1995) and RT (Kataropoulou et
al., 2009).

The disordered nature of the C-terminal region (see Fig. 13A) is in line with
secondary structure prediction models (Reingewertz et al., 2010) and the 3D-
structure analysis of Vif where only the first 15 amino acids of the analyzed peptide
(40 residues) have been observed. No electron density was detected for the rest of
the protein, reflecting the intrinsically disordered nature of the C-terminus (Stanley et
al., 2008). Deuterium incorporation assays showed that this small part of Vif folds
upon binding to Elongin C, which is also refolded upon Vif binding (Marcsisin and
Engen, 2010). Such Vif-induced folding has also been observed in our laboratory
upon Vif binding to specific RNA sites such as the Trans-acting Responsive element
(TAR) (see below and (Bernacchi et al., 2011)).

3.4.1.6. Vif multimerization

Vif multimerization was initially detected in vitro by GST pull-down, co-
immunoprecipitation and two hybrid assays (Yang et al., 2001). A deletion
mutagenesis approach allowed to characterize residues 151-164, encompassing the
conserved proline-rich region '®'PPLP'™ as the domain governing Vif
multimerization. The importance of this '®'PPLP'%* motif has been later highlighted
using competitor peptides and deletion/substitution mutants (Bernacchi et al., 2011;
Yang et al.,, 2003). Recently, this motif has been shown to be required for the
assembly of an active E3 ubiquitin ligase complex, as a second binding motif for the
Elongin C/B and Cullin5 (Bergeron et al., 2010; Wolfe et al., 2010).

Importance of the Vif PPLP motif in HIV-1 replication

This motif was found to be important for Vif function and virus infectivity since

mutating this motif resulted in a 2.5-fold reduction of infectivity in non-permissive
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cells (Donahue et al., 2008) and antagonist peptides containing the "*'PPLP'®* motif
drastically diminished virus replication (Miller et al., 2007; Yang et al., 2003). The
reduced virus infectivity could be explained in both cases by the lost of Vif A3G-
degradation function. Indeed, Miller and coworkers (Miller et al., 2007) showed that
the antagonist peptides were associated with an augmented A3G packaging into
viral particles. Donahue and collaborators showed that substituting AALP for PPLP
impaired Vif-induced degradation of A3G, which was mainly due to the reduced
binding of A3G, without affecting the interaction with Elongin C and Cullin 5
(Donahue et al., 2008). Similarly, this substitution favored A3G incorporation into
virions but did not abrogate the translational regulation of A3G mRNA by Vif
(Mercenne et al., 2010). However, the PPLP motif does not seem to be the only one
to be involved in Vif multimerization as a recent study pointed out the involvement of
domains such as the HCCH motif, the BC box and downstream residues (S165 and
V166) in this property of Vif (Techtmann et al., 2012). It is also interesting to notice
that while the PPLP motif is conserved in all HIV-1 isolates, this motif is absent in
HIV-2 and SIV Vif (Barraud et al., 2008) and the C-terminal regions are the most
divergent, beside the fact that both HIV-2/SIV Vif proteins are 25 amino acids longer
than the HIV-1 Vif (Yamamoto et al., 1997). Whereas the HIV-1 Vif C-terminal region
is highly hydrophilic (and seems important for the association with membranes), the
same region of HIV-2 Vif is hydrophobic. Finally, while both Vif proteins have the
same functions and are interchangeable in some cellular conditions (Reddy et al.,
1995), differences in some structural domains (oligomerization domain for instance)
may suggest that the mechanism of action of HIV-1 and HIV-2/SIV Vif proteins may
not be completely identical. Up to now, oligomerization properties of HIV-2/SIV Vif

proteins are unknown.
RNA binding and Vif folding

As mentioned above, the PPLP motif is located in a strategic binding platform for Vif
partners. With respect to the involvement of the PPLP motif in Vif oligomerization, it
is conceivable that the functions of those partners could be linked to the
multimerization state of Vif. We recently report that alanine substitution of the PPLP
motif (Vif-AALA) did not significantly affect the overall secondary structure of Vif, but

affects its oligomerization state (Bernacchi et al., 2011). Nevertheless, Dynamic Light
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Scattering experiments showed that the AALA Vif mutant was still able to form
protein dimers, suggesting that other domains are involved in Vif-Vif interactions, as
mentioned in another study using deuterium exchange assays (Marcsisin and
Engen, 2010). Mutating the PPLP motif also led to a decrease of Vif binding affinity

and specificity for nucleic acids (Bernacchi et al., 2011).

Interestingly, the high affinity binding of wild-type Vif to the TAR element led to the
formation of high molecular mass complexes and was associated with Vif folding
since the proportion of disorder, defined by circular dichroism experiments,
decreased from 40% in absence of RNA to less than 20% in presence of TAR, and
B-sheet structures increased from 40% to 70%. This folding process was not
observed when AALA was substituted for the PPLP motif (Bernacchi et al., 2011).
Altogether, these results showed that both the PPLP motif and RNA binding are
important to induce, at least in part, Vif folding. As mentioned above, the Vif-Elongin
C interacting domain has also been shown to undergo structural rearrangements

upon binding (Marcsisin and Engen, 2010).

These observations strongly suggest that Vif (or at least its C-terminal domain) is
disordered in its free form and can fold upon interactions, thus ensuring multiple
functions (He et al., 2009). These properties are characteristic of proteins with RNA
and/or protein chaperone activities (Tompa and Kovacs, 2010): as a general
mechanism, such protein-protein and protein-RNA interactions induce the folding of
both the chaperone and the target molecules upon binding, forming a functional
complex (Semrad, 2011; Tompa and Csermely, 2004). This has already been
described for several HIV-1 proteins such as the NC protein (Muriaux and Darlix,
2010; Rein, 2010) and more recently proposed for the Tat protein (Xue et al., 2011).

This new potential role of Vif and its impact on HIV-1 replication are described below.

3.4.1.7. RNA chaperone activity of Vif

The three-dimensional structure of cellular and viral RNA molecules is crucial for
function, but RNA molecules tend to adopt non-functional structures due to kinetic
and thermodynamic folding traps (Herschlag, 1995). In order to prevent and resolve
these non-functional conformations, proteins with RNA chaperone activity are
essential during the RNA folding process (Cristofari and Darlix, 2002). An RNA
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chaperone is defined as a partially disordered protein that binds transiently and non-
specifically to RNA molecules, preventing their misfolding in an ATP independent-
manner. Once the RNA has been correctly folded, the protein is no longer needed

and the RNA conformation remains stable (Cristofari and Darlix, 2002).

Proteins with RNA chaperone activity are widespread and are implicated in essential
cellular functions (Rajkowitsch et al., 2007). The list of RNA chaperones is constantly
increasing and a database has been constructed

(http://www.projects.mfpl.ac.at/rnachaperones/index.html) in which RNA chaperones

are classified into families according to their primary function (Rajkowitsch et al.,
2007). Here, we will focus on retrovirus-encoded RNA chaperones, specifically those
encoded by HIV-1.

Nucleocapsid proteins (NCp) from Rous sarcoma virus (RSV) and murine leukaemia
virus (MuLV) were the first retrovirus-encoded RNA chaperones to be described
(Prats et al., 1988). Later, the RNA chaperone activity of HIV-1 NC was documented
using different approaches. In vitro, HIV-1 NC increases hammerhead-ribozyme
cleavage of an RNA substrate (Tsuchihashi et al., 1993), facilitates annealing of
complementary DNA oligonucleotides and promotes strand exchange between
complementary double-stranded and single-stranded DNA oligonucleotides
(Tsuchihashi and Brown, 1994). In cell culture, NCp efficiently increases splicing of a
thymidylate synthase mRNA mutant in a HIV-1 folding trap assay (Clodi et al., 1999).
It has also been reported that in addition to NCp7, Vif and the transcription activator

(Tat) possess RNA chaperone activity (Henriet et al., 2007; Kuciak et al., 2008a).

Next, we will briefly summarize the RNA chaperoning activity of Vif in parallel with
that of NCp7 and Tat, and discuss how this could influence virus assembly and Gag
processing, thus regulating the final stage of virion formation including reverse
transcription by means of a molecular crowding phenomenon where Vif in excess
has a negative impact on NC functions, which is relieved once virions are released

from the cells and matured (Darlix et al., 2011a).
Dimerization of the genomic RNA

During virus assembly, the full-length viral genomic RNA is packaged in the form of a

dimeric RNA (Chen et al., 2009; Housset et al.,, 1993) where the two copies are
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physically linked through a site called the dimer linkage structure (DLS) located close
to their 5’ ends. Dimerization and subsequent packaging of the HIV-1 RNA dimer are
mediated by interactions between the NC domain of Pr55°% and the 5'-end of the
viral genome (Reviewed in (Lu et al., 2011; Paillart et al., 1996; Paillart et al., 2004;
Russell et al., 2004)). The HIV-1 genomic RNA can form two different kinds of
dimers in vitro, termed loose and tight dimers, which are defined by their low or high
thermostability, respectively (Paillart et al., 2004). This dimeric structure is important
for viral infectivity (Shen et al., 2000). It has been shown that NCp promotes the
formation of HIV-1 RNA loose and tight dimers and stabilizes the resulting dimeric
structure (Muriaux et al., 1996). In vitro, Vif alone was also capable of stimulating the
formation of the loose HIV-1 RNA dimer, but not formation of the tight dimer, at least
when using long RNA fragments (600 nt long RNA). Interestingly, Vif also
significantly inhibited NCp-induced tight RNA dimer formation. This inhibition might
temporally prevent premature tight dimer formation in the cytoplasm of infected cells
and thus assembly (Henriet et al., 2007) (Cimarelli and Darlix, 2002)

Initiation of reverse transcription

Reverse transcription is primed by the annealing of the cellular tRNA"“®? onto the
primer binding site (PBS) in the 5’ region of the viral RNA genome. The tRNAM®? s
selectively packaged into virions and used as a primer for reverse transcriptase (RT)
to initiate minus-strand strong stop DNA synthesis ((—) ssDNA) (reviewed in (Isel et
al., 2010)). HIV-1 NCp chaperones the annealing of the tRNA™®? primer onto the
PBS by facilitating structural changes in the tRNAYS3 as well as in the viral RNA
(Barraud et al., 2007; Brule et al., 2002; Hargittai et al., 2004; Isel et al., 1995; Tisne,
2005; Tisne et al., 2004).

Henriet and collaborators showed that Vif can also promote the annealing of
tRNA™S3 to the PBS, which generates a functional tRNAYS3/RNA complex, even
though Vif was less efficient than the NC proteins used in this study (NCp15, NCp9
and NCp7) (Henriet et al., 2007). Interestingly, Vif also significantly inhibited NC-
induced tRNA"®? annealing. This inhibition was observed using a Vif/NC ratio of 1/3,
which is similar to the 1/2 Vif/Pr55%% ratio in the assembly complexes in producing
cells (Fouchier et al., 1996; Simon et al., 1999). However, in HIV-1 virions the Vif/NC
ratio drops down to 1/20 - 1/40 and the inhibitory effect is then relieved. It has thus
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been proposed that Vif might be a temporal regulator, preventing premature initiation
of reverse transcription (Henriet et al., 2007). During virus assembly, the high
concentration of Vif would inhibit NC-mediated tRNA"“®?® annealing through an
interaction with the genomic RNA and the NC domain of Pr55°% (Henriet et al.,
2007). This hypothesis could explain that mutations in NC cause premature reverse
transcription (Didierlaurent et al., 2008; Houzet et al., 2008) since such mutations
could destabilize the interaction between Vif, the genomic RNA and the NC domain
of Pr55°29,

In @ manner similar to NCp7 and Vif (Beltz et al., 2003), Tat can anneal primer
tRNA™®3 onto the PBS of the HIV-1 RNA genome (Kameoka et al., 2002). Similarly
to Vif, Tat might well regulate premature initiation of reverse transcription by
inhibiting the RT activity (Kameoka et al., 2001). This inhibition is observed at high
concentrations of Tat and during the late stages of viral replication (Kameoka et al.,
2001). However, at a low concentration possibly found in viral particles (Chertova et
al., 2006), Tat might be able to promote tRNA™** annealing onto the PBS (Kameoka
et al., 2002) and to stimulate reverse transcription through an interaction with RT
(Apolloni et al., 2007).

Minus-strand DNA transfer

Once the (-) ssDNA has been synthesized by RT, it must be transferred onto the 3'-
end of the viral genome to resume elongation of the (-)-strand DNA. This transfer is
achieved by the annealing of the repeat regions (R) (containing the TAR element) at
the 3’ ends of the (-) ssDNA and the (+) sense viral RNA (Basu et al., 2008). NCp7
chaperones minus-strand DNA transfer by promoting the annealing of the
complementary (+) and (-) TAR sequences and preventing non-specific self-priming
reactions (Driscoll and Hughes, 2000; Guo et al., 1997; Li et al., 1996). Vif is also
able to stimulate (-) ssDNA transfer, although with a reduced efficiency compared to
NC proteins (NCp15, NCp9 and NCp7) (Henriet et al.,, 2007). It was later
demonstrated that Tat can also anneal complementary TAR DNA sequences and to
promote DNA strand displacement (Kuciak et al., 2008a). A recent fluorescence
study shed light on the mechanism of action (Boudier et al., 2010). In the presence
of Tat, the complementary sequences anneal through their stem termini, forming an

intermediate with 12 intermolecular base pairs that is finally converted to an
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extended duplex. This mechanism is similar to that of NCp-induced annealing,
except that Tat only marginally destabilizes the TAR structure and acts at much
lower oligonucleotide fractional saturation (Boudier et al., 2010). In the same study
Tat was also shown to cooperate with NCp in annealing the complementary TAR
sequences. In addition, it was reported that the TAR DNA annealing activity of NCp7
was efficiently inhibited by small 2°0O-methylated oligoribonucleotides (mODN).
These mMODNs are potent inhibitors of the HIV-1 reverse transcription complex
(Grigorov et al., 2011).

Minus-strand DNA elongation

During (-) strand DNA elongation, RT has to resolve secondary structures in the
RNA template causing pausing and eventually premature termination of DNA
synthesis. The nucleic acid chaperone activity of NCp reduces RT pausing by
transiently destabilizing these RNA secondary structures, thus promoting minus-
strand DNA elongation (Ji et al., 1996; Wu et al., 1996). Vif is also capable of
reducing RT pausing and enhancing minus-strand DNA elongation (Henriet et al.,
2007). To support this observation, it was shown that Vif and NCp7 bind to several
secondary structure motifs in the 5-UTR of the genomic RNA (Bernacchi et al.,
2007; Henriet et al., 2005). These results indicate that both NCp and Vif reduce RT
pausing and promote RT processivity (Bampi et al., 2006).

Plus-strand DNA transfer

As (-) strand DNA synthesis proceeds, RT initiates (+) strand DNA synthesis using a
polypurine tract (PPT) as a primer. The resulting short DNA product is known as the
positive strong-stop DNA ((+) ssDNA). In order to complete (+) strand DNA
synthesis, (+) ssDNA must be transferred to the 3’ end of the (-) strand DNA. During
this process, the PBS sequence at the 3’ end of (+) ssDNA anneals to the (-) PBS
sequence at the 3’ end of the (-) strand DNA to form a circular intermediate
(reviewed in (Basu et al., 2008)). These complementary PBS sequences cannot be
annealed unless the primer tRNA is cleaved off from the 5'-end of the (-) strand DNA.
Acting as a nucleic acid chaperone, NCp favors tRNA primer removal and

chaperones PBS annealing (Isel et al., 2010).
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In the next section, we present experimental evidences that extend our knowledge
on the RNA chaperone properties of Vif by analyzing the annealing of DNA
oligonucleotides TAR(-)/TAR(+), the dimerization of HIV-1 RNA fragments and the
enhancement of ribozyme-directed RNA substrate cleavage by Vif, in parallel with
HIV-1 NCp7.

3.4.1.8 HIV-1 Vif-mediated APOBEC3G translation inhibition

Mariani et al. (2003) were the first to observe that Vif inhibits A3G translation and
suggested that this repression may contribute to the reduction of A3G encapsidation.
The authors reported that Vif causes a 4.6 fold reduction in A3G synthesis by pulse-
chase metabolic labeling experiments. To explain this reduction, they suggested that
Vif may bind to the nascent A3G protein and interfere with the finalization of its
synthesis. Thus, Vif-induced A3G degradation by the proteasome does not seem to
be the only mechanism by which Vif reduces A3G encapsidation (Mariani et al.,
2003). This suggests that Vif is able to counteract A3SG by multiple pathways.
Additionally, Kao et al (2003) showed that Vif causes the reduction of cell-associated
A3G by 20-30% compared to an up to 50-fold reduction in virus-associated protein.
This results supports the idea that Vif functions at different levels to reduce the

intracellular levels of A3G preventing its packing.

A3G translational inhibition by Vif was also observed by Kao et al (2003). In this
work, the authors observed that Vif-induced reduction of intracellular A3G is not due
to an effect of Vif on the expression or stability of A3G mRNA, as previously reported
by Sheehy et al. (2002). Instead, kinetic analyses suggested that Vif has an effect on
the rate of A3G protein synthesis. A3G translational inhibition was finally confirmed
by Stopak et al (2003). In this study, an in vitro-coupled transcription/translation
assay was performed to study A3G translational inhibition by Vif. In order to
discriminate between proteasome degradation and translational inhibition pathways,
these experiments were carried out using a potent proteasome inhibitor (epoximicin).
In these conditions only the translational inhibition is observed; thus, Vif was capable

of impairing A3G translation by approximately 30—-40%.

Based on these observations, our team showed that Vif binds to A3G mRNA and
inhibits its translation in vitro (Mercenne et al., 2010). Indeed, filter binding assays

and fluorescence titration curves revealed that Vif tightly binds to A3G mRNA (Kd =

46



120+10 nM). Vif binding affinity is higher for the 3’'UTR than for the 5’UTR, although
this region contained at least one high affinity Vif binding site (Kd = 276 nM).
Similarly, Vif binds with high affinity to 5’-UTR of the genomic HIV-1 RNA (Kd = 45—
55 nM) but very weakly or not to the central and the 3’'UTR of this RNA. Vif does not
interact either with E. coli tRNAs or 5S RNA and 3’-region of Drosophila
melanogaster bicoid mRNA, showing that Vif is not a general RNA binding protein
(Bernacchi et al., 2007; Henriet et al., 2005).

By chemical and enzymatic probing, Mercenne et al. (2010) determined the
secondary structure of the UTRs present in the A3G mRNA and by enzymatic
footprinting they characterized Vif binding sites. In vitro structure probing
experiments showed that the 5’UTR and the 3’UTR folds into three structured
domains separated by two single stranded junctions. Footprinting experiments
revealed 3 to 4 Vif binding sites in the 5’UTR and 3 to 6 Vif binding sites in the 3’UTR
(Fig. 14). Finally, they also demonstrated that Vif is able to inhibit A3G translation by
performing a similar in vitro-coupled transcription/translation assay used by Stopak
et al (2003). In these experiments, Vif caused a 2-fold reduction of A3G translation in

a 5’UTR-dependent manner.

Despite the fact that A3G translational inhibition by Vif is clearly demonstrated,
almost all of the studies cited in this section have been carried out in vitro. Therefore,
it is important to study Vif-mediated A3G translational inhibition ex vivo using
transfected cell lines or HIV-1 target cells, and/or in vivo using MMTV-infected mice.
Moreover, the impact of this repression in HIV-1 virus infectivity remains
undetermined. A3G translational inhibition by Vif is still a poorly understood pathway
and further studies are needed to understand why the 5’UTR region of the A3G

mMRNA is required in this repression.
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Figure 14. Structural model of the untranslated regions of A3G mRNA. Vif binding sites
are colored in yellow and A3G start codon is boxed in blue. Adapted from Mercenne et al.
(2010).
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3.4.1.9 APOBECS3-Vif axis as a therapeutic strategy to block HIV-1 replication

Current antiretroviral strategies are focused on increasing the encapsidation of A3
proteins into the viral particles. If large quantities of A3 proteins are packaged into
the virions, the genomic HIV-1 RNA would not be able to produce a competent
double-stranded viral DNA. Albin and Harris (2010) propose several strategies to
increase A3 encapsidation. For example, A3 proteins can be protected from
degradation by shielding A3 proteins using chemical approaches. On the contrary,
A3 encapsidation can be indirectly enhanced by blocking Vif interaction with either
A3 proteins or with the proteasomal machinery. This can be achieved by using small
molecules to target Vif itself. In this concern, Nathans et al. (2008) identified a small
molecule (RN-18) that inhibits A3-Vif interaction. RN-18 decreases Vif levels and
thus increases A3G/F/C levels when Vif and A3 proteins are present together.
Additionally, Zuo et al. (2012) identified a potent small molecular compound (VEC-5)
that targets Vif interaction with the proteasomal machinery, specifically with the
ElonginC component. Recently, Huang et al. (2013) developed indolizine derivatives
that also inhibit Vif from direct binding to the ElonginC protein. While the
mechanisms by which these inhibitors perform their activity are still unclear, these
compounds demonstrate that A3-Vif axis can be targeted by small molecules.
However, there is still no compound in preclinical or clinical trials that acts on these

interactions.

Despite the fact that the development of small molecules is the most promising field,
progress in anti-HIV-1 gene therapy (Glazkova et al., 2012; Hoxie and June, 2012)
suggest that A3-based strategies could be included in current anti-HIV-1 gene
therapy approaches. In this concern, gene delivery strategies are focused on using
A3 variants resistant to Vif-mediated degradation. Natural A3G D128K mutant (Xu et
al., 2004) found in African green monkeys abrogates Vif binding to A3G and its
subsequent proteasomal degradation. Thus, this variant could be the basis of new

anti-HIV-1 gene therapy strategies.
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3.4.2 TRIM5a
3.4.2.1 General characteristics and biological functions

TRIM5a belongs to the tripartite motif (TRIM) family of proteins. This family is defined
by three domains: an N-terminal RING finger domain, one or two B-box domains,
and a coiled-coil domain (CC). Some TRIM proteins also have a C-terminal
PRYSPRY or a cyclophilin A domain (Fig. 15). These domains can be functionally
divided into three activities: 1) an E3 ubiquitin ligase activity mediated by the N-
terminal RING domain; 2) self-association activity (dimerization or high-order
oligomerization) mediated by the BBox2 and CC domains and 3) a retrovirus-capsid
recognition activity mediated by the C-terminal PRYSPRY or by the CypA domain
(Grutter and Luban, 2012; Lukic and Campbell, 2012).

TRIM proteins are involved in many cellular processes, including cell signaling, cell
proliferation, apoptosis and immune modulation. Among these proteins, only a few
exhibit anti-retroviral properties such as TRIM11, TRIM15, and TRIM31 (Uchil et al.,
2008), TRIM1 (Yap et al., 2004), TRIM28 (Allouch et al., 2011), and TRIM22
(Kajaste-Rudnitski et al., 2011). Among TRIM family members that blocks HIV-1
replication, TRIM5a is considered a model to study the anti-HIV-1 activity of TRIM

proteins.

TRIMSa is an ISG (Sakuma et al., 2007) that interacts with HIV-1 capsid and blocks
its replication soon after the virus enters into the cytoplasm of the target cell (Luban,
2012). Stremlau et al (2004) were the first to identified rhesus macaque TRIM5a
(rhTRIM5a) by screening cDNA libraries from non-human primates cells (macaque
and owl monkey). Non-human primates cells were used because early studies
showed that HIV-1 infection is strongly impaired in these cells. Thus, rhTRIM5a was
identified as the major element for this HIV-1 restriction phenotype present in these

cells.
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Figure 15. TRIM5a protein. A) Schematic representation of the TRIM5a protein domains.
B) Ribbon representation of the TRIM5a PRYSPRY domain (PDB B30.2). The light green
oval indicates the putative hydrophobic binding pocket and the variable loops are indicated
in red. C) Schematic model of an HIV-1 capsid fullerene cone showing a putative recognition
mode of capsid by TRIM5a. Adapted from Ganser-Pornillos et al. (2011) and Gritter and
Luban (2012).

Stremlau et al (2004) also showed that rhTRIM5a potently inhibits HIV-1 infection,
while the human TRIMSa (huTRIM5a) weakly inhibits HIV-1 replication but is able to
restrict Equine Infectious Anemia Virus (EIAV) or N-tropic Murine leukemia viruses
(MLV). These observations indicate that the anti-retroviral capacity occurs in a
species-specific manner. The elements that governs substrate selection for a given
TRIMSa are found mostly in the C-terminal PRYSPRY domain. In fact, the difference
in the anti-retroviral specificity between huTRIMS5a and rhTRIMS5a is due to a small
block of residues present in the PRYSPRY domain. In general, TRIM5a proteins
poorly inhibit retroviruses that are found naturally in the same host species, but

strongly restrict retroviruses that are found in other species.

51



Several lentivirus capsids bind to the a chaperone protein, named CypA and protects
HIV-1 from TRIMSa activity (Ganser-Pornillos et al.,, 2011). However, in owl
monkeys, and independently in some macaques, retrotransposition events have
substituted the PRYSPRY domain by the CypA coding region (Brennan et al., 2008;
Sayah et al., 2004). The resulting chimeric protein, called TRIMCyp presents strong

antiviral activity against lentiviruses whose capsids bind CypA (Virgen et al., 2008).

3.4.2.1 Anti-retroviral activity of TRIM5a

The exact mechanism by which TRIM5a counteracts HIV-1 replication is unknown.
Nevertheless, based on the study by Pertel et al (2011), it is clear that TRIMSa has a
dual role in HIV-1 infection. TRIM5a counteracts HIV-1 not only by targeting the

uncoating step (Fig 4, step 3), but also by activating the innate immune response.

TRIM5a and TRIMCyp are able to interact directly with the HIV-1 capsid protein
through the C-terminal PRYSPRY or the CypA domain, respectively. This recognition
should occur within the 15 min of viral entry, at least in the case of TRIMCyp. After
recognition of the capsid, TRIM5a generates a hexameric lattice on the capsid
structure (Fig. 15C). This event accelerates capsid uncoating before completion of
reverse transcription resulting in the inhibition HIV-1 replication (Ganser-Pornillos et
al., 2011; Perez-Caballero et al., 2005). Recently, (Valle-Casuso and Diaz-Griffero
(2013) showed that TRIMSa proteins counteracts retroviral infection after the

formation of late reverse transcripts (LRTSs).

This inhibition requires TRIM5a E3 ubiquitin ligase activity, and probably recruitment
of the proteasome machinery by the interaction with the interferon-inducible protein
p62/sequestosome-1 (O’Connor et al., 2010) or with the proteasome subunit PSMC2
(also known as a RPT1) (Lukic et al.,, 2011) (Fig. 16). These observations may
suggest that TRIMSa induced HIV-1 capsid ubiquitination promoting proteasome
degradation. Nevertheless, TRIM5a-induced HIV-1 capsid degradation by the

proteasome has been never demonstrated.

In addition to this inhibition mechanism, TRIMSa is able to activate the NF-kB
pathway by a similar mechanism used by the TLR (Fig. 16). In this receptor-signaling
route, activated TRIM5a cooperates with UBC13 and UEV1A E2 enzymes to trigger
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the production of unanchored K63-linked ubiquitin chain. This results in the activation
of TGF-activated kinase 1 (TAK1), and TAK1 in turn activates IkB kinase, leading to
the activation of NF-kB (Pertel et al., 2011).

p62/sequestosome-1 ‘ TRIM5a dimer

PSMC2
UBC13 and UEV1A E2

K63-linked ubiqutin

Activation l
of NFkB € TAKT

Figure 16. Schematic representation of HIV-1 inhibition by TRIM5a. Cytoplasmic
TRIM5a probably exists as a dimer. After recognition of the capsid, TRIM5a generates a
hexameric lattice on the capsid structure. This event causes prematurely viral uncoating and
subsequent inhibition of the reverse transcription. TRIM5a recruits p62/sequestosome-1 and
PSMC2 and probably stimulates capsid degradation by the proteasome. TRIM5a is also able
to activate the NF-kB pathway. Adapted from Luban (2012).

3.4.3 Tetherin

Tetherin is an IFN-inducible type Il membrane protein capable of blocking HIV-1
release (Fig 1, step 12). This protein is also named BST-2, CD317, HM1.24 (Van
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Damme et al., 2008; Neil et al., 2008). Tetherin was identified based on the fact that
Vpu accessory protein was necessary for efficient virion release in non-permissive
cells. Indeed, initial reports showed that deletion of Vpu gene causes a 5-10-fold
decrease in virus release from HIV-1 target cells (Strebel et al., 1988). This
phenotype was later observed using electronic electron microscopy (Geraghty et al.,
1994; Jolly, 2011) (Fig. 17). Subsequent studies characterized tetherin as a HIV-1
restriction factor and Vpu as its counter-restriction factor (Van Damme et al., 2008;
Neil et al., 2008).

Figure 17. Tetherin-releated phenotype. Scanning electron micrographs (SEM) of Jurkat T
cells infected with HIV-1AVpu (A) and HIV-1 wild-type (B) after 7 days post-transfection. Left
panel showed infected Jurkat T cells with a 500 nm magnification, while the right panel
showed a higher magnification of 200 nm (Jolly, 2011).

3.4.3.1 Antiviral activity of tetherin

Tetherin is able to restrict several types of virus due to its ability to target the viral
cell-derived lipid bilayer. Thus, tetherin has been shown to block the release of all
retrovirus classes and several other viruses such as Ebola virus (Jouvenet et al.,
2009), Nipah virus (Radoshitzky et al., 2010), vesicular stomatitis virus (Weidner et
al., 2010) and Hepatitis C virus (hepaciviruses) (Pan et al., 2013). This broad
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antiviral activity is accomplished due to the topology of tetherin that allows the
simultaneous association of both the viral and the cellular membranes. Tetherin is
composed of an N-terminal cytoplasmic (CT) domain, a a-helical trans-membrane
(TM) domain, an extracellular (EC) coiled-coil domain and a C-terminal

glycophosphatidylinositol (GPI) anchor (Fig. 18A).

Tetherin blocks the release of HIV-1AVpu virions by tethering them to the plasma
membrane of the infected cell (Neil et al., 2008). Two models are proposed to
explain this mechanism. First, in the “EC self-interaction model”, tetherin monomers
interacting together by its EC domains are anchored at both ends (TM and GPI) to
the viral and cellular membrane (Fig. 18B). Second, in the “membrane-spanning
model” both ends (TM and GPI) of a tetherin dimer are anchored into the opposite
side of the viral and the cellular membrane in a parallel or an anti-parallel
configuration (Fig. 18B) (Zheng et al., 2012).

Both models are supported by the fact that specific cleavage of the GPI domain did
not release nascent virions (Fitzpatrick et al., 2010). However, structural studies
performed by Hinz et al., 2010 showed that the EC domain forms a parallel
homodimer, suggesting that the membrane-spanning model in the parallel
configuration better represents the tetherin restriction mechanism (Zheng et al.,
2012).

3.4.3.2 HIV-1 Vpu counteracts tetherin

Vpu is type | trans-membrane protein of about 14 kDa encoded by HIV-1 and a few
SIV strains. Vpu is composed of a single trans-membrane (TM) a-helix domain and a
small cytoplasmic (CT) domain in which two a-helices are separated by a connector
loop. In this connector two serine residues (positions 52 and 56) are phosphorylated
(Fig. 18A). Other tetherin antagonists include Nef of SIV and ENV protein of HIV-2
and SlVtan (SIV from tantalus monkey) (Fig. 19).

Vpu removes tetherin from the cell surface by two main mechanisms. First, Vpu
mediates tetherin relocalization from the plasma membrane to the trans-Golgi
network (TGN) (Dubé et al., 2010). ENV protein of SIVtan and HIV-2 also promotes
sequestration of the tetherin (Gupta et al., 2009; Hauser et al., 2010) (Fig. 19, step

1). The normal cellular trafficking of tetherin begins in the endoplasmic reticulum
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(ER), continues to the Golgi apparatus, plasma membrane and finishes in recycled
compartment (Fig. 19). Therefore, in this sequestration mechanism Vpu may divert

the trafficking of the tetherin to an intracellular compartment.
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Figure 18. Schematic representation of Tetherin and Vpu protein domains (A) and
mechanisms of tetherin activity showing two hypothetical models: the EC self-interaction
model and the membrane-spanning model (B) (Zheng et al., 2012).

Second, Vpu mediates tetherin degradation by the proteasome (Fig. 19, step 2) by
recruiting B-TrCP2 (B transducing repeat containing protein 2) a component of the
E3 ubiquitin ligase complex. The phosphorylated serine residues (S52 and S56) of
Vpu constitute the binding site for B-TrCP2. Additionally, ubiquitination of non-lysine
residues in the CT domain triggers the ESCRT-dependent lysosomal degradation
pathway (Fig. 19, step 3) (Janvier et al., 2011). It has also been shown that tetherin
serves as a viral sensor to induce NFkB-dependent proinflammatory gene
expression. This seems to be coupled to an aggregation of unreleased virions in the
cell surface, resulting in the TAK1-mediated activation of NFkB and subsequent

cytokine generation (Fig. 19, step 4) (Galao et al., 2012).
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Figure 19. HIV-1 Vpu and SiIVtan/HIV-2 ENV counter-restriction mechanisms. Red
arrows represent the normal cellular trafficking of tetherin. First, Vpu mediates tetherin
relocalization from the plasma membrane to the trans-Golgi network (TGN) (step 1). Second,
Vpu mediates tetherin degradation by the proteasome (step 2). Third, Vpu induces tetherin
degradation by the lysosomal (step 3). Finally, tetherin induce activation of the NFkB
pathway (step 4) (Adapted from Kuhl et al., 2011).

3.4.4 SAMHD1 dNTP Hydrolase

3.4.4.1 General characteristics

Lafuse et al. (1995) were the first to identify SAMHD1 in mouse. In this study, they
isolated two genes (Mg11, Mg21) after treatment of mouse peritoneal macrophages
with IFN-y. Mg21 encodes for a GTPase, while the Mg11 encodes for SAMHD1. Five
years later, (Li et al., 2000b) identified human homologue of Mg21 from dendritic
cells but its functions was still not clear, until it was reported that mutations in this
gene are involved in the Aicardi—Goutiéres syndrome (AGS). AGS is characterized
by elevated INF production that generates an immune-mediated

neurodevelopmental disorder (Rice et al., 2009). This elevated INF production could
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be stimulated by endogenous retroviruses that are not inhibited by SAMHD1 mutants
in myeloid cells (Fig. 21A and B) (Goldstone et al., 2011).

The discovery of SAMHD1 antiretroviral activity dates back to early studies in which
it was observed that myeloid cells (macrophages and dendritic cells) are more
resistant to HIV-1 infection than CD4" T cells (Guyader et al., 1989; Yu et al., 1991).
Further experiments to understand this phenotype showed that the Vpx (viral protein
X) of HIV-2 or SIV, absent in HIV-1, disrupts this resistant phenotype in
macrophages and dendritic cells (Kaushik et al., 2009; Yu et al., 1991). Affinity
purification experiments identified SAMHD1 as a Vpx-interacting protein, and
additionally studies showed that knockdown of SAMHD1 in myeloid cells caused the
loss of the HIV-1 resistant phenotype (Hrecka et al., 2011; Laguette et al., 2011).
Although SAMHD1 was identified in myeloid cells, it is also expressed in lymphoid
cells including T and B cells (Baldauf et al., 2012; Descours et al., 2012). SAMHD1 is
composed of an N-terminal nuclear localization domain, which has a NLS (nuclear
localization sequence) (Brandariz-Nufiez et al., 2012), a sterile alpha motif domain
(SAM) and a C-terminal dNTP phosphohydrolase domain (HD domain). The SAM
and HD domains are also found in several other proteins (Fig. 20). SAM is found in
transcription factors, RNA binding proteins and lipid kinases and serves as a protein-
protein interaction domain (Qiao and Bowie, 2005). HD is found in helicases,
nucleotidyltransferase and dGTPase, suggesting a possible role in nucleic acid

metabolism (Aravind and Koonin, 1998).

3.4.4.2 SAMHD1 antiretroviral activity

SAMHD1 is a dGTP-stimulated deoxynucleoside triphosphates (dNTP) hydrolase
(Berger et al., 2012; Goldstone et al., 2011; Yan et al., 2013). The crystal structure of
SAMHD1 catalytic core, obtained by Goldstone et al. (2011) revealed that the protein
is dimeric and biochemical experiments showed that SAMHD1 activity requires its
dimeric configuration. Contrary to this result, Yan et al. (2013) recently demonstrated
that, in the absence of dGTP, SAMHD1 is found in a non-catalytic monomeric or
dimeric configuration. However, in the presence of dGTP, SAMHD1 forms tetramers

and this configuration seems to be the catalytic active form (Fig. 21).
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Figure 20. Schematic representation of SAMHD1 and Vpx protein domains (Zheng et
al., 2012).

SAMHD1 counteracts HIV-1 replication in monocytes, macrophages, dendritic cells
and resting CD4" T cells by decreasing the cellular dNTP levels (Fig 21C). This
reduction leads to an efficient inhibition of viral cDNA synthesis during reverse
transcription. The activation of SAMHD1 by the IFN due to a HIV-1 infection in
human myeloid cells is still unclear. Berger et al. (2011a) reported that IFN-a induces
SAMHD1 expression in monocytes. On the contrary, St Gelais et al., (2012) have
shown that SAMHD1 expression is not regulated by IFN-a, B or y in monocyte-
derived dendritic cells or primary T lymphocytes. Dragin et al (2013) also showed
that SAMHD1 expression is not upregulated by IFN-a in monocytes and in
monocyte-derived macrophages. Recently, Riess et al (2013) showed that SAMHD1
expression is stimulated by type-1 and 2 IFN in a dose dependent manner in U937

cells (myeloid cells isolated from a histiocytic lymphoma).

3.4.4.3 Vpx protein counteracts SAMHD1

Vpx protein is also a nuclear protein like SAMHD1 and is composed by a C and N-
terminal unstructured domains and three a-helices connected by two flexible loops.
Vpx also possesses two NLS sequences and a SAMHD1-interacting domain (Fig.
20). The Vpx protein of HIV-2 or SIV is able to counteract SAMHD1 by promoting its
degradation by the proteasome (Fig. 21D). Vpx stimulates the formation of an E3

ubiquitin ligase complex composed of DCAF1, DDB1, and CUL4. This complex
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promotes polyubiquitination and subsequent degradation of SAMHD1 (Hrecka et al.,
2011; Laguette et al., 2011). Vpx interacts with DCAF1 through the a-helix 3 region
and recognizes the C-terminal domain of SAMHD1 through its N-terminal

unstructured region (Khamsri et al., 2006).
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\ Endogenous RT
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Figure 21. SAMHD1 activity in different contexts. A) Activation of SAMHD1 dimers by
dGTP results in the formation of the catalytic active form. SAMHD1 tetramers are capable of
catalyzing dNTPs into the composite deoxynucleoside and inorganic triphosphate inhibiting
endogenous retrovirus. B) SAMHD1 mutations generate an inactive catalytic form incapable
of inhibiting endogenous retrovirus causing AGS. C) SAMHD1 restricts HIV-1 infection in
myeloid cells. D) Vpx of HIV-2 or SIV restricts HIV-1 infection. Adapted from Goldstone et al
(2011) and updated from Yan et al (2013).

Vpx is closely related to Vpr, which is only encoded by HIV-1. Vpr also interacts with
DCAF1 and DDB1 but is not able to target SAMHD1 degradation via the
proteasome. Instead, this interaction triggers the host DNA-damage-response (DDR)

pathway to initiate G2 cell cycle arrest (Planelles and Benichou, 2009). Despite the
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fact that HIV-1 Vpr protein cannot degrade SAMHD1, an evolutionary study has
shown that the ancestral Vpr protein had the capacity to neutralize SAMHD1 before
it evolved to the Vpx protein in HIV-2 (Lim et al., 2012) whereas this capacity was

lost in the current Vpr protein from HIV-1.

3.4.5 Other cellular proteins that limit HIV-1 replication

3.4.5.1 Schlafen 11

The Schlafen family

Schlafen 11 (SLF11) is an ISG and belongs to the Schlafen (SLFN) family, a group
of proteins first reported in mouse. The family has been named Schlafen (“to sleep”
in german) because SLFN1 causes a cell cycle arrest (Schwarz et al., 1998). To
date, SLFN genes have been identified in every mammalian genome (except in
Ornithorhynchus anatinus), in Xenopus laevis and in Callorhinchus milii (“elephant
fish”) (Bustos et al., 2009). Initially, SLFN genes (mouse SLFN1, 2, 3, and 4) were
classified as a family of genes implicated in thymocyte maturation (Schwarz et al.,
1998). Further studies have shown that SLFN family is composed of different groups
(Bell et al., 2006; Geserick et al., 2004; Schwarz et al., 1998). Mavrommatis et al.
(2013) classified SLFN family based on the size of the encoded proteins in three
groups: group | (37 to 42 kDa), group Il (58-68 kDa) and group Ill (100-104 kDa).

All SLFN proteins present a putative AAA (ATPases Associated with diverse cellular
Activities) domain in the N-terminal region, which is thought to be involved in
GTP/ATP binding. SLFN members also have a SLFN box, a domain only found in
this family and whose function is still not well understood (Geserick et al., 2004;
Neumann et al., 2008). Groups | and Il also present a SLFN-specific domain, termed
SWADL domain (Ser-Trp-Ala-Asp-Leu) (Geserick et al., 2004; Neumann et al.,
2008). Additionally, group Ill have a C-terminal DNA/RNA helicase-like domain,
which can be involved DNA/RNA metabolism. Interestingly, these DNA/RNA
helicase domains are also found in RIG-1 and MDAS5, suggesting a possible role in

pathogen recognition (Geserick et al., 2004; Schwarz et al., 1998).
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In mice, ten murine SLFN genes have been reported (SLFN1L, 1-5, 8-10 and 14).
Among these, SLFN 1, 2 and 3 have been extensively studied (Berger et al., 2010;
Geserick et al., 2004; Sohn et al., 2007; Walsh et al., 2012). For example, SLFN2
has been shown to be implicated in cell differentiation and growth and in the immune
response. Indeed, a SLFN mutant causes mice to be more susceptible to both viral
and bacterial infections (Berger et al., 2010). Additionally, Sohn et al. (2007) have
shown that the expression of SLFN2 is stimulated by bacterial lipopolysaccharide
(LPS) and CpG-DNA (DNA containing immunostimulatory CpG motifs) by activating
NF-kB and AP-1 pathways in macrophages. In humans, five SLFN genes have been
identified (SLFN5, 11, 12, 13 and 14) (Bustos et al., 2009; Mavrommatis et al.,
2013). Human SLFN proteins are members of the group Ill except for SLFN12 which
lacks the C-terminal DNA/RNA helicase-like domain. Among these, only the
functions of SLFN5 and 11 have been reported (Mavrommatis et al., 2013). SLFN5
has been shown to present negative regulatory effects on anchorage-independent
cell growth of melanoma cells and invasion of malignant melanoma cells in collagen
(Katsoulidis et al., 2010). In this study, SLFNS knockdown in malignant melanoma
cells increases anchorage-independent growth and invasion in three-dimensional
collagen (Katsoulidis et al., 2010) . Recently, SLFN11 has been shown to present an

anti-HIV-1 effect, as discussed below.

Schlafen 11 inhibits HIV-1 protein synthesis

Only one study published in Nature revealed that SLFN11 is able to block HIV-1
protein synthesis in a codon-usage-defined manner (Li et al., 2012a). In this study, Li
et al. (2012a) first tested whether type-1 INFs are capable of inducing SLFN genes in
human fibroblasts. The authors observed that the expression of SLFN5 and SLFN11
is induced by IFN-B in these cells. Second, they showed that HIV-1 virus production
is increased in 293T cells depleted of SLFN11. In the same cell line, HIV-1 could
activate an elevation of tRNA levels but not in 293T cells expressing SLFN11. These
changes in cellular tRNA levels after HIV-1 infection were already reported by van
Weringh et al. (2011). Together with the observation that SLFN11 directly bound
tRNAs, Li et al. (2012a) concluded that SLFN11 affects the synthesis of viral proteins
by limiting the availability of tRNAs.
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Many viruses, including HIV-1, have a codon bias toward an adenosine at the third
position of the codon. This preference leads to an inefficient codon usage compared
to that of the host cells. To test the possibility that SLFN11 exploits this viral codon
bias to specifically counteract HIV-1 protein synthesis, Li et al. (2012a) studied the
effect of SLFN11 on natural green fluorescent protein (GFP) which have a similar
codon preference. In these experiments, they observed that SLFN11 reduces GFP
synthesis but this repression was not observed using a GFP optimized for
mammalian expression. Thus, they finally showed that SLFN11 affects the synthesis
of HIV-1 viral proteins in a codon-usage-based manner. SLFN11 seems to be a
typical HIV-1 restriction factor with two main characteristics: immune induction and
virus restriction (Fig. 8). However, an HIV-1 counter-restriction mechanism has not
been reported yet and no evolutionary study has been performed to determine
positive selection signatures in SLFN11 protein. In addition to its antiviral effect,
SLFN11 sensitizes cancer cells to DNA-damaging agents, such as topoisomerase

inhibitors or alkylating agents (Zoppoli et al., 2012).

3.4.5.2 MOV10

The Moloney Leukemia Virus 10 inactivated gene (MOV10) was first discovered in
mouse and is part of the RNA interference machinery. MOV10 presents a potent
anti-HIV-1 activity when it is ectopically expressed (Burdick et al., 2010; Wang et al.,
2010). MOV10 also impairs SIV (Wang et al., 2010), hepatitis C virus (Schoggins et
al., 2011), and vesicular stomatitis virus (Li et al., 2011). MOV10 decreases the
production of HIV-1 infectious particles in viral producer cells by a mechanism that is
not clearly understood. MOV10 performs its anti-HIV-1 activity, possibly by
decreasing Gag expression and processing (Zheng et al., 2012). MOV10 is also
capable to be packaged into viral particles by a specific interaction with Pr55%,
Thus, during the next viral cycle, MOV10 interferes with the reverse transcription
process (Wang et al., 2010). In fact, MOV10 is packaged within the core, which
facilitates MOV10 interaction with the viral genomic RNA and thereby blocking
reverse transcription (Zheng et al., 2012). Up to now, no viral proteins have been
shown to block MOV10 activity.
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3.4.5.3 MX2

Myxovirus resistance 2 (MX2) is an IFN-induced dynamin-like large GTPase that has
long been recognized as a protein implicated in several cellular functions, such as
cell-cycle progression and nucleo-cytoplasmic transport (King et al., 2004; Melén et
al., 1996). Recently, three independent studies reported that MX2 is an innate
immunity protein that restricts HIV-1 infection (Goujon et al., 2013; Kane et al., 2013;
Liu et al. 2013). MX2 presents two isoforms, a 78 kDa protein that contains a nuclear
localization signal (NSL)-like sequence and a cytoplasmic 76 kDa protein (Melén et
al., 1996). Liu et al. (2013) showed that MX2 impairs the replication of the HIV-1
strain NL4.3 in cell culture. Expression of MX2 blocked HIV-1 replication in CD4+T
cell line while its depletion inhibited the antiviral effect of IFN-a in human astroglioma
cell line. According to this report, MX2 does not block nuclear entry of the viral DNA
but inhibits chromosomal integration. However, Goujon et al. (2013) report that MX2
blocks entry of HIV-1 replication complexes or disturbs their stability. Kane et al.
(2013) also reported that MX2 impairs HIV-1 infection by inhibiting capsid-dependent

nuclear import of sub-viral complexes.

64



4. HIV-1 tricks eukaryotic translation during infection

Eukaryotic translation is a complex process orchestrated by a wide range of
elements, including several protein factors and three classes of RNA (rRNA, tRNA
and mRNA). This process begins in the nucleus by the maturation and nuclear
export of mMRNAs, following by translation initiation, elongation and termination steps.
Immediately after transcription, mMRNAs are maturated to be exported through the
nuclear pores to the cytoplasm. Once in the cytoplasm, translation initiates by the
recruitment of the small ribosomal subunit (40S), which scans along the mRNA until
it finds an initiation codon. At this point, the large ribosomal subunit (60S) is engaged
to decode the mRNA and assembles amino acids to synthesize a protein. The
elongation step is completed when the ribosome reaches a stop codon that triggers
the termination step. Finally, the components of the translational machinery are

recycled for further protein translation.

Eukaryotic translation, in particular at the initiation phase, is an important step for the
regulation of gene expression. It allows the cell to respond to stimuli ipso facto,
activating translation of accumulated mRNAs to produce specific proteins. This is the
case of stress-related proteins or type | interferon proteins during viral infections.
This step is often targeted by viruses to improve their viral fithess and pathogenicity.
Thus, RNA or DNA eukaryotic viruses usurp the host translational machinery
(ribosomes, tRNAs and several associated factors) to produce their own proteins. In
order to assure optimal viral protein synthesis at the expense of cellular proteins,
viruses inhibit host translation and hijack eukaryotic translation components to
facilitate viral protein synthesis. To achieve this, as many other viruses, the human
immunodeficiency viruses type | (HIV-1) has evolved several pathways that target
different steps of the eukaryotic translation process. In this review, we will present all
eukaryotic translation steps in which the HIV-1 proteins are involved in both host

translation inhibition and host translation recruitment to improve viral replication.

65



4.1. Overview of eukaryotic translation

4.1.1 mRNA maturation and nuclear export

In the nucleus, the 5’-ends of nascent mMRNAs are capped with a 7-methylguanosine
(m’G) and subsequently polyadenylated at their 3’-ends immediately after
transcription. The m’G cap is then recognize by the cap-binding complex (CBC),
which is composed by the cap-binding proteins 80 and 20 (CBP80/20) (Izaurralde et
al., 1994). mRNA export effectors (SR proteins; exon-exon junction complex - for
review, see Mauller-McNicoll and Neugebauer, 2013) are then loaded on mature
MmRNA molecules. These adapators molecules allow the recruitment of the
heterodimer NXF1/NXT1 (nuclear RNA export factor 1 — NXF1 and its cofactor
NTF2-related export protein-1 — NXT1) to export the mRNPs from the nucleus to the
cytoplasm through the nuclear pore by interactions with the nucleoporins (Adams
and Wente, 2013; Moore and Proudfoot, 2009) (Fig. 22, step 1 to 2).

4.1.2 Translation initiation

4.1.2.1 Pre-initiation complex assembly and mRNA activation

Once in the cytoplasm, mRNAs undergo a CBC-mediated pioneer round of
translation, which is important for the quality control of the transcript (Maquat et al.,
2010). CBC is then displaced of the m’G and mRNAs are activated by the elF4F
complex (elF4E, elF4G and elF4A) and elF4B (Fig. 22, step 3). First, elF4E interacts
with the m’G allowing the recruitment of elF4A to the 5’-untranslated region (UTR) of
the mRNA (LeFebvre et al., 2006). elF4A, in conjunction with elF4B, is then able to
unwind the mRNA by its helicase activity enhanced by elF4G to generate a single-
stranded binding region for the 43S pre-initiation complex (43S PIC) (Hilbert et al.,
2011; Ozes et al., 2011). Finally, mRNA acquires a “closed-loop” structure,
necessary for an optimal mRNA recruitment into the 43S PIC (Fig. 22, step 6). This
conformation is achieved by a simultaneous binding of PABP (Poly(A)-binding
protein) and elF4E to elF4G (Uchida et al., 2002).

In parallel, ternary complex (TC) formation occurs through the assembly of the
initiator methionyl-tRNA (Met-tRNAM®), the eukaryotic initiation factor 2 (elF2) and a
GTP molecule (Fig. 22, step 4).
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Figure 22. Eukaryotic translation initiation. mMRNA maturation and nuclear export precede
the translation initiation (steps 1 and 2). Once into the cytoplasm, mRNA is activated (step 3)
and 43S pre-initiation complex formation occurs in parallel (step 4 to 5). mRNA recruits the
43S pre-initiation complex and the scanning begins until an initiation codon is detected (step
6). At this point, the 48S initiation complex is formed and the 60S subunit is recruited to
finally accomplish the ribosome 80S initiation complex formation (step 7 to 9).
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During the formation of this complex, the y subunit of elF2 binds to both Met-tRNAM®!
and the GTP molecule, while the a and B elF2 subunits increase the affinity of the
complex for the Met-tRNAM® (Naveau et al., 2010). The TC is then recruited to the
ribosomal subunit 40S to assemble the 43S PIC (Fig. 22, step 5). In this process,
other elFs (elF1, 1A, 3 and 5) are required to promote TC binding to the 40S subunit
(Majumdar et al., 2003). elF1 binds near the entry site (E), while the elF1A binds
near the A site. elF3 presents a similar size as the 40S subunit and interacts with
elF2 to stabilize the binding of the TC within the PIC. elF5 also interacts with elF2 to
promote the proper conformation of the 43S PIC (Yu et al., 2009).

4.1.2.2 Ribosomal scanning of the 5’UTR

Once the mRNA has been loaded, the 43S PIC scans the 5’UTR region until it
recognizes a start codon (AUG) by complementarity with the anticodon Met-tRNA,.
The 43S PIC scanning is composed of two concomitant processes (Fig. 22, step 6).
First, the unwinding process in which the secondary structures of the 5UTR are
unfolded to allow the mRNA to pass through the entry site (E) for a further base-by-
base scanning in the P site. Second, the ribosomal movement process in which the
43S PIC moves along the 5’UTR until it reaches an AUG start codon in a suitable

Kozak context (see below) (Hinnebusch and Lorsch, 2012).

Several factors have been implicated in the ribosomal movement process. Cryo-
electron microscopy observations showed that elF1 and elF1A bind to 40S subunit
and promote an “open”, scanning-competent 43S PIC (Passmore et al., 2007).
Omission of elF1A and elF1 potently reduces 43S PIC scanning in in vitro
experiments, indicating that movement of 43S PIC requires this scanning-competent
conformation (Pestova and Kolupaeva, 2002). Mutations in elF4G affecting its
mMRNA binding capacity or its stability within the elF4F complex also reduce scanning
efficiency (Prévot et al., 2003; Watanabe et al., 2010). Similarly, mutations of the
elF3 RNA recognition motif also affect 43S PIC scanning (Cuchalova et al., 2010).
Additionally, Berthelot et al. (2004) proposed that the 43S PIC may move along the
mRNA transcript by a bidirectional walking mode. Under this mechanism, the 43S

PIC could move forwards but also backwards along the transcript.

In the unwinding process, elF4A RNA helicase activity plays an important role along
with other DEAD-box RNA helicases, including DExH box protein 29 (Dhx29), DEAD
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box helicase 1 (Ded1) and DEAD box protein 3 (Ddx3) (Chuang et al., 1997,
Pisareva et al., 2008; Rogers et al., 2001; Soto-Rifo and Ohlmann, 2013; Tarn and
Chang, 2009). elF4A promotes the 43S PIC attachment to the 5’ end of mRNA and
facilitates the scanning of this complex through structured domains present in the
5’'UTR. To assist this process, elF4G and elF4B enhance elF4A helicase activity
(Rogers et al., 2001). Dhx29 directly binds the 40S subunit and enhances the
scanning efficiency through highly structured 5'UTRs (Pisareva et al., 2008).
Concerning Ded1 and Ddx3, it has been shown that these proteins particularly
stimulate scanning of long and highly structured mRNAs (Chuang et al., 1997; Tarn
and Chang, 2009).

4.1.2.3 Initiation codon recognition and 80S complex formation

In order to prevent incorrect base pairing of the Met-tRNA, to a non-AUG codon and
to promote recognition of the correct start codon, 43S PIC employs a discriminatory
sequence-based mechanism. This permissive sequence (GCC(A/G)CCAUGG)
surrounding the start codon is termed Kozak consensus sequence and is principally
composed of a purine at the -3 and a G at +4 positions (the A of the AUG codon is
designated as +1). A “strong Kozak consensus” is established when either one or
both -3 a +4 position match the Kozak sequence, otherwise is named “weak Kozak
consensus” (Kozak, 1984, 1986; Kozak and Chakraborti, 1996). Recently, Zur and
Tuller (2013) showed that auxiliary signals before and after the mAUG are required
for translation initiation in addition to the Kozak context. These signals include
selection for less AUG codons both upstream and downstream of the mAUG, but
also non-optimal nucleotide contexts near the alternative AUGs upstream and

downstream of the mAUG.

elF1 plays a key role in this initiation codon recognition mechanism (Fig. 22, step 7)
in addition to its function in scanning. elF1, as well as elF1A and the B subunit of
elF2, allow the 43S PIC to discriminate between the correct start codon and non-
AUG start codons or AUGs within a weak Kozak context (Pestova and Kolupaeva,
2002; Ivanov et al., 2010; Martin-Marcos et al., 2011; Pisarev et al., 2006). Pisarev et
al. (2006) also reported that the a-subunit of elF2 interacts with the purine at -3
position and this interaction allows the 43S PIC to recognize the -3 context of the

Kozak sequence.
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Once the AUG start codon has been recognized and the 48S complex formation is
accomplished, elF1 is ejected from the scanning complex (Fig. 22, step 7) (Maag et
al., 2005). This in turn triggers the hydrolysis of elF2-bound GTP and Pi release by
the elF5 GTPase activity. elF5 binds to the B subunit of elF2 and induces the
hydrolysis of the GTP bound to the y-subunit of elF2 (Algire et al., 2005; Das et al.,
2001). These events cause the transition from an “open” to a “closed” conformation
of the scanning complex, which stabilizes the binding of the Met-tRNAi with the AUG
start codon (Nanda et al., 2009). At this point, the remaining factors are dissociated
to allow the joining of the 60S subunit and 80S initiation complex formation (Fig. 22,
step 8). This process is mediated by elF5B, a ribosome-dependent GTPase
homologue to the prokaryotic initiation factor IF2 (Pestova et al., 2000). Thus, elF5B
is able to dissociate elF3, elF4B, elF4F and elF5, and by its GTPase activity elF5B
self-dissociates from the assembled 80S ribosome. This reaction also triggers the
release of elF1A to finally forms an elongation competent 80S ribosome (Fig. 22,
step 9) (Jackson et al., 2010).

4.1.3 Translation elongation and termination

After the AUG start codon has been identified and the formation of the 80S ribosome
has been achieved, translation elongation begins (Jackson et al., 2010). Thus, 80S
ribosome decodes the mRNA sequence and mediates the addition of amino acids to
elongate the growing polypeptide chain. Elongation is accomplished by the
eukaryotic elongation factors eEF1A, eEF1B and eEF2 (Fig. 23) (Groppo and
Richter, 2009; Kapp and Lorsch, 2004). eEF1A-GTP carries each aminoacylated
tRNA to the 80S ribosome A site by codon-anticodon interactions (Fig. 23, step 1).
When a correct interaction occurs, GTP hydrolysis on eEF1A is stimulated and
eEF1A-GDP is released. The guanidine nucleotide exchange activity of the eEF1B
converts then eEF1A-GDP to its active GTP form. After 80S ribosome-catalyzed
peptide bond formation, eEF2 mediates 80S ribosome translocation through the
hydrolysis of GTP (Fig. 23, step 3). In this process, the mRNA and tRNAs are moved

through the ribosome by a dynamic progression.
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Figure 23. Eukaryotic translation elongation. eEF1A-GTP transports each aminoacylated
tRNA to the A site of the 80S ribosome and eEF1A-GDP is re-activated by eEF1B (step 1).
The 80S ribosome-mediated peptide bond formation (step 2) precedes ribosome
translocation by eEF2 (step 3). Finally, the ribosome begins another cycle of peptide
elongation (step 4).

Thus, the deacetylated tRNA is transferred to the 80S ribosome E site, re-positioning
the peptidyl-tRNA in the P site and discharging the A site for the next round of amino
acid incorporation (Fig. 23, step 4) (Aitken and Lorsch, 2012; Hinnebusch and
Lorsch, 2012). Polypeptide elongation continues until a stop codon triggers
translation termination step. This process is mediated by the eukaryotic translation

termination factors eRF1 and eRF3 (Jackson et al., 2012). eRF1 mediates stop
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codon recognition, while eRF3 potently stimulates peptide release. After protein
release, eRF1 remains bound to the post-termination complex (post-TC), and in
conjunction with the ATP-binding cassette protein ABCE1, dissociates the post-TC
into the 60S subunit, and the tRNA- and mRNA- bound 40S subunit (Pisarev et al.,
2010). Dissociation of tRNA is then stimulated by elF3, elF1 and elF1A (Pisarev et
al.,, 2010), Ligatin, or MCT-1/DENR (Skabkin et al., 2010). tRNA release by elF3,
elF1 and elF1A stimulates dissociation of the mRNA from the 40S subunit.
Interestingly, at low concentration of M92+, elF3, elF1 and elF1A are able to mediate
the entire termination process. In this alternative recycling mechanism, elF3 is

responsible for dissociating the post-TC (Pisarev et al., 2007).

4.1.4. Upstream open reading frames (UORF)

In silico and experimental data have demonstrate that about 50% of mammalian
genes encode mRNAs that present at least one short uUORF. uORF have a minimal
length of 9 nucleotides including the stop codon and a median length of 48
nucleotides in human and mouse genes. Using luciferase reporter gene coupled with
different uORF-containing 5’UTR, Calvo et al. (2009) observed that uORFs reduce
protein expression by approximately 30-80%. In this study, a stronger inhibition was
associated with different UORF properties regarding its position and context within
the 5’UTR. These properties include evolutionary conservation, multiple uORFs,
increased distance from the cap and a strong uUAUG Kozak context. No association
was found between the proximity of uORFs with the main AUG (mAUG) (Calvo et al.,
2009).

Using the human single nucleotide polymorphisms (SNP) database (Smigielski et al.,
2000), Calvo et al. (2009) also identified polymorphisms that produce or delete
UORFs in 509 genes, named puORFs. Among these genes, 5 polymorphisms that
create 1 UORF were tested for translational repression of luciferase reporter gene in
comparison with their uUORF-less SNP variants. The presence of the uORF in these
genes reduces protein expression by 30-60%, showing that naturally occurring
uORF-altering polymorphisms may regulate gene expression and alter human

phenotype (Calvo et al., 2009).

Among these 509 genes, no genes implicated in HIV-1 infection were found except
for the HIV-1 co-receptor CCR5 gene (Calvo et al., 2009). This CCR5 puORFs may
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be implicated in HIV-1 susceptibility and AIDS progression, as previously published
by Navratilova, 2006. Additionally, puORFs were also found in TRIM6, 45, 38 and
50, showing the possibility that puORFs may also exist in anti-HIV-1 restriction
factors genes. Thus, these puORFs could be associated to the ability of long-term

non-progressors (LTNP) to control HIV-1 infection.

4.1.5. Ribosomal translation after an uORF

In presence of an uORF in the 5’UTR, ribosomal scanning complex overcomes this
sequence and translate the main ORF (mORF) by ribosomal re-initiation, leaky
scanning or thanks to an IRES (Kozak, 2005). In these mechanisms, the AUG Kozak
context could play an important role. A strong kozak context in uUAUGs may promote
ribosomal re-initiation, while a weak could favor leaky scanning. In humans, the
MAUGS present a strong Kozak context in ~ 95% of cases, while the uAUGs have a
lower value of 63% (Suzuki et al., 2000). This suggests that most uORF-containing
MRNAs uses a leaky scanning mechanism to translate their mORF. Nevertheless, it
was reported that mORF translation of an mRNA containing multiple uORFs is
accomplished by both ribosomal re-initiation and leaky scanning (Wang and
Rothnagel, 2004; Zhou and Song, 2006). For example, gene expression of the beta-
site beta-amyloid precursor protein (APP)-cleaving enzyme 1 (BACE1) mRNA is
regulated by six uAUGs in the 5’UTR. During BACE1 expression, ribosomes pass
through some uAUGs by leaky scanning, translate an uORF initiated at the fourth
uAUG and re-initiate BACE1 translation (Zhou and Song, 2006).

During the scanning of an uORF-containing mMRNA, the 43S PIC may not recognize
the uAUG if its Kozak context is weak. In this case, the 43S PIC continues to scan
the 5’UTR until it reaches an AUG with an optimal Kozak sequence (Kozak, 2005).
This mechanism has been named leaky scanning and can be suppressed by mRNA
secondary structures (Fig. 24). Indeed, Kozak (1990) showed that downstream
secondary structures promotes the recognition of an AUG in a weak Kozak context.
These structures may slow down the scanning of the 43S PIC and increase AUG

recognition.

Concerning the ribosomal re-initiation, this process could be defined as the capacity
of the 40S subunit to regenerate a competent ribosomal complex, which is able to re-

initiates translation at the mAUG after translating an uORF.
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Figure 24. Leaky scanning mechanism. The 43S pre-initiation complex scans the 5’UTR and
passes through the uAUG within a weak Kozak context. The 43S PIC then recognizes the
mMAUG in a strong Kozak context to initiate translation of the mORF.

This mechanism can regulate protein translation in response to environmental
changes (Jackson et al., 2012). In this mechanism, uORF translation termination and
post-termination events probably occurs conventionally with the activity of eRF1 and
eRF3 release factors (Jackson et al., 2012). In this process, post-TC is not
completely dissociated and 40S subunits remain on the mRNA and resume scanning
even if they lack the ternary complex and other initiation factors. In the presence of
elF2, elF3, elF1, elF1A and Met-tRNAIi, Skabkin et al. (2013) showed that 40S

subunits remain on the mRNA, scan bi-directionally, and re-initiate at upstream and
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downstream AUGs if the regions surrounding the uORF stop codon are unstructured.
At this point, new ternary complex and initiation factors are acquired de novo to form
a competent 43S PIC capable of recognizing the mAUG (Fig. 25) (Kozak, 2005;

Munzarova et al., 2011).

It is well established that re-initiation is more efficient when the uORFs sequences
are small and the distance between the uORF stop codon and the mAUG is longer
(Kozak, 2005). This distance increases the time available for reloading the initiation
factors and therefore re-initiation is enhanced (Child et al., 1999; Lincoln et al.,
1998). Re-initiation can also be enhanced by RNA motifs surrounding the uORF
sequence, as it was reported in the GCN4 mRNA in yeast (Szamecz et al., 2008).
elF3 plays a critical role in this mechanism by interacting with these RNA motifs.
Indeed, elF3 interacts with a 5 enhancer region at the mRNA to promote 40S
subunits stabilization on the uORF and subsequent downstream scanning
(Munzarova et al., 2011; Szamecz et al., 2008). Concerning the peptide translated
from an uORF, it was reported that only in rare cases, this small protein has
regulatory effects (Fang et al., 2004; Kozak, 2005; Law et al., 2001). For example,
the fungal arginine attenuator peptide (AAP) functions as nascent peptide within the
ribosome tunnel to block translation in the presence of Arginine (Fang et al., 2004;
Wei et al., 2012).

4.1.6. Translation through an IRES

Most mRNAs employ the scanning cap-dependent mechanism to initiate translation;
although, a few mRNAs use internal ribosome entry sites (IRES). In this mechanism,
the ribosome is attracted close to the mAUG principally by secondary and tertiary
structures, but also by trans-acting factors and 18S rRNA sequence complementarity
(Thompson, 2012; Xue and Barna, 2012).

IRES elements were first discovered in poliovirus RNA. These mRNAs are usually
uncapped and IRESs are required for efficient translation. Later, IRESs were
discovered in cellular mRNAs and it was reported that 10-15% of cellular mRNAs

could be translated by this cap-independent mechanism (Spriggs et al., 2008).
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Figure 25.Translational re-initiation after an uORF. The termination events at the stop
codon of the uORF occur conventionally and the 40S subunit continues scanning. The 40S
subunit acquires new initiation factors to form a competent 43S pre-initiation complex

capable of recognizing the mAUG.

These IRES-dependent mechanisms have been associated with stress-related
genes, such as X-linked inhibitor of apoptosis (XIAP) factor or hypoxia-inducible
factor 1A (HIF1A). IRES-mediated translation of these genes is activated when cap-

dependent translation is reduced by stress conditions (Greijer and van der Wall,
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2004; Holcik and Korneluk, 2000). IRESs are highly structured RNA regions that are
able to directly recruit the 40S ribosomal subunit near or at the AUG start codon.
This process requires a set of cellular proteins to support IRES-dependent
translation, named IRES trans-acting factors (ITAFs), (Balvay et al., 2009;
Thompson, 2012).

Recent evidence suggests that the ribosome per se enhances specific IRES
recognition through its ribosomal proteins. For example, 40S ribosomal protein S25
(RPS25) is required for the IRES-mediated translation of two different IRES
elements from the cricket paralysis virus (CrPV) and the hepatitis C virus (Landry et
al., 2009). Similarly, RPS19 and RPS11 control IRES-dependent translation of two
mRNAs implicated in murine and human erythroblasts differentiation, called cold
shock domain containing protein E1 (CSDE1) and BCL-2 associated athanogene 1
(BAG1), respectively (Horos et al., 2012).

During viral infection, pathogen-associated molecular patterns (PAMPs) activate
signaling cascades that inhibit global protein translation to generate an antiviral
protective state. Moreover, Vpr also influences a global translation inhibition due to
G2/M arrest (see below). In this regulatory mechanism, cap-dependent protein
translation is targeted by post-translational modifications of the mRNA-
ribonucleoprotein complexes that are required for translation initiation. In order to
overcome this global translation down-regulation, many cellular and viral mRNAs

uses IRESs to promote cap-independent translation.

4.2. HIV-1 tricks eukaryotic translation during infection
4.2 1. Hijacking the mRNA nuclear export machinery

Once the HIV-1 viral DNA is part of the host genome, viral mMRNAs are produced as
a variety of alternatively spliced species ensuring the synthesis of all HIV-1 structural
and regulatory proteins. More than 40 different viral mRNAs are produced by
alternative splicing from a single polycistronic pre-mRNA. These spliced mRNAs can
be divided into two classes: multiply spliced (2 kb) and singly spliced (4 kb) RNAs
(Leblanc et al., 2013). The multiply spliced viral mMRNAs are exported from the
nucleus to the cytoplasm by the endogenous NXF1/NXT1-mediated pathway (Fig.
26) (Adams and Wente, 2013; Moore and Proudfoot, 2009).
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Figure 26. HIV-1 mRNA export. Multi-spliced (2 kb) mRNAs are exported by the
endogenous NXF1/NXT1 pathway. Rev and Tat proteins are imported into the nucleus. Tat
enhances viral transcription and Rev promotes nuclear export of full-length unspliced HIV-1
genomic mMRNA and singly spliced (4 kb) mMRNAs. The export of these mMRNAs is mediated
by several cellular factors.
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One of these mMRNAs encodes for the HIV-1 Rev protein which is transported back to
the nucleus to facilitate nuclear export of singly spliced mRNAs and unspliced viral
genomic RNA (Fernandes et al., 2012). HIV-1 Rev protein acts as a linker between
the Rev response element (RRE), located within the env mRNA coding region (Fig.
26), and the host cellular proteins of the CRM1-dependent cargo pathway implicated
in the mRNA nuclear export process (Fernandes et al., 2012). In this mechanism,
Rev recruits the exportin CRM1 (Chromosome Region Maintenance 1) and the
nuclear export factor Ran bound to guanosine triphosphatase (RanGTP). The Rev-
CRM1-RanGTP complex interacts with the nuclear pore complex (NPC) to be
transported through the nuclear pore to the cytoplasm. The hydrolysis of GTP to
GDP allows the dissociation of the complex and the redirection of Rev back into the
nucleus (Fernandes et al., 2012; Purcell and Martin, 1993; Tazi et al., 2010).

The reason why HIV-1 uses an adapter protein that recruit CRM1 to export their
singly spliced and unspliced mRNAs is that eukaryotic cells established a nuclear
mechanism to retain incompletely spliced mRNAs in the nucleus (Cullen, 2003a,
2003b). This process is mediated by a subset of splicing factors named commitment
factors. These factors are then removed by the splicing machinery and mRNAs can
be targeted for nuclear export (Takemura et al., 2011). Thus, HIV-1 had to develop a
sequence-mediated nuclear export mechanism to overcome this endogenous

retention mechanism.

Other cellular proteins have also been implicated in Rev-dependent HIV-1 RNA
export. Among them are elF5 (Ruhl et al., 1993), human Rev-interacting protein
(hRIP) (Fritz et al., 1995), SRC-associated protein in mitosis of 68 kDa (Sam68) (Li
et al., 2002) and several RNA helicases (Fig. 26) (Lorgeoux et al., 2012; Yasuda-
Inoue et al., 2013). elF5 interacts specifically to the HIV-1 Rev activation domain
(Ruhl et al., 1993) and may serve as an adapter between Rev and CRM1 to promote
HIV-1 nuclear export (Hofmann et al., 2001). hRIP interacts with the exportin CRM1
via the nuclear export factor 3 (NXF3) and with the HIV-1 Rev effector domain to
promote HIV-1 RNA release from the perinuclear region to the cytoplasm (Sanchez-
Velar et al., 2004). Sam68 interacts with the HIV-1 Rev protein to regulate the
CRM1-mediated Rev nuclear export pathway. Down-regulation of Sam68 expression
causes the retention of the Rev-CRM1 complex in the nucleus preventing nuclear
export (Li et al., 2002). RNA helicases DDX1, DDX3, DDX5, DDX17, DDX21 and
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DDX56 interact with HIV-1 Rev protein and synergistically improve HIV-1 RNA
nuclear export (Fang et al., 2005; Yasuda-Inoue et al., 2013; Yedavalli et al., 2004).
DDX3 has also been implicated in anti-viral immunity acting as a mediator in viral
nucleic acids recognition. DDX3 binds the CARD-containing adapter mitochondrial
antiviral signaling protein (MAVS) and promotes IFN-B production after the
recognition of viral RNA by the retinoic acid-inducible gene | (RIG-I)-like receptors
(RLRs) (Oshiumi et al., 2010). Since RLRs RIG-I and MDA5 detect HIV-1 RNA and
generate an immune response through the MAVS adapter, it seems that HIV-1
hijacks DDX3 to improve HIV-1 Rev-dependent RNA export and thereby causing a
reduction of IFN-B production (Fullam and Schroder, 2013). Additionally, Kula et al.
(2011) showed that Matrin 3 (MATR3) acts as a cellular cofactor of Rev activity.
MATRS3 interacts with the HIV-1 viral RNA and promotes Rev-mediated nuclear
export of unspliced HIV-1 RNAs. Recently, Kula et al. (2013) identified a novel
cellular protein implicated in HIV-1 RNA export, the polypyrimidine tract-binding
protein-associated splicing factor (PSF). PSF interacts with both the viral mRNA and
MATRS3 to promote viral mMRNA export.

4.2.2. Targeting mRNA activation

In the G2/M phase of the cell cycle, cap-dependent translation is down-regulated by
a series of consecutive events that lead to the disruption of the elF4F complex, and
thereby inhibition of the mRNA activation step (Fig. 22, step 3) (Kronja and Orr-
Weaver, 2011). In this process, elF4F complex formation is interrupted by targeting
the elF4E factor. elF4E is regulated by a family of translational inhibitory proteins,
named the elF4E-binding proteins (4E-BPs). After hypophosphorylation, 4E-BPs
compete with elF4G for the same binding site on elF4E, preventing elF4F complex

assembly (Kronja and Orr-Weaver, 2011; Richter and Sonenberg, 2005).

In HIV-1-infected cell, viral proteins alter cell function by affecting different cellular
pathways. In this concern, HIV-1 viral protein R (Vpr) has been identified as a viral
protein capable of arresting cells in the G2/M phase. Vpr mediates G2/M arrest via a
complex signaling cascade involving activation of the ataxia telangiectasia mutated
and Rad3-related kinase (ATR) (Planelles and Barker, 2010). In Vpr-induced G2/M
arrest, host protein translation is also inhibited by a process involving the regulation

of elF4E activity. Despite the global reduction of host protein synthesis by Vpr-
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induced G2/M arrest, translation of HIV-1 structural proteins is still maintained
(Sharma et al., 2012). RNA-coimmunoprecipitation experiments showed that full-
length unspliced HIV-1 genomic RNA and singly spliced mRNAs are associated with
the CBC in contrast to multi-spliced viral and cellular mRNAs that are associated
with elF4E. Moreover, unspliced and singly spliced viral mRNAs retain their
interaction with CBC during translation and packaging. Based on these observations,
Sharma et al. (2012) hypothesized that unspliced and singly spliced viral mMRNAs are
translated by the ability of the CBC to activate mRNA during translation initiation.
Thus, CBC retention could allow viral protein synthesis while the global protein

translation is inhibited by elF4E reduction.

4.2.3. Overcoming and inhibiting ribosome scanning

During the ribosomal scanning process, the unwinding step of all HIV-1 mRNAs is
obstructed by their highly structured trans-activation response (TAR) RNA element
present in the S’UTR (de Breyne et al., 2013). In order to overcome this constraint,
Soto-Rifo et al. (2012) have shown that RNA helicase DDX3 is required in this
process. DDX3 directly binds to the HIV-1 5’UTR and interacts with elF4G and PABP
to promote translation initiation of the HIV-1 genomic mRNA (Soto-Rifo et al., 2012).
DDX3 mediates pre-initiation complex assembly in an ATP-dependent manner. In
this process, the HIV-1 genomic RNA is located in large cytoplasmic RNA granules
alongside with DDX3, elF4G and PABP but not with CBP20/80 and elF4E (Soto-Rifo
et al., 2013). In vitro experiments revealed that cytoplasmic DDX3 is able to bind the
m’G cap independently of elF4E, showing that DDX3 could promote the formation of
a pre-initiation complex in the absence of elF4E. Thus, DDX3 substitutes elF4E to
stimulate compartmentalized translation initiation of HIV-1 genomic RNA (Soto-Rifo
et al., 2013). As discussed above, DDX3 also interacts with Rev to enhance HIV-1
RNA nuclear export (Yasuda-Inoue et al., 2013). Interestingly, Groom et al. (2009),
using an in vitro transcription/translation assay in rabbit reticulocyte lysates, have
demonstrated that Rev also stimulates translation of HIV-1 mRNAs at low
concentration. This stimulation is dependent on a Rev binding site, in addition to the
RRE, present in the internal loop A of stem-loop 1 of HIV-1 RNA packaging signal
(Greatorex et al., 2002). On the contrary, at high concentration, Rev inhibits mRNA

translation in a non-specific manner. In this process, Rev may bind mRNAs and
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block ribosomal scanning (Groom et al., 2009) by a mechanism that remains to be

elucidated.

4.2.4. HIV-1 IRESs: thriving under cap-dependent translation inhibition

The HIV-1 genomic mRNA presents two IRESs: one in the viral 5’UTR, named HIV-1
IRES (Brasey et al., 2003) and a second within the gag coding region, known as
HIV-1 Gag IRES (Buck et al., 2001) (Fig. 27). The HIV-1 IRES along with the 5 cap
structure mediates translation of the structural proteins Pr55°% and Pr160%%9"°
(Berkhout et al., 2011; Brasey et al., 2003; Gendron et al., 2011). It was
characterized in the proviral wild-type HIV-1 clone (pNL4.3) (Brasey et al., 2003) but
also in the CXCR4 (X4)-tropic primary isolate HIV-LAI (Gendron et al., 2011) and in
viral RNA isolated from clinical samples (Vallejos et al., 2012), showing the
importance of these elements in HIV-1 replication. The minimal IRES activity of the
HIV-1 IRES is harbored within the region spanning nucleotides 104 to 336 (Brasey et
al., 2003). This region also contains several RNA motifs implicated in different
functions of the HIV-1 life cycle (Fig. 27). The HIV-1 IRES has been shown to be
implicated in different cellular states in which cap-dependent translation initiation is
inhibited (de Breyne et al., 2013). Thus, HIV-1 IRES drives viral structural protein
synthesis during the G2/M cell cycle transition (Brasey et al., 2003; Vallejos et al.,
2011), during oxidative stress (Gendron et al., 2011) and HIV-1 protease-mediated
cleavage of elF4G and PABP. Although the molecular mechanism of the HIV-1
IRES-mediated translation remains largely unknown, several cellular proteins have
been reported as cellular factors increasing the HIV-1 IRES activity (de Breyne et al.,
2013). Among them are the heterogeneous nuclear ribonucleoprotein A1 (hnRNP
A1) (Monette et al., 2009) and the Rev-cofactors DDX3, hRIP and elF5 (Liu et al.,
2011). On the contrary, the human embryonic lethal abnormal vision (ELAV)-like
protein (HUR) has been identified as a negative regulator of the HIV-1 IRES activity
(Rivas-Aravena et al., 2009). Additionally, cis-acting elements have also been shown
to negatively modulate HIV-1 IRES activity. Brasey et al (2003) showed that the Gag
ORF impacts the HIV-1 IRES-mediated translation initiation in the context of a bi-
cistronic mMRNA. Gendron et al (2011) identified another region located upstream of
the PBS, the IRES negative element (IRENE) that also negatively regulates the HIV-
1 IRES activity. Recently, Valiente-Echeverria et al. (2013) showed that the
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instability element 1 (INS-1), a cis-acting regulatory element present within the gag
OREF, also inhibits HIV-1 IRES activity.
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Figure 27. HIV-1 IRESs. HIV-1 IRES and HIV-1 Gag IRESs are represented. The 43S pre-
initiation complex can mediate both cap-dependent and IRES-mediated translation initiation.
Adapted from de Breyne et al. (2013).

Furthermore, several HIV-1 IRES ITAFs have been identified from G2/M-arrested
cell extracts (Vallejos et al., 2011), including proteins that have already been
identified to have a role in HIV-1 replication, such as the high mobility group protein
HMG-I/HMG-Y (HMG-I(Y)) (Li et al., 2000a) or the activated RNA polymerase Il

transcriptional co-activator p15 (Holloway et al., 2000).

Concerning the HIV-1 Gag IRES, this element mediates translation of both full length
Gag polyprotein and a N-truncated 40-kDa Gag (p40) isoform lacking the matrix
domain (Buck et al., 2001; Weill et al., 2010). Despite the fact that p40 is much lower
produced than Pr55%%, this protein seems to be important in wild-type replication of
HIV-1 in cultured cells (Buck et al., 2001). Expression of p40 has also been observed
in all HIV-1 clinical isolates from a large cohort of patients (n = 100) (de Breyne et al.,
2013). By analyzing purified 48S complexes paused on the HIV-2 Gag IRES, Locker
et al., (2011) identified the presence of all the canonical initiation factors, with the
exception of elF4E and elF1. The authors also reported that HIV-2 Gag IRES directly
recruits the 40S ribosomal subunit and elF3, suggesting that the HIV-2 Gag IRES-
mediated translation initiation could be mediated by a two-step mechanism. The

initial event is the formation of a ternary elF3/40S/IRES complex, followed by a
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transfer of the ribosome onto the initiation codons mediated by a rearrangement of
the complex stimulated by the canonical initiation factors (Locker et al., 2011).
Additionally, Weill et al. (2010) showed that HIV-2 Gag IRES is capable of recruiting

up to three initiation complexes on a single RNA molecule.

4.2.5. Targeting translation factors

In the course of the HIV-1 viral cycle, viral proteins target different cellular products,
such as translation factors, to improve viral fitness and pathogenicity. By using a
yeast two-hybrid screen assay, Cimarelli and Luban (1999) reported that the HIV-1
Pr55°% binds to eEF1A through its matrix (MA) and nucleocapsid (NC) domains.
The authors demonstrated that this interaction requires RNA and suggested that
tRNA could probably mediate this interaction since both NC and eEF1A have been
shown to bind tRNAs (Khan and Giedroc, 1992; Merrick, 2010). Thus, as cellular
concentration of Pr55%% increases in the cell, Pr55%%9 association with eEF1A-tRNA
complexes may induce translational inhibition. As a consequence of this inhibition,
viral genomic RNA is released from the translation machinery. Subsequently,
Pr55% interaction with the genomic RNA may lead to a further viral translation
inhibition, thus stimulating RNA packaging into virions (Cimarelli and Luban, 1999).
The authors also showed that both eEF1A and a truncated form of eEF1A of 34 to
36 kDa are incorporated into the virions. In addition, eEF1A can also interact with the
cellular cytoskeleton, suggesting a possible role of eEF1A in virion assembly and
budding (Ott et al., 2000). Despite these reports, direct evidence for a role of eEF1A
in RNA packaging, virion assembly or budding remains to be demonstrated (Li et al.,
2013). Similar to Pr55°%, HIV-1 Nef protein also interacts with eEF1A and forms a
Nef/eEF1A/tRNA complex. Thus, Nef mediates a nucleocytoplasmic relocalization of
eEF1A and tRNAs to prevent stress-induced apoptosis in primary human
macrophages (Abbas et al., 2012). Moreover, Warren et al. (2012) have reported
that the HIV-1 reverse transcription complex (RTC) recruits eEF1A and eEF1G to
stimulate late steps of HIV-1 reverse transcription. eEF1A and eEF1G bind to the
HIV-1 RTC through an interaction with the RTC components, reverse transcriptase
(RT) and integrase (IN). This association enhances the stability of the RTC in the
cytoplasm (Warren et al., 2012). Nevertheless, further studies will be needed to
establish whether eEF1A and eEF1G function synergistically with the components of

the RTC or independently during reverse transcription.
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In addition to its principal function during HIV-1 virion maturation, the HIV-1 protease
also impairs cap-dependent protein translation. Ventoso et al. (2001) were the first to
report that HIV-1 protease is able to cleave the initiation factor elF4G ex vivo, using
the HIV-1 target C8166 cells. Further studies demonstrated that HIV-1 protease not
only cleaves elF4G but also PABP in vitro using rabbit reticulocyte lysates (Alvarez
et al., 2006; Castello et al., 2009; Ohlmann et al., 2002). Degradation of elF4G and
PABP leads to an inhibition of the cap- and PABP-dependent translation initiation
(Alvarez et al., 2006; Castell6 et al., 2009; Ohlmann et al., 2002; Ventoso et al.,
2001). Jager et al. (2012) reported that the HIV-1 protease also cleaves elF3d, a
subunit of eukaryotic translation initiation factor 3. This cleavage present a similar
efficiency as the cleavage of the Pr55%%9. This may also promote inhibition of cap-
dependent protein synthesis. However, as discussed above, HIV-1 counteracts this

inhibition by different pathways.

In the early phases of HIV-1 replication, the HIV-1 TAR RNA element activates the
protein kinase RNA-activated (PKR), which mediates host translation inhibition to
generate a protective antiviral state (Clerzius et al., 2011). PKR specifically interacts
with the TAR element, inducing PKR dimerization, auto-phosphorylation and
activation. Activated PKR phosphorylates elF2 to block its recycling for ongoing
translation, resulting in a potent translation inhibition (Sadler and Williams, 2007).
HIV-1 indirectly prevents elF2 phosphorylation by targeting PKR. Indeed, the HIV-1
Tat protein directly interacts with PKR, thus preventing elF2 auto-phosphorylation
which is essential for its function (Clerzius et al., 2011; McMillan et al., 1995).
Moreover, during the late events of the HIV-1 replication, PKR activity is inhibited by
a high concentration of the HIV-1 TAR element. Studies with TAR and other RNAs
showed that high concentration of dsRNA inhibits PKR dimerization and therefore its

activation (Lemaire et al., 2008).
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Il. OBJECTIVES

The HIV-1 Vif protein allows productive infection of non-permissive cells (including
most natural HIV-1 targets cells) by counteracting cellular cytidine deaminases A3G
and A3F and thus preventing their incorporation into viral particles. Vif targets A3G/F
via two principal mechanisms: 1) Vif mediates A3G/F degradation through the
proteasome and 2) Vif induces A3G/F translation inhibition (Henriet et al., 2009). The
Vif-induced degradation of A3G through the proteasome pathway has been
extensively studied, but little is known about the translational repression of A3G
mRNA by Vif.

For many years, the Marquet-Paillart’s research group “Retroviruses and RNA
viruses”, in which | conducted my PhD thesis, explored the molecular aspects of the
Vif-mediated A3G translational inhibition. In this concern, they showed that Vif is able
to inhibit A3G translation in vitro in a 5’UTR-dependent manner (Mercenne et al.,
2010). In vitro A3G translational inhibition by Vif has been previously observed by
other groups (Kao et al., 2003; Mariani et al., 2003; Stopak et al., 2003). However,
the Vif-induced A3G translational inhibition has never been demonstrated ex vivo
and the impact of this repression in HIV-1 virus infectivity remains undetermined.
A3G translational inhibition by Vif is still a poorly understood pathway and further
studies are needed to understand how the 5’UTR of A3G mRNA is required in this

repression.

The general objective of this study is to understand how Vif is capable of inhibiting
A3G translation. Does Vif-induced A3G translation inhibition also occur ex vivo?
What are the ASG mRNA elements implicated in this mechanism? Does Vif-induced
A3G translation repression has an impact in viral infectivity? By which molecular
mechanism does Vif impair A3G translation?

In addition, this thesis analyzes another aspect of Vif protein, aiming to determine

which domain(s) of Vif is (are) implicated in the RNA chaperone activity.
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lll. RESULTS & DISCUSSION

1. Article 1: Inhibition of APOBEC3G translation by Vif restores

HIV-1 infectivity
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ABSTRACT

The HIV-1 viral infectivity factor (Vif) is a small basic protein essential for viral fitness
and pathogenicity. Vif allows productive infection of non-permissive cells (including
most natural HIV-1 targets) by counteracting cellular cytosine deaminases
APOBEC3G (A3G) and A3F by different mechanisms and thus preventing its
incorporation into viral particles. The Vif-induced degradation of A3G through the
proteasome pathway has been extensively studied, but little is known about the
translational repression of A3G mRNA by Vif. After cellular co-transfection of A3G
mRNA constructs mutated in their untranslated regions (UTRs) in presence or
absence of Vif, and in conditions where the proteasome-induced degradation of A3G
was inhibited, we show that the 5’-UTR of A3G mRNA is crucial for the translational
inhibition by Vif. The core binding factor, CBF-$, required to stabilize the Vif/A3G
complex is dispensable for this specific repression. According to our previous
secondary structural model of the 5’-UTR, the two distal stem-loop structures are
sufficient for a complete translational inhibition of A3G. We show that residue K26 of
Vif is critical for A3G neutralization, both for its proteasome-induced degradation and
translation inhibition of its mMRNA. Interestingly, we observe a strict correlation
between the cellular reduction of A3G through translation inhibition and the quantity
of A3G incorporated into viral particles. Both mechanisms account for about 50%
decrease of A3G in cell. Thus, we showed for the first time that A3G mRNA
translational inhibition by Vif is a 5-UTR mRNA-dependent mechanism, and that any
of these two mechanisms, degradation or translation, is sufficient to restore viral
infectivity. Regulating the translation of A3G could thus be considered as a new

target to restore a functional expression of A3G and viral restriction.
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) and related lentiviruses require the
viral accessory protein Vif to neutralize members of the APOBEC3 (Apolipoprotein B
mRNA editing enzyme, catalytic polypeptide-like 3, here referred to as A3) family of
restriction factors and render host cells permissive for productive viral replication
(1,2). Among this family of cytidine deaminases, A3G and A3F have the most
powerful antiretroviral activity and have been shown to block post-entry HIV-1
replication through more than one mechanism (3-7). In the absence of the HIV-1 viral
infectivity factor (Vif), A3G is efficiently incorporated into progeny virions through
interactions with the nucleocapsid domain of Pr55°2 and/or viral and non viral RNAs
(8-12). This packaged A3G has been shown to be the most active on the viral
genome rather than the pool of cytoplasmic A3G in newly infected cell (13). Once a
new infection is initiated, the incorporated A3G will deaminate deoxycytidine to
deoxyuridine in minus strand viral DNA during reverse transcription through its
cytidine deaminase activity, resulting in hypermutation in the viral genome. As a
result, the HIV-1 proviral DNA will be no longer functional or degrade rapidly
(4,6,14,15). Beside, non-enzymatic antiretroviral activity of A3G/3F proteins has also
been implicated in inhibiting the accumulation of HIV-1 reverse transcription
products, and provirus integration (7,16-19). Cytidine deamination and inhibition of
reverse transcription contribute to the antiviral activity of endogenous A3 proteins in
CD4+ T cells (20).

To counteract the antiretroviral activity of A3G, HIV-1 expresses Vif, a small basic
protein, which binds and targets newly synthesized A3G for degradation through
different mechanisms, which leads at the end to reduced A3G incorporation into viral
particles (21). First, it has now be well documented that Vif neutralizes A3 proteins
by recruiting an E3 ubiquitin ligase complex that polyubiquitinates A3 proteins and
targets them for proteasomal degradation ((22) reviewed in (2,21,23)). Vif is
composed of several highly conserved motifs that form discontinuous surfaces, so
that Vif can accommodate with all A3 proteins (N-terminus) and E3 ligase (C-
terminus) (21). Recently, the cellular transcription factor CBF- was identified as a
critical cofactor and found to be associated with the ubiquitin-like
Cul5/Rbx2/ElonginBC (CRL5) complex (24,25). CBF-B induces the stabilization of
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Vif, thus allowing for efficient degradation of A3G and increased viral infectivity (26).
Secondly, it has been proposed that Vif could reduce the intracellular level of A3G by
affecting its translation (27-29) and recent in vitro data highlighted the importance of
the untranslated regions (UTRs) of A3G mRNA in this process (30). Indeed, protein
synthesis is principally regulated at the initiation stage of the translation and analyses
of cellular mRNAs showed that both 5- and 3-UTRs are of importance in
translational initiation, either through the binding of RNA-binding proteins or miRNAs
(31,32). Despite the fact that A3G translation inhibition by Vif seems to clearly occur,
almost all studies have been carried out in vitro or by using unnatural A3G mRNA
lacking UTRs.

In the present study, we examined the translational inhibition of ASG mRNA by Vif.
By using A3G mRNA constructs mutated in their UTRs in conditions where the
proteasome-induced degradation of A3G was inhibited, and thus, only translation
can be observed, we showed that the 5-UTR of A3G mRNA is crucial for the
translational inhibition by Vif, and according to our previous secondary structural
model of the 5’-UTR, the two distal stem-loop structures are sufficient for a complete
translational inhibition. Interestingly, we observe a strict correlation between the
cellular reduction of A3G through translation inhibition and the amount of A3G
incorporated into viral particles, and showed for the first time that this inhibition, in
complement to proteasomal-induced A3G degradation, is sufficient to restore viral
infectivity. Thus, regulating the translation of A3G could thus be considered as a new

target to restore a functional expression of A3G and viral restriction.
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MATERIAL AND METHODS
Plasmids

Plasmids pCMV-hA3G, pCMV-hA3GAUTR, pCMV-hA3GA5UTR and pCMV-
hA3GA3'UTR have been previously described (30). pCMV-hA3G SL1, SL2, SL3,
SL1SL2 and SL2SL3 were generated by Quick-Change Site-directed Mutagenesis
(Agilent Technology) based on the secondary structure model of the 5’-UTR of hA3G
mRNA (30) and deletions were confirmed by DNA sequencing (GATC Biotech,
Germany). For Vif expression, the pcDNA hVif encoding codon-optimized NL4.3 Vif
was used (33). This plasmid and its nucleotide sequence are available through the
NIH AIDS Research and Reference Reagent Program (catalog #10077). Mutations
K26R and H42/H43-N were generated in the pcDNA hVif plasmid by Quick-Change
Site-directed Mutagenesis (Agilent Technology) as recommended by the
manufacturer. The infectious molecular clone pNL4-3 has been previously described
and is also available through the NIH AIDS Research and Reference Reagent
Program (catalog #114). The vif-defective pNL4-3 variant, pNL4-3Avif, carrying a
178-bp out-of-frame deletion in the vif gene, has been previously reported (34). The
dominant negative mutant of the Cul5, Cul5ARbx, was used to block A3G
degradation by the proteasome (22). pNL4.3, pNL4.3Avif, pNL4.3Aenv and
pNL4.3AenvAvif were generously provided by Dr. Klaus Strebel (National Institutes
of Health, Bethesda, MD). The CBF- expression plasmid and CBF-3-depleted HEK
293T cells (35) were kindly provided by Dr. Reuben S. Harris (Institute for Molecular
Virology, University of Minnesota, Minneapolis, USA).

Cell Culture and transfection

HEK 293T and TZM-bl cells cells were maintained in Dulbecco's modified Eagle's
medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS,
EUROBIO) with antibiotics (PAA) and passaged upon confluence. HEK 293T cells
expressing either a specific scrambled short hairpin (sh)RNA or a CBF- specific
shRNA were additionaly maintained with puromycin at a concentration of 0.75 ug/ml.
Transfections of HEK 293T cells were carried out using the X-tremeGENE 9 DNA
Transfection Reagent (Roche) as recommended by the manufacturer. Briefly, cells
were seeded at 70% confluence in a 6-well plate and co-transfected with 50 ng of
pCMV-hA3G constructs, 1 ug of pcDNA hVif or hVif mutants (K26R and H42/H43-N)
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and 0.5 ug of Cul5ARDbx in order to block A3G degradation by the proteasome. In
parallel experiments, cells were exposed to chemical proteasome inhibitor such as
ALLN (25 pM) for 18 h. For infectivity assays and study of A3G incorporation into
HIV-1 particles, HEK 293T cells were co-transfected with 50 ng of pCMV-hA3G
mutants, 0.5 ug of Cul5ARbx and 1 pg of HIV-1 pNL4.3 (pNL4.3 wt, pNL4.3Avif). For
infectivity assay, TZM-bl indicator cells were challenged with reverse transcriptase
normalized virions and the resulted induction of luciferase was detected 48 h post-
infection (36). To study the impact of CBF-B on Vif-mediated A3G translation
inhibition, HEK 293T cells lines were co-transfected with 50 ng of pCMV-hA3G
constructs, 1 ug of pcDNA hVif, 0.5 ug of Cul5ARbx and 100 ng of CBF-3 expression

plasmids.
Immuno-precipitation assays

HEK 293T cells were co-transfected with A3G-HA and different constructions of Vif
(wild-type, H42/43N, and K26R), and 24 h post-transfection, cells were washed in
PBS 1X and lysed in RIPA 1X supplemented with protease inhibitors. After
centrifugation, an input fraction (50 pl) was kept to check protein expression level,
and the remaining was incubated 2 h at 4°C with 1 pg of HA antibody (Santa Cruz,
California, USA) on a rotating wheel. After equilibration, protein A Dynabeads (Life
Technologies) were added and incubated for 1.5 h at 4°C. Beads were washed 5
times with cold RIPA 1X buffer, and eluted in glycine pH 2.8 + NUPAGE LDS sample
buffer 1X (Life Technologies). After 10 min at 70°C, supernatant were loaded on

NuPAGE gel (Life Technologies) and analyzed by western blot.
Immunoblotting

After 24 hours post-transfection, cells were harvested in 1x RIPA lysis buffer (PBS
containing 1% NP40, 0.5% sodium deoxycholate, 0.05% SDS) supplemented with
complete protease inhibitor cocktail (Roche). Virions from transfected 293T cells
were concentrated by ultracentrifugation at 100,000 g, for 2 h at 4°C through a 20%
sucrose cushion and harvested in 1x RIPA lysis buffer. Cell and virions lysates were
adjusted to equivalent protein concentration by using Bradford reagent (BIO-RAD),
fractionated by SDS/PAGE using NuPAGE® Novex® 4-12% Bis-Tris gels

(Invitrogen) and transferred to a 22 ym PDFV membranes using the Trans-Blot®
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Turbo™ Transfer System (BIO-RAD). Blots were probed with appropriate primary
antibodies. Polyclonal anti-hA3G (#9968) and monoclonal anti-HIV-1 Vif (#319)
antibodies were obtained through the NIH AIDS Research and Reference Reagent
Program. Monoclonal anti-B-actin antibody was purchased from SIGMA (#A5316).
An anti-CBFp mouse monoclonal antibody was purchased from Santa Cruz (#sc-
56751). An HIV-positive patient serum was used for the identification of HIV-1 p24
protein. The PDFV membranes were then incubated with horseradish peroxidase-
conjugated secondary antibodies (BIO-RAD), and the proteins were visualized by
enhanced chemiluminescence (ECL) using the ECL Plus Western blotting detection
reagent (GE Healthcares). Bands were quantified using Image J (1.46r) by analyzing

pixel density. Student’s T-test was used to determine statistical significance.
RNA isolation, cDNA synthesis and real-time q-PCR

24 h post-transfection, total RNA was isolated from 293T cells using TRI Reagent
(SIGMA) according to the manufacturer’s instructions. After additional DNAse
(Roche) digestion step, total RNA was isolated by phenol/chloroform extraction
followed by ethanol precipitation. Total RNA (1 pg) was then reversed transcribed

using the iScript™

Reverse Transcription Supermix (BIO-RAD) as recommended by
the manufacturer. Subsequent real-time PCR analysis was performed using the
KAPA SYBR® FAST gPCR Master Mix according to the manufacturer’s
specifications (KAPA BIOSYSTEMS) and was monitored on a CFX Real Time
System (BIO-RAD). Gene-specific primers were: A3G forward primer, 5’-
TCCACCCACATTCACTTTCA-3’, and reverse primer 5-TTCCAAAAGGGAATCACG
TC-3’; B-actin forward primer, 5-GGACTTCGAGCAAGAGATGG-3', and reverse
primer 5-AGCACTGTGTTGGCGTACAG-3. The A3G mRNA levels were
normalized to those of B-actin mMRNA and relative quantification was determined

using the standar curve based method.
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RESULTS
Vif impairs translation of A3G mRNA

Three reports previously observed that Vif might interfere with A3G mRNA
translation (27-29). Pulse-chase labeling (27-29) and in vitro-coupled
transcription/translation (28) experiments were performed and showed that the
steady-state level of A3G was decreased by 30-50% and that translational inhibition
accounted for about 60-75%. Because of the unnaturally A3G mRNA expression
vector used (expressing only the open reading frame — ORF), this system may not
faithfully recapitulate events occurring with endogenous A3G mRNA. However, a
recent study pointed out on potential role of untranslated regions (UTRs) of A3G
MmRNA on its translational regulation and they showed by using in vitro-couple
transcription/translation that Vif caused a two-fold reduction of A3G translation in a
5-UTR dependent manner (30). Despite the fact that A3G translation inhibition by Vif
seems to clearly occur, almost all the studies cited above have been carried out in
vitro or by using unnatural A3G mRNA. Therefore, we examined the level of A3G
protein expressed in transfected HEK 293T cells from full-length UTR-containing
A3G mRNA and from mutant RNAs deleted from their 5°, 3’ or both 5" and 3’-UTRs,
in presence or in absence of HIV-1 Vif (Figure 1A). To directly analyze the effect of
Vif on translational mMRNA repression rather than on a cumulative effect with the
proteasomal-induced degradation of A3G, we performed all our experiments in
presence or absence of a dominant negative of Cul5 (Cul5ARbx), which has
previously been shown to specifically inhibit A3G degradation through the
proteasome pathway (22), or by using ALLN, a potent proteasome inhibitor (Figure
2). Moreover, to avoid saturating our system with overexpressed and non-
physiological concentration of A3G, only 50 ng of A3G-expressing plasmids were
transfected in HEK 293T cells.

Immunoblotting of normalized cell lysates with A3G-specific antibody revealed that
the expression of wild-type A3G mRNA was reduced in presence of Vif (Figure 2).
Quantitation of A3G signal (Figure 2B) revealed a 60% decreased of A3G protein in
Vif-expressing cells. When we analyzed the UTR-truncated version of A3G mRNAs,

we observed a similar decrease when the 3-UTR was removed (50-60%);
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surprisingly, this decrease was twice less pronounced (around 30%) when the 5’- or
both UTRs were deleted (Figure 2B).
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Figure 1: Schematic representation of A3G constructs used in this study. (A)
Full-length UTR-containing A3G mRNA and mutants deleted from their 5, 3’ or both
5 and 3’-UTRs are represented. (B) The secondary structure of the 5’UTR of wild-
type and mutated A3G mRNAs is shown.

Interestingly, when the proteasomal pathway was blocked by using either a
dominant negative of Cul5 (Cul5ARbx) or a chemical inhibitor (ALLN), we still
observed a significant decrease of A3G (30-40%, i.e. 50% of total A3G inhibition
without inhibitors) when expressed from the full-length or A3’UTR mRNAs (Figure
2A, lanes 4 & 5), whereas the two other deleted constructs, A5’-UTR and AUTR,
were not dependent on the degradation process anymore, or not significantly
affected (Figure 2A & 2B, middle and right histograms).
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Figure 2: Vif inhibits A3G translation in a 5’UTR dependent manner. HEK 293T cells
were transfected with different A3G constructs (wt, A5’UTR, A3’'UTR and AUTR) and co-
transfected with Vif +/- proteasome inhibitor Cul5ARbx. Proteasome inhibition was also
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and analyzed by immunoblotting. (B) Protein bands were quantified using Image J (1.46r)
and relative expression of A3G in presence of Vif is represented in a histogram. (C) Total
RNA was then extracted from transfected HEK 293T cells and A3G RT-gPCR was
performed to study the relative expression of A3G constructs.
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Consistent with previously published data (27,28,37), Vif did not affect A3G mRNA
levels, which remained constant in all conditions and for all A3G mRNA constructs
used (Figure 2C), suggesting the reduction in A3G protein is not due to differential
expressions of the vectors or to mRNA degradation. Together, these results clearly
demonstrate that Vif depletes A3G in a 5-UTR mRNA dependent manner and that
the translational inhibition imposed by Vif accounts for about 50% of the total A3G

repression process.
Vif requires stem-loop 2 and 3 of A3G mRNA to reduce its translation

We previously determined by chemical/enzymatic probing and footprinting
experiments that the secondary structure of the 5’-UTR of A3G mRNA is composed
of three independent stem-loop (SL) motifs (Figure 1B), and that Vif binds to 3-4 high
affinity binding sites in this region (30). In order to evaluate the specific
sequences/motifs in the 5-UTR that would be required to the A3G translational
inhibition by Vif, we designed specific ASG mRNAs containing each of the individual
SL motifs (A3G SL1, containing only SL1, A3G SL2 and A3G SL3) or two
consecutive SL motifs (A3G SL1-SL2 and A3G SL2-SL2). All these constructs were
further evaluated towards their Vif-induced translational inhibition after transfection of
HEK 293T cells in presence or absence of proteasome inhibitors. First of all, in
absence of proteasomal inhibition, expression of Vif more strongly affected the
relative expression of full-length A3G mRNA as well as mRNA containing SL2 and
SL3 motifs, whereas expression of all other mRNA constructs, while affected, was
less severe (Figure 3A). Quantitation of immunoblots showed a 50-60% decrease for
wild-type and SL2-SL3 mRNAs while reduction was twice less reduced for mutant
RNAs containing only one SL or the one containing SL1 and SL2 (Figure 3B). More
interestingly, when the proteasomal degradation of A3G was blocked, we still
observed a significant reduction of A3G expression for wild-type and SL2-SL3
MRNAs (30-40%), while all other mRNAs were not affected by Vif anymore (Figure
3B). Again, the cellular level of wild-type and mutant A3G mRNAs were not affected
by the presence of Vif or during proteasomal inhibition (Figure 3C), suggesting the

reduction in A3G protein is at a posttranscriptional level.
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separated by SDS-PAGE and analyzed by immunoblotting. (B) Protein bands were
quantified using Image J (1.46r) and relative expression of A3G in presence of Vif is
represented in a histogram. (C) Total RNA was then extracted from transfected HEK 293T
cells and A3G RT-gPCR was performed to study the relative expression of A3G constructs.
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These data confirm the importance of the 5’-UTR of A3G mRNA and highlight SL2
and SL3 together as a minimal motif requires for the translational inhibition imposed
by Vif.

The translational down-regulation of A3G is independent of CBF-

It has recently been observed that Vif hijacks CBF-B to the ubiquitin-like
Cul5/Rbx2/ElonginBC (CRLS5) complex and that the CRL5/Vif/{CBF-B complex is
required for Vif-mediated A3G degradation and viral infectivity (24,25). To determine
if CBF-B is required to the Vif-induced translational down-regulation of A3G mRNA,
we transfected a constant amount of Vif and full-length A3G mRNA into HEK 293T
cells expressing either a scrambled short hairpin (sh)RNA or a CBF-B-specific
shRNA (kindly provided by R. Harris) (24). In parallel, and to discriminate the
translational effect from the proteasomal degradation of A3G by Vif, we co-
transfected the dominant negative mutant of Cul5. As previously observed, the levels
of steady-state Vif were two to three-fold lower in CBF-p depleted cells than in the
scrambled control cells (Figure 4, compare lanes 6 and 2, and 8 and 4), but this level
was increased when CBF-B-depleted cells were complemented with a CBF-
expression plasmid (Figure 4, lanes 10 & 12). As expected from results presented
above (Figure 2), we obtained similar down-regulation of wild-type A3G mRNA in
presence of Vif in scrambled shRNA cells (Figure 4, lanes 1 to 4), with a translational
inhibition corresponding to about 50% of the total A3G decrease. Interestingly, the
depletion of CBF-B did not modify the behavior of Vif towards A3G, as we observed
the same decrease in A3G level in presence (Figure 4, compare lanes 2 and 5) or in
absence (Figure 4, compare lanes 4 and 8) of proteasome-induced A3G
degradation. As proteasome blockage did not reverse this effect, our results suggest
that CBF-B does not impact the translational inhibition of A3G imposed by Vif.
Analogous data were obtained when CBF-f-depleted cells were complemented with

a CBF-f expression plasmid (Figure 4, lanes 10-13).
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Figure 4: CBF-8 is not required in Vif-mediated A3G translational inhibition. HEK 293T
cells expressing a non-specific short-hairpin RNA (shControl) or a CBF- specific short-
hairpin RNA (shCBF-B) were transfected with wild-type A3G and co-transfected with Vif +/-
proteasome inhibitor Cul5ARbx. Proteins were separated by SDS-PAGE and analyzed by
immunoblotting. Bands were quantified using Image J (1.46r) and relative expression of A3G
is showed under the A3G blot.

The Vif-induced translational inhibition reduces packaging of A3G

Vif and A3G are both packaged into virions and while the exact mechanism of their
incorporation is still a matter of debate (10), they both required interactions with
RNAs and/or proteins such as the nucleocapsid domain of HIV-1 precursor Pr55¢a
(8,38-42). Thus, it has been suggested that Vif might directly interfere with A3G
encapsidation through a binding competition mechanism that still need to be clarified
(43,44). However, it is well known that the proteasomal-induced degradation of A3G
reduces its incorporation into viral particles as a result of its lower concentration in
cells. To investigate the possible correlation of A3G translational inhibition by Vif and
its packaging into viral particles, we co-transfected wild-type (pNL4.3) or Vif deleted
(pPNL4.3Avif) molecular clones of HIV-1 together with full-length, AS’UTR or SL2-SL3
A3G expression vectors (Figure 5). Note that amongst these constructs, only A3G
A5’UTR is independent of the translational regulation by Vif. To distinguish the direct
effect of Vif on A3G translation, these experiments were also performed in presence
of the dominant negative mutant of Cul5 (Cul5ARDbx). Cell lysates (Figure 5A) and
concentrated virus fractions (Figure 5B) were analyzed by immunoblotting with
specific Vif, A3G and CAp24 antibodies.
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Figure 5: Effect of Vif-induced A3G translational inhibition in A3G packaging and viral
infectivity. HEK 293T cells were co-transfected with HIV-1 pNL4.3 or pNL4.3Avif constructs
with wild-type A3G and Cul5ARbx. Proteins from cell lysates (A) and virions (B) were
separated by SDS-PAGE and analyzed by immunoblotting. (C) Viral particles produced in
HEK 293T cells were used in viral infectivity assay. Reverse transcriptase normalized virions
were used to infect TZM-bl indicator cells and luciferase induction was detected 48 h post-

infection.
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Consistent with the results from Figure 2A and 3A, expression of Vif from a proviral
molecular clones showed a strong 60-70% decrease of A3G when expressed from
full-length or ASL2-SL3 constructs, whereas this reduction was less severe (30-40%)
when the 5’UTR of A3G was removed (Figure 5A, lanes 2, 6 and 10). But still,
amongst this reduction, about 50% could be attributed to a direct translational effect
of Vif for wild-type and SL2-SL3 A3Gs (Figure 5A, lanes 4 and 12) while A3G
A5’UTR is insensitive to any degradation when the proteasome was inhibited (Figure

5A, lane 8), suggesting the 5’-UTR is crucial for the translational inhibition.

Next, we analyzed the packaging of A3G proteins issues from these different
transfections. Consistent with A3G expression level (Figure 5A), the presence of
higher amount of A3G protein in cell resulted in increased packaging of A3G (Figure
5B, lanes 1, 3, 5, 7, 9 & 11 in absence of Vif). In contrast, the reduction of A3G in cell
due to its degradation (Figure 5B, lanes 2, 6 & 10) or its direct translational inhibition
(Figure 5B, lanes 4, 8 & 12) resulted in significant decreasing amount of virus-
associated A3G. The relationship between Vif expression and A3G packaging in the
different conditions studied (presence or absence of proteasomal degradation) was
quantified (Figure 5B, histograms). It is interesting to note that a strict correlation is
observed between the level of A3G present in cell and the amount of A3G
incorporated into virions. Indeed, in conditions where only the translational inhibition
of A3G by Vif was active (Figure 5B, righ columns of histograms), we observed a
significant 20-30% decrease in packaged A3G expressed from wild-type and SL2-
SL3 mRNAs. Importantly, the packaging of A3G expressed from the A5-UTR
construct was not affected at all (Figure 5B, middle histogram, righ column). Finally,
the amount of Vif protein encapsidated into viral particles did not change, in all tested
conditions, even when A3G was not down-regulated anymore (A3G A5UTR),
suggesting a competition mechanism for Vif and A3G packaging is unlikely. These
results demonstrate that the translational inhibition of A3G by Vif is sufficient by itself

to reduce the packaging of A3G.
The translational inhibition of A3G by Vif restores viral infectivity

To determine whether the translational repression of A3G by Vif impacts HIV-1 viral
infectivity, wild-type (pNL4.3) or Vif-defective (pNL4.3Avif) virus stocks were
produced in HEK 293T cells after co-transfection with full-length, AS’UTR or SL2-SL3
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A3G mRNAs in the presence or absence of proteasomal degradation (Figure 5). The
infectivity of the resulting viruses was determined by infection of TZM-BI indicator
cells after normalization of virus preparation (45). As shown in Figure 5C, and as
expected from the action of Vif on A3G expression and virion incorporation, viruses
produced in the presence of Vif in normal conditions are fully infectious (bars 2, 6
and 10, the values were set to 1 for better comparison). On the contrary, in absence
of Vif, A3G was efficiently encapsidated into viral particles, and viral infectivity was
strongly decreased (Figure 5C, bars 1, 5 & 9 and 3, 6 & 11 in presence of
Cul5ARDbXx). Interestingly, in absence of any proteasome-induced degradation of A3G
(i.e. in presence of the dominant negative of Cul5) and in presence of Vif, we
observed a partial restoration of viral infectivity when A3G was expressed from full-
length and SL2-SL3 constructs (Figure 5C, bars 4 & 12). Relative infectivity rose
from 0.3-0.4 to 0.6-0.7. However, in these conditions, Vif was not able to restore the
infectivity of HIV-1 particles when A3G was synthesized from an mRNA deleted from
its 5-UTR (Figure 5C, compare bars 7 & 8). These results suggest that the
translational regulation of A3G mRNA is an important regulatory mechanism that,
together with the proteasome-induced degradation of A3G, account for the global

infectivity imposed by the Vif.
Residues K26 of Vif is required for the translational inhibition of A3G.

The binding sites of A3G on Vif have been well characterized and are mainly
localized in the N-terminus of the protein (46-52). Amongst these sites, K26 and
H42/43 have been shown of importance for virus replication (53-55). Indeed, Vif
K26R (conservative substitution), while still binding to A3G, completely lost its ability
to neutralize A3G, and HIV-1 bearing this mutation replicated poorly in non-
permissive cells lines (53,55). Similarly, Vif H42/43N severely impaired virus
replication, consistent with the reduced capacity of this mutant to induce A3G
degradation (54). However, contrary to Vif K26R, Vif H42/43N is defective for A3G
binding, but still retained binding to EloB, EloC and Cul5. In order to test whether
these residues could be important for the translational regulation of A3G, HEK 293T
cells were transfected with Vif mutants together with full-length or A5’-UTR A3G

constructions in presence or absence of proteasomal inhibition of A3G (Figure 6).
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Figure 6. Vif K26 residue is required for the translational inhibition of A3G. (A) Wild-
type A3G was co-immunoprecipitated with wild-type Vif, and mutants Vif K26R and Vif
H42/43N. (B) HEK 293T cells were transfected with wild-type A3G and co-transfected with
wild-type and mutated Vif (K26R or H42/43N). Proteins were separated by SDS-PAGE and
analyzed by immunoblotting. (C) Bands were quantified using Image J (1.46r) and relative
expression of A3G is represented in a histogram. (D) HEK 293T cells were co-transfected
with HIV-1 pNL4.3, pNL4.3Avif, pNL4.3 VifK26R or pNL4.3 H42/43N constructs with wild-
type A3G +/- Cul5ARDbx. Viral particles produced from HEK 293T cells were normalized (RT)

and used to infect TZM-bl indicator cells and luciferase induction was detected 48 h post-
infection.
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First of all, we confirmed the behavior of these two mutants by co-
immunoprecipitation and showed that Vif K26R retained its binding capacities with
A3G while Vif H42/43N was twice less efficient (Figure 6A). Next, immunoblotting of
normalized cell lysates revealed that the expression of wild-type A3G mRNA was

partially reduced (30-40%) in presence of Vif K26R in comparison to wild-type Vif
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(60% reduction) (Figure 6B,C, compare lanes 2 and 4), whereas Vif H42/43N was
inefficient to counteract A3G (Figure 6B,C, lane 3), in agreement with previous
studies (53-55). Again, as expected, in absence of the 5-UTR on A3G mRNA, we
did not observed any decrease of A3G protein with the two Vif mutant proteins
(Figure 6B,C, lanes 5 to 8). More interestingly, when the proteasomal pathway was
blocked, we observed that wild-type Vif and Vif K26R significantly and similarly
decreased the translation of A3G (30-40%) when expressed from the full-length
mRNAs (Figure 6B,C, lanes 9 & 12), whereas Vif H42/43N was still inefficient to
reduce A3G (Figure 6B,C, lane 11). When the A3G A5’UTR construct was used in
the same conditions, we did not observed any variation of A3G level anymore
(Figure 6B,C, lanes 13 to 16), consistent with a role of the 5-UTR of ASG mRNA in
the translational regulation. Together, these results clearly demonstrate that Vif
K26R, while defective in A3G degradation through the proteasome pathway, fully
and only conserved its capacity to inhibit A3G expression through inhibition of A3G

mMRNA translation.

DISCUSSION

The HIV-1 Vif protein has been shown to be necessary for efficient viral infection in
non-permissive cells by antagonizing the antiviral activity of A3G. Although the
tethering of A3G by Vif to the E3 ubiquitin ligase complex (CBF-B, EloB/C, Cul5,
Rbx) to induce its proteasomal degradation has been extensively studied since the
discovery of A3G (37), little is known about the translational regulation of A3G by Vif
regarding its molecular mechanism and/or its impact on viral replication. Indeed, HIV-
1 is known to subvert almost all steps in the host translation process, first to
stimulate and sustain viral mRNA translation and second, depending on cellular
conditions, to modulate host mRNA translation in order to optimize its own replication
(56,57).

In the present study, we extended our knowledge on the translational inhibition of
A3G mRNA by the HIV-1 Vif protein. First, by using A3G mRNA constructs mutated
in their 5’- and 3’-UTRs in conditions where the proteasome-induced degradation of
A3G was inhibited, and thus only translation can be observed, we showed for the
first time that the 5’-UTR of A3G mRNA is crucial for the translational inhibition by Vif

in a cellular context (Fig. 2). Surprisingly, this translational inhibition is responsible for
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about 50% of the total reduction of A3G protein expression (Fig. 2B). This reduction
is not due to any effect of Vif at the transcriptional level or on mRNA degradation as
gRT-PCR analyses showed that wild-type or mutated A3G mRNA levels were similar
(Fig. 2C), as previously observed (27,28,37). According to our previous secondary
structural model of the 5-UTR of A3G mRNA (30), the two distal stem-loop
structures, SL2 and SL3, seem to represent the minimal platform necessary and
sufficient for Vif to impose its effect on A3G translation (Fig. 3). Of note, based on in
vitro foot-printing experiments (30), three Vif-binding sites were identified in these
two motifs, suggesting that Vif may slow-down the ribosome scanning process on the
5-UTR of A3G mRNA, thus reducing A3G translation. This inhibition is not total, as a
certain amount of A3G protein is still observed in the different conditions used (Fig. 2
and 3), confirming that A3G can escape this dual inhibition by Vif and exert its
deaminase activity during reverse transcription after its incorporation into viral
particles. Indeed, when we analyzed the content of those particles, we observed a
strict correlation between the cellular reduction of A3G through translation inhibition
(Fig. 5A) and the quantity of A3G incorporated into viral particles (Fig. 5B).
Consequently, the virions produced in those conditions are twice more infectious with
the exception of viruses containing A3G produced from mRNAs that are not
dependent from the Vif-regulated translation (A3G A5’'UTR, Fig. 5C). These results
are without any precedent and show that the translational inhibition of A3G by Vif is

not negligible and accounts for about 50% of virion infectivity.

How Vif interferes with the translation of A3G in the cell remains subject to further
investigations. Recently, the transcription factor CBF-p has been shown to stabilize
the Vif/A3G complex and induce the degradation of A3G (24,25). Interestingly, this
CBF-B/Vif interaction does not seem to be required to induce the translational
repression of A3G as similar inhibition has been observed in conditions where CBF-$3
was repressed in the cell (Fig. 4). Although specific amino acids in Vif have been
shown to necessary for A3G binding and proteasomal degradation, none has been
identify to be required in the A3G translational inhibition yet. Interestingly, we
identified amino acid K26 in the N-terminus of Vif as an important residue for the
cellular repression of A3G (Fig. 6). Indeed, although the wild-type Vif is efficient in
the degradation and the translational inhibition of A3G, the replacement of a lysine to

an arginine at position 26 allowed this new Vif protein to exclusively conserve its
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action on A3G translation (40% reduction), whether proteasome pathway was
inhibited or not. In addition, this reduction by Vif K26R is still dependent on the
5'UTR of A3G mRNA. These results are of importance in further studies aiming at
deciphering the mechanisms of A3G translational inhibition by Vif (no need to use
proteasome inhibitors) and suggest that proteasomal inhibition and translational
repression are likely distinct properties of Vif. Moreover, the fact that a conservative
change (K26R) did not perturb the translational inhibition of A3G suggest that this
residue is involved in mRNA binding. Indeed, the region encompassing amino acids
1 to 64 has previously been shown to be involved in the RNA binding capacities of
Vif (68). From these results, the most obvious model of translational inhibition of A3G
by Vif is a stalling mechanism where the binding of Vif, through its N-terminus, to the
SL2-SL3 domain of the 5-UTR of A3G mRNA prevents the ribosome scanning
process and reduces A3G translation (Fig. 7). As the degradation of A3G involves
the binding of the E3-ubiquitin ligase complex to the C-terminus of Vif, this could
explain why the two mechanisms are mutually exclusive. In addition, the fact that the
N-terminus of Vif is involved in both RNAs and A3G/F binding suggest that one type
of A3G regulation may prevent the other one depending on cellular conditions,

and/or mRNA and Vif/A3G protein concentrations.

Taken together, our findings shed new light on the mechanism by which HIV-1 Vif
interferes with the expression of A3G. We showed for the first time that ASG mRNA
translational inhibition by Vif is a 5-UTR mRNA-dependent mechanism that accounts
for about 50% decrease of A3G in cell. Any of the two mechanisms described so far,
degradation and translation, are sufficient to restore viral infectivity. Thus, regulating
the translation of A3G could thus be considered as a new target to restore a

functional expression of A3G and viral restriction.
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Figure 7. Model depicting how Vif impairs the translation of A3G mRNA in cell. (A)
Schematic representation of Vif binding sites on the 5-UTR of A3G mRNA (adapted from
(30)). (B) Model of A3G translational inhibition. Vif binds the domain SL2-SL3 in the 5UTR
of A3G mRNA and may potentially obstruct the scanning of the 43S pre-initiation complex
thus reducing A3G translation.
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2. Insights into the Vif-meditated A3G translation inhibition

2.1 In silico analysis of the 5’UTR of the A3G mRNA
To further understand the mechanism by which Vif inhibits A3G mRNA in a 5UTR-

dependent manner we searched for cis-acting elements in the 5UTR that could
contribute to this repression. Herein, using a computational platform capable of
identifying RNA regulatory elements (RegRNA 2.0, Chang et al., 2013), we identified
a terminal oligopyrimidine tract (TOP) and an uORF within the 5’UTR of the A3G
MRNA sequence determined by Mercenne et al. (2010) (Fig. 28A). TOP elements
are thought to serve as cis-regulatory sequences that inhibit the binding of proteins
implicated in the translational regulation (Yamashita et al., 2008). uORFs are also
cis-regulatory elements that negatively regulate translation of downstream ORF
(Calvo et al., 2009).

Since ~50% of eukaryotic genes with annotated uORFs expressed unique transcript
isoforms (TIFs) both with and without the uORF (Ingolia et al., 2009; Pelechano et
al., 2013), we determined the transcript variation among other A3G mRNA
sequences available in the NCBI nucleotide database. As we expected, we observed
different TIFs of AS3G mRNA both with and without the uORF (Fig. 28B). This uORF
is present in three A3G mRNA sequences and absent in two, suggesting that A3G
translation could be repressed in the uORF-containing TIFs and enhanced in
AUORF-TIFs. On the contrary, the TOP element was found in only one A3G mRNA
variant (hA3G v2) 60 nucleotides after the cap. This element may not be functional
because TOP elements reported so far exert their function only if they are positioned

immediately after the cap (Meyuhas, 2000).

Detailed analysis of these elements revealed that the TOP sequence is composed of
a 5 cytidine followed by an uninterrupted stretch of 11 pyrimidines immediately after
the cap with a C/U ratio = 5/7 (Fig. 29A). This sequence corresponds exactly to the
current definition of this type of RNA elements (Meyuhas, 2000). Using NCBI BLAST
tool, we found that two human A3F mRNAs (hA3F v1 and v2) present a similar
sequence of 8 pyrimidines, starting with a thymine instead of a cytidine. However, all

TOP elements reported so far start with a cytidine (Labban and Sossin, 2011;
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Markou et al., 2010; Meyuhas, 2000), suggesting that these A3F mRNA sequences

may not function as TOP elements.

U C
G [
60—G—C
A-U
G—-C . . . .
A A-U Vif binding sites
uc-6 70
A c” G
v U= » c 160 : AA
50—-C—G c—G A 2B
u-6 G—cC A
G G G
»° u-c g & ( cc
A c-6 U—a -
2 gagse c-gm AR=0
c acGCCG c-6 A G
U—A G G G G
30°C—G c—6 _—~A—U
C—G —80 15"A*G—c c 207 c—g
u-6 c G—C
G—C c A~ U -260
G—C G—C
G—C A A—180 230 scu G—C 2/7n
u c [ c U—A
S=RTA Y T
— \NC—G A 11
I.IR? A Cc-cC P cusuu ¢ Y
A CG 40—y —A CA G\
. —AAA c c—G ApAUC—G 280
—Gg\, GA c—G / C—G
. L ~W-a G-C 200u—A
Oligopyrimidine tract -G G—C—190 6-¢y
— -C _
(TOP) ] e AU c—¢
u c—G G—C
-G c—G G—cC
— A cC—G G G —29%0
:2—11-1 120 '3072:2 e m- A e_c®
L. —GACUGAGGAAGAUAAAGC—CGy cacuuua GG_C AAGG‘AGCCTCACTTCAGAAA
B : 5
177 246 298 \
AUG 23aa UGA AUG \
cap Ol UORF Main APOBEC3G ORFf] )
A3G mRNATIF Tissue, cell line isolation
cap Ol QT ©A3G v1 (Mercenne et al.,2010)| H9 cell line
O O @~ hA3G v2 (NM_021822.3) Uterus, leiomyosarcoma
O QT hA3G V3 (AK315650.1) Synovial membrane tissue
from rheumatoid arthritis
O @)= hA3G v4 (BC061914.1) Uterus, leiomyosarcoma
O hA3G v5 (CR456472.1) Unspecified
O hA3G V6 (BC024268.1) Skin, melanoma

Figure 28. In silico analysis of the 5’UTR of the A3G mRNA. A) Previously reported A3G
mRNA 5'UTR structure (Mercenne et al., 2010) showing the Vif-binding sites (yellow), the
TOP element (green) and the uORF (red). B) A comparison of the A3G 5’UTR with other
experimentally determined A3G transcripts according to a computational alignment of the
5’'UTR sequences. NM_021822.3, BC061914.1 and BC024268.1 (Strausberg et al., 2002),
AK315650.1 (Isogai and Yamamoto, 2008), CR456472.1 (Collins et al., 2004)

Moreover, this A3G TOP element is also present in computationally predicted A3G/F
primate mMRNA sequences but 37-60 nucleotides after the cap; although, TOP
elements present within the 5’UTR are incapable of exerting their function (Meyuhas,
2000). Therefore, the ASG mRNA variant, experimentally determined by Muckenfuss
et al. (2007) and used by Mercenne et al. (2010) to determine the structure of the
A3G mRNA 5’UTR, is the first report of a TOP-containing A3G mRNA. This variant

was isolated from HIV-1 target cells (H9 cells) and may better represent A3G
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transcription during HIV-1 infection. In contrast, the other ASG mRNA sequences
studied here were obtained from different tissue and cell lines (Collins et al., 2004;
Isogai and Yamamoto, 2008; Strausberg et al., 2002) that are not implicated in HIV-1
infection (Fig. 28B and Fig. 29A).

A Oligopyrimidine tract (TOP)

hA3G v1 CTCTTTCCCTTTGCAATTGCCTTGGGTC Muckenfuss et al. (2007)

Experimentaly determined hA3G v2 Nao CTCTTTCCCTTTGCAATTGCCTTGGGTC NM_021822.3
hA3F v1 TTCCCTTTGCAATTGCCTTGGGTC NM_145298.5

hA3F v2 TTCCCTTTGCAATTGCCTTGGGTC NM_001006666.1

M. mulatta A3G CCTTGGGTC NM_001198693.1

. G. gorilla A3G N_., CTCTTTCCCTTTGCAATTGC XM_004063489 .1

Predicted (Gnomon 60 -
( ) P. paniscus A3F Npg CTCTTTCCCTTTGCAATTGC XM_003821606.1
P. troglodytes A3F Njz; CTCTTTCCCTTTGCAATTGC XM_003317243.2

8

Met T T R P W E V T L G R A V L K P E A W S R K Stop

hA3G v1 GGGGCCATG ACTACGAGGCCCTGGGAGGTCACTTTAGGGAGGGCTGTCCTAAAACCAGAAGCTTGGAGCAGAAAGTGA
hA3G v2 GGGGCCATG ACTACGAGGCCCTGGGAGGTCACTTTAGGGAGGGCTGTCCTAAAACCAGAAGCTTGGAGCAGAAAGTGA
hA3F vl GGGGCCATG ACTACGAGGCCCTGGGAGGTCACTTTAGGGAGGGCTGTCCTGAAACCTGGAGCCTGGAGCAGAAAGTGA

hA3F v2 GGGGCCATG ACTACGAGGCCCTGGGAGGTCACTTTAGGGAGGGCTGTCCTGARACCTIGGAGCCTGGAGCAGAAAGTGA

M. mulatta A3G GGGGCAATG ACTCACAAGGCCCTGGGAGGTCACTTTAAGGAGGGCTGTCCTAAAATCAGGAACCTGTAGCAGAAAGTG A
G. gorilla A3G GGGGCCATG ACTACGAGGCCCTGGGAGGTCACTTTAGGGAGGGCTGTCCTGAAACCIGGAGCCTGGAGCAGAAAGTGA
P. paniscus A3F GGGGCCATG ACTACGAGGCCCTGGGAGGTCACTTTAGGGAGGGCTGTCCTGAAACCTGGAGCCTGGAGCAGAAAGTGA

P. troglodytes A3F GGGGCCATG ACTACGAGGCCCTGGGAGGTCACTTTAGGGAGGGCTGTCCTGAAACTTGGAGCCTGGAGCAGAAAGTGA
L G

Figure 29. Detailed analysis of the TOP and the uORF elements. A) A sequence
alignment of the A3G TOP element with different human and primate A3G/F sequences. B)
A sequence alignment of the A3G uORF with different human and primate A3G/F uORF
sequences.

Indirectly, we showed that the TOP element is not required in either A3G translation
or Vif-mediated A3G translation inhibition (Fig 3A-B. from the article “Inhibition of
APOBEC3G translation by Vif restores HIV-1 infectivity”). This is demonstrated
by comparing the expression profile between A3G wt and A3G SL2-SL3 mutant (Fig
3A-B). A3G wt holds the TOP element in SL1, while SL2-SL3 mutant does not
present this element. Despite this, A3G wt and A3G SL2-SL3 show similar
expression profiles when they are transfected alone or co-transfected with Cul5ARbx
and Vif plasmids (Fig 3A-B).

Concerning the uORF of the hA3G mRNA v1, our analysis showed that this element
is encoded between the SL2 and SL3 domains of the 5’UTR (Fig. 28A). Of note,

these two domains are required for Vif-mediated A3G translation inhibition (Fig 3.
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from the article “Inhibition of APOBEC3G translation by Vif restores HIV-1
infectivity”). The uORF is positioned 177 nt after the cap and the distance between
the uORF stop codon and the mAUG is 49 nt. The length of the uORF is 72
nucleotides which is 24 nucleotides more than the median length of the human and
mouse UORFs (48 nt) (Calvo et al., 2009). The uORF potentially codes for a 23
amino acid protein without any particular motif according to the PROSITE database
(Sigrist et al., 2002). This uORF is also present in two human A3F mRNA variants
with high similarities at nucleotide (94%) and amino acid (96%) levels (Fig. 29B).
Moreover, this sequence is also conserved in A3G/F primate mRNA sequences.
Interestingly, a single-nucleotide insertion in Macaca mulatta 5’UTR inactivates the
uORF due to a frameshift in its sequence that place the uORF stop codon out of
frame with the uAUG (Fig. 29B).

According to the definition of the Kozak context, a “strong Kozak consensus” is
established when either one or both -3 a +4 position match the Kozak sequence
(GCC(A/G)CCAUGQG) (Kozak, 1984, 1986; Kozak and Chakraborti, 1996). Taking
this definition into account, we conclude that both the uAUG (GGGGCCAUGA) and
the mAUG (CCAAGGAUGA) possess a strong Kozak context with a purine at -3
position. The strong Kozak context of the uAUG suggests that the mORF (main
ORF) could be translated more preferentially by a re-initiation or an IRES-mediated
mechanism than by leaky scanning; however, our experimental data favor this last

mechanism (see below)

2.2 The uORF negatively regulates A3G translation

Since UORFs reduce protein expression by approximately 30-80% (Calvo et al.,
2009), we determined the effect of the uUORF on A3G expression. We performed
site-directed mutagenesis on the uAUG (UAUG/UAAG) and the uUGA (A3G
UGA/AU-AG) to inactivate the uORF (Fig. 30A). The expression of these mutants
was then studied in vitro using rabbit reticulocyte lysate (collaboration with B.
Sargueil, University of Paris Descartes, Paris) and ex vivo using HEK293T cells. As
expected, the uORF negatively regulates A3G expression by 50% in vitro (Fig. 30B,
lane 2) and 40% ex vivo (Fig. 30B, lane 5). The deletion of the A3G UGA/AU-AG
placed the uAUG in frame with the mORF, allowing us to study also the uAUG
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recognition by the 43SPIC. If the uAUG is recognized a “long A3G protein” should be
detected and revealed with the A3G antibody. Indeed, this “long A3G protein” is
detected in vitro and ex vivo (Fig. 30B, lane 3 and 6), suggesting that translation
could also start at the uAUG, which is consistent with the Kozak context of the
UAUG. These observations suggest that the translation of the mORF, in a wild type
context, could be accomplished by a re-initiation mechanism after translating the
uORF. However, in the A3G UGA/AU-AG mutant, where re-initiation is impossible,
the wild type A3G protein is still detected (Fig. 30B, lane 3 and 6), suggesting that
translation of the mORF can also be achieved by leaky scanning or through an
IRES.

2.3 A3G translation initiation mechanism

In order to characterize the mechanism of Vif-mediated A3G translation inhibition, it
is important to determine first the mechanism of A3G translation initiation. We
therefore performed several mutations in the A3G 5’UTR to study different aspects of
the mORF translation initiation mechanism (Fig. 31A). These mutants were then
transfected into 293T cells to determine their relative expression (Fig. 31B). First, we
confirmed our previous observations (see section 2.2) concerning the regulation of
A3G expression by the uORF (Fig. 31B, lines 2 and 3). We next define the
importance of the uORF peptide as a frans-acting element capable of regulating the
mORF translation. To achieve this, we changed the uORF amino acid sequence and
we studied its effect on A3G expression. We observed no effect of the putative
peptide in A3G expression (Fig. 31B, lane 4). This result is consistent with the fact
that only in rare cases peptide expressed from an uORF has regulatory effects (Fang
et al., 2004; Kozak, 2005; Law et al., 2001). However, when we deleted the whole
UORF sequence, we detected a three-fold increase in A3G expression (Fig. 31B,
lane 5), suggesting that the uORF element (the nucleotide sequence) negatively

regulates A3G expression.

To test the possibility that the mAUG could be recognized by leaky scanning, re-
initiation or by an IRES-mediated mechanism, we performed different mutants based
on previous reports. For example, it is well established that re-initiation is more

efficient when the uORF sequences are small or the distance between the uORF
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stop codon and the mAUG is longer (Kozak, 2005). Thus, reducing the uORF length
and indirectly increasing the distance between the uUGA and the mAUG should
enhance A3G expression. Therefore, if A3G translation initiation is mediated by a re-
initiation mechanism, A3G 2XUGA 2aa, 5aa and 15aa mutants should present an
A3G expression profile as followed: A3G 2XUGA 2aa > 5aa > 15aa > wt. However,
A3G 2XUGA 2aa and 15aa mutants present an A3G expression similar to the wild-

type construct (Fig. 31B, lane 6 and 8).
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Figure 30. The uORF negatively regulates A3G translation. A) Schematic representation
of the A3G wt, A3G uAUG/UAAG and A3G UGA/AU-AG mutants. B) In vitro
transcription/translation assay in rabbit reticulocyte lysates and ex vivo A3G translation
assay using HEK293T cells. Proteins were separated by SDS-PAGE and analyzed by
autoradiography (in vitro assay) and by immunoblotting (ex vivo assay). Bands were
quantified using Image J (1.46r) and relative expression of A3G is represented in a
histogram.
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Figure 31. Mechanism of A3G translation initiation. A) A schematic representation of
different A3G 5’'UTR mutants. B) Ex vivo A3G translation assay using HEK293T cells.
Proteins were separated by SDS-PAGE and analyzed by immunoblotting. Bands were
quantified using Image J (1.46r) and relative expression of A3G is represented in a
histogram.
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On the contrary, only the 2XUGA 5aa mutant shows an increase in A3G expression
(Fig. 31B, lane 7). No explanation for this increase has been found yet. The fact that
A3G 2XUGA 2aa and 15aa mutants present a similar A3G expression as the wt
suggest that A3G translation initiation is probably not mediated by a re-initiation
mechanism. To validate this hypothesis, we reduce the distance between the uUUGA
and the mAUG (A249-273 and A249-291 mutants). If A3G translation initiation is
accomplished by a re-initiation mechanism, reducing this distance should decrease
A3G expression. However, none of these mutants present a reduction in A3G
expression compared to the wt A3G (Fig. 31B, lane 9 and 10). These results (Fig.
31B, lane 6, 8, 9 and 10) allow us to conclude that translation of the mORF is not

initiated by a re-initiation mechanism.

The A249-273 and A249-291 mutants also allow us to validate the possibility that
A3G translation could be mediated by an IRES. In an IRES-dependent translation
mechanism, the ribosome is attracted close to the mAUG by secondary and tertiary
structures present close to the translation initiation site (Thompson, 2012; Xue and
Barna, 2012). Therefore, deleting the sequence between the uUGA and the mAUG
could inactivate secondary and tertiary structures required for the IRES. Thus, A3G
expression of A249-273 and A249-291 mutants could be potentially decreased in a
hypothetical IRES-dependent A3G translation mechanism. Nevertheless, these two
mutants present a similar expression profile as wt A3G (Fig. 31B, lane 9 and 10). In
addition, other A3G mutants that destabilize the secondary and tertiary structures of
the 5’UTR could be used to study a possible IRES-mediated translation initiation. For
example, the A3G SL2-SL3 mutant is disrupted from its SL1 and nevertheless
presents a similar expression profile as wt A3G (Fig 3A-B from the article “Inhibition
of APOBEC3G translation by Vif restores HIV-1 infectivity’). These results show
that A3G translation is probably not mediated by an IRES. However, further

experiments are required to validate this hypothesis.

Taking all these results into account, we propose a model of A3G translation
initiation (Fig 33A) based on the facts that (1) the uORF negatively regulates A3G
expression by 40% (Fig. 30B, line 5 and Fig. 31B line 2), (2) wt A3G expression is
still observed in the A3G UGA/AU-AG mutant, (3) the uAUG is recognized by the
43S complex (Fig. 30B, line 6), (4) A3G translation is not mediated by a re-initiation
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mechanism (Fig. 31B, lane 6, 8, 9 and 10) and (5) an IRES is probably absent in the
5'UTR (Fig. 31B, lane 9 and 10). In this model, 60% of the 43S PICs pass through
the uUAUG by a leaky scanning and initiate translation at the mAUG. However, 40%
of the 43S PICs are “trapped” to translate the uORF and thereby reduce A3G
translation (Fig 33A).

2.4 The uORF is required in Vif-mediated A3G translation inhibition

To further characterize the molecular mechanism of Vif-mediated A3G translation
inhibition, we determined the uORF effect on this translational repression. We
performed the aforementioned translation inhibition assay (see article “Inhibition of
APOBEC3G translation by Vif restores HIV-1 infectivity”) with the uORF-
inactivated A3G mutants (A3G uAUG/uAAG and UGA/AU-AG) (Fig. 32A). When we
co-transfected the wild-type A3G construct with Vif and the Cul5ARbx1 mutant, we
observed a typical 30-40% reduction in A3G synthesis due to A3G translational
repression by Vif (Fig 32B, lane 4). However, this translational inhibition is neither
observed in the A3G uUAUG/UAAG mutant nor in both forms of A3G UGA/AU-AG
mutant (Fig 32B, lane 8 and 12). These results clearly show that the uORF is

required in the Vif-mediated A3G translation inhibition.

2.5 A model of the mechanism of Vif-mediated A3G translation inhibition

According to these results and using our A3G translation initiation model (Fig 33A),

we propose a possible mechanism by which Vif inhibits A3G translation (Fig 33B).

- First, we demonstrated that Vif cannot inhibit A3G translation of the A3G
UAUG/UAAG and UGA/AU-AG mutants (Fig 32B, lane 8 and 12). In the A3G
UAUG/UAAG mutant, the mAUG recognition is mediated by a classical scanning
mechanism because the uAUG is not functional. On the contrary, in the A3G
UGA/AU-AG mutant, the 43S PIC passes through the functional uAUG to recognize
the mAUG. Both mutants translate their mORF by an uninterrupted scanning
process and since Vif cannot inhibit A3G translation in these mutants, we conclude
that Vif is incapable of blocking 43S PIC scanning of A3G transcript in a wild type

context.
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- Second, we showed that 60% of the ribosomes pass through the uAUG by a leaky
scanning mechanism and translate the mORF as observed in the A3SG UGA/AU-AG
mutant. Taking these results into account, we conclude that Vif is unable to block
A3G translation that has been initiated by these ribosomes. Therefore, Vif must

inhibit A3G translation by acting on the uORF translation step.

- Third, we demonstrated that an uORF negatively regulates A3G expression by a
mechanism in which 40% of ribosomes are forced to translate the uORF. After
translating this uORF, termination and post-termination events probably occur
conventionally, with stop codon recognition by eRF1 and eRF3 and 60S subunit
release (Kozak, 2005; Munzarova et al., 2011). Since a Vif-binding site was
previously determined 9 nt after the uORF stop codon (Mercenne et al., 2010) and
since a ribosome covers about 30 nucleotides on mMRNAs (Sharma and Chowdhury,
2011), we propose that Vif could inhibit uUORF translation termination and promote
ribosomal stalling. Vif-mediated ribosomal stalling cannot occur in uORF translation
initiation or elongation because A3G translation inhibition by Vif is not observed in
the long A3G form (Fig. 32A, lane 12). Ribosomal stalling at uORF translation
termination could obstruct the scanning of newly 43S PICs that have passed through
the uAUG and, therefore, inhibiting A3G translation. A similar translation repression
mechanism has been previously reported in the human cytomegalovirus gpUL4
(gp48) transcript. In this model, ribosome arrests at termination of the uORF2
translation by a mechanism dependent of the nascent uORF2 peptide. These stalled
ribosomes consequently block other ribosomes from reaching the mORF (Cao and
Geballe, 1996).
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Figure 32. Effect of the uORF on Vif-mediated A3G translation inhibition. A) Schematic
representation of the A3G wt, A3G uUAUG/UAAG and A3G UGA/AU-AG mutants. B). Ex vivo
translation inhibition assay using HEK293T cells. Proteins were separated by SDS-PAGE
and analyzed by immunoblotting. Bands were quantified using Image J (1.46r) and relative
expression of A3G is represented in a histogram. A3G (lanes 1, 5 and 9) and A3G
transfected with Cul5 (-) (lanes 3, 7 and 11) are set up to 1.
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Figure 33. A3G translation and its inhibition by Vif. A) Schematic representation of the
A3G translational model. In this model, an uUORF negatively regulates A3G expression. 60%
of ribosomes initiate at the mAUG, while 40% are committed to translate the uORF and
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B) Schematic representation of Vif-mediated A3G
In this model, Vif inhibits uUORF translation termination and causes 43S PIC
scanning obstruction by ribosome stalling.
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3. The RNA chaperone activity of HIV-1 Vif

3.1. Article 2: The C-terminal domain of the HIV-1 Vif protein is responsible for
its RNA chaperone activity

This article describes the RNA binding properties and chaperoning activities of the
full-length HIV-1 Vif protein and of its functional domains. This work was carried out
in collaboration with Dr. Carine Tisné of the “Laboratoire de Cristallographie et RMN
Biologiques, CNRS, Université Paris Descartes”. My contribution in this study was to
identify which functional domain carries the RNA chaperone activity. This activity
was studied by the capacity of Vif and its domains to induce in vitro the dimerization
of HIV-1 RNA fragments and to promote the annealing of DNA/RNA molecules (TAR
assays). Both assays showed that the C-terminal domain of the HIV-1 Vif protein is

responsible for its RNA chaperone activity.
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ABSTRACT

The viral infectivity factor (Vif) is essential for the productive infection and
dissemination of HIV-1 in non-permissive cells. In those cells, Vif neutralizes the
cellular anti-HIV defense by interacting with the cellular cytosine deaminases
APOBEC3G (A3G) and A3F and inhibiting their antiviral activities by diverse
mechanisms including their degradation through the ubiquitin/proteasome pathway
and their translational inhibition. In addition, Vif appears to be an active partner of the
late steps of viral replication by interacting with Pr65Gag, reverse transcriptase and
genomic RNA. While several biophysical properties of Vif have already been
characterized, its tridimensional structure is still unknown. Here, we expressed and
purified wild-type and functional domains of Vif, and analyzed their RNA binding
properties and chaperoning activities. First, we showed by CD and NMR
spectroscopies that the N-terminal domain of Vif is highly structured in solution,
whereas its C-terminal domain remains mainly unfolded, either alone or within the
full-length Vif. More strikingly, both domains exhibited substantial RNA binding
capacities with dissociation constants in the nanomolar range. Moreover, we showed
by NMR chemical shift mapping that Vif and NCp7 share the same binding sites on
tRNA™S;, and could thus compete for tRNAY®; binding. Finally, we showed that the
basic unfolded domains of Vif and NCp7 are mainly responsible for their RNA
annealing chaperone activities. Altogether, our results highlight the importance of the
basic and intrinsically disordered nature of the C-terminal domain of Vif in its ability

to interact with several partners including nucleic acids.
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INTRODUCTION

In addition to structural and enzymatic proteins essential for virus replication, the
HIV-1 genome encodes six regulatory proteins (Tat, Rev, Nef, Vif, Vpr and Vpu) that
modulate virus fithess and infectivity in vivo. Amongst these proteins, Vif (Viral
Infectivity Factor), a 23 kDa highly basic protein, has been shown to be essential for
viral pathogenesis by allowing HIV-1 replication in non-permissive cells, such as
CD4" T lymphocytes and macrophages, the natural cell targets of the virus (1). In
those cells, Vif neutralizes the cellular anti-HIV defense by interacting with the
cellular cytosine deaminases APOBEC3G (APOlipoprotein B mRNA-Editing enzyme-
Catalytic, polypeptide-like 3G or A3G) and A3F and inhibiting their antiviral activities
(2). In the absence of a functional Vif, A3G/3F proteins deaminate cytidines into
uridines in the minus strand DNA (3-5) and inhibit reverse transcription and
integration through deaminase-independent mechanisms (6). Vif counteracts
A3G/3F and allows HIV-1 replication by hijacking several cellular processes. Firstly,
Vif targets A3G/3F for degradation via the proteasome by recruiting an E3 ubiquitin
ligase cellular complex composed of Elongin B (EloB), Elongin C (EloC), Cullin 5
(Cul5) and RING-box protein 2 (Rbx2) (7-9). CBF-B the transcriptional Core Binding
Factor-B, has recently been shown to be an integral component of this complex,
directly interacting with Vif and favoring the specific poly-ubiquitination and
degradation of A3G (10-12). Secondly, Vif has been proposed to downregulate A3G
translation by binding to the 5’-UTR (untranslated region) of its mRNA, thus likely
preventing its scanning by the ribosome (13). These two mechanisms seem to be
independent pathways utilized by Vif to reduce the expression of A3G (14,15), and to
indirectly interfere with its packaging (16). In addition, Vif has been proposed to
promote the assembly of A3G into presumably packaging-incompetent high

molecular mass complexes (17).

Vif consists of several functional and conserved domains (Figure 1) (for reviews see
(Barraud, 2008 #27;Batisse, 2012 #28;(18)). The N-terminal domain (NTD) of Vif
(residues 1-100) is enriched in hydrophobic amino acids, notably in conserved
tryptophan residues. Mutagenesis studies have shown that these residues and other
motifs/sequences are important for binding to A3G/3F {Tian, 2006
#33;Schrofelbauer, 2006 #30;Dang, 2010 #31;Dang, 2010 #32;Russell, 2007
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#34;Santa-Marta, 2005 #35;Yamashita, 2008 #37}, but also to A3H, A3C and A3DE
(19-22).

Vif < RNA / APOBEC Jm={__HCCH  J={(S0CS XM )={Gagimemtranchm
Vif (95-192) m={_HCCH _J={S0CS Y(M )m=(Gagimemtrenc)m
Vif (1-150) = RNA / APOBEC D= HCCH _ =(S0CS )=

Vif (1-97) =( RNA / APOBEC =

Figure 1. Schematic representation of the HIV-1 Vif functional domains and of the Vif
constructions studied in this paper. HIV-1 Vif contains several functional domains, including
an RNA/APOBEC binding domain, a conserved zinc-binding hydrophobic HCCH motif and a
downstream SOCS-box, a multimerization domain (M) and a Gag/membrane binding
domain. The number in parenthesis corresponds to the number of Vif amino acids
encompassed in each construction.

In particular, the NTD residues W11, Y30 and Y40 are important for its binding to
RNA in vitro (23) and in infected cells (24). Moreover, residues W21 and W38 are
involved in binding to CBF-OJ (10,11,25). The central domain (residues 108-139)
constitutes a non-consensus HCCH zinc-binding motif that binds Cul5 (26,27).
Finally, the C-terminal domain (CTD) consists of (i) a SOCS-box motif
("“*SLQ(Y/F)LAL™®) that promotes the interaction with EloC/EloB (28), and is
therefore important for the recruitment of the E3 ubiquitin ligase that targets A3G for
degradation (29); (ii) an oligomerization domain (residues 151-164) containing a
1PPLP"®* motif critical for Vif oligomerization (30-32) and that allows the interaction
with the cellular kinase Hck (33,34); and (iii) a domain (residues 172-192) important
for binding with Pr55¢29 (35-37), membranes (38), and RT (39).

While characterization of the 3D-structure of Vif in its unbound state remains a
challenging problem and a matter of intense research, several biophysical properties
of the protein have already been characterized. For instance, Vif has been shown to
be structurally unfolded (40-42), and the disordered nature of the C-terminal region is
in line with secondary structure prediction models (43)(see supplementary Figure 1).
Moreover, conformational refolding of Vif has been observed upon self-

oligomerization (40), binding to Elongin C (44) and to specific RNA motifs such as
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the Trans-acting Responsive (TAR) element (45), confirming the importance of

unstructured regions in the multi-functional properties of Vif.

Vif has previously been shown to be an RNA binding protein with preferential binding
to short RNA motifs present in the 5’ region of HIV-1 genomic RNA as well as to
APOBEC3G mRNA (13,45-49). Moreover, Vif seems to participate to several
important steps of the viral replication cycle such as the reverse transcription (47,50),
and HIV-1 genomic RNA dimerization (30,47) thanks to its RNA chaperone activity
(30,47). The basic and intrinsically disordered nature of the HIV-1 Vif protein may
account for its ability to interact with several other proteins and nucleic acids in a
manner similar to RNA chaperones such as the HIV-1 NCp7 (51,52) and Tat (53)
proteins or the cellular fragile X mental retardation protein FMRP (54). In this
respect, the N-terminal region of Vif was previously described to be responsible for
its specific RNA binding affinity whereas the C-terminal region (156-192), which
contains many positively charged residues, seemed to contribute to non-specific
RNA binding (23). To examine this possibility, we purified full-length HIV-1 Vif and
individual domains of this protein and analyzed their nucleic acid binding activities for
a panel of different RNAs. For each Vif domain, we also analyzed its oligomerization
state and its secondary structures elements in vitro. Moreover, we showed by NMR
chemical shift mapping that Vif and NCp7 share the same binding sites on tRNAM;,
with a joined participation of the NTD (1-97) and CTD (95-192) of Vif. Finally, we
showed that Vif has potent RNA chaperone activities and provided direct evidence

for an important role of the unstructured CTD of Vif in this capacity.

MATERIALS AND METHODS

Expression and purification of Vif and its domains

Vif expression vectors were constructed by PCR and cloning into the pET-52b(+)
(Novagen) vector. First, pD10Vif expression vector (Vif HXB2) was PCR-amplified
with the corresponding forward (F) and reverse (R) primers: (F Vif) 5GGTCCATGG
AAAACAGATGGCAG3’ and (R Vif) 55GGTGAGCTCGTGTCCATTCATTGTGI’; (R
Vif 1-97) 5GGTGAGCTCTTGTGTGCTATATCTCTT3’; (R Vif1-150) GGTGAGCTC
TAGTGCCAAGTATTG TAG3 giving rise to vectors expressing full-length Vif,
domains 1-97 and 1-150 of Vif, respectively. Primers (F Vif95-192) 5GGTCCATGG
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TAGACCCTGAACTAGCAGAC3 and (R Vif 95-192) 5’CACAATGAATGGACAC
GAGCTC3’ gave a plasmid expressing domain 95-192 of Vif. Forward primers
contain a Ncol restriction site (underlined) while reverse primers contain a Sacl
restriction site (underlined). After purification of the PCR products (Nucleospin PCR
clean-up, Macherey Nagel), DNA fragments were digested with Ncol and Sacl, and
cloned into pET-52b(+) vector previously digested with the same restriction
enzymes. The sequence of all constructs, pET52b(+) Vif, Vif (1-97), Vif (1-150) and
Vif (95-192), was confirmed by DNA sequencing (GATC Biotech, Germany).

Escherichia coli BL21(DE3) competent cells were transformed with plasmids coding
for Vif, Vif (1-97), Vif (1-150), and Vif (95-192). Expression of Vif and its domains
were induced by addition of 1 mM IPTG in exponential phase of cultures
(absorbance at 600 nm around 0.6). After 3 h of induction at 37°C, bacteria were
harvested by centrifugation at 6,000 g during 15 min, lysed in denaturating lysis
buffer (6 M guanidine hydrochloride, 100 mM sodium phosphate, 10 mM Tris-HCI pH
8) at room temperature and stirred overnight. Cellular debris was separated by
centrifugation at 27,000 g during 30 min at 4°C and the cleared lysate was loaded
onto a Ni-NTA agarose column. The column was washed with lysis buffer and elution
was performed by decreasing the pH from 6.5 to 4.5. Fractions containing Vif
proteins were analyzed on 14% SDS-PAGE and pooled. Proteins were then
renatured by slow dialysis against buffers with decreasing guadinium chloride
concentration, and finally against the following buffers: Vif (50 mM MOPS, 1 mM
DTT, 50 mM NaCl, pH 6.5), Vif (1-97) (50 mM MOPS, 50 mM NacCl pH 6.5), Vif (95-
192) (50 mM MES, 9.6 mM NaCl, 0.4 mM KCI, 2 mM MgCl,, 2 mM CaCl,, 1 mM
DTT, pH 6.5) and Vif (1-150) (50 mM MOPS, 1 mM DTT, 50 mM NaCl, pH 6.5). The
same protocol was followed to produce '°N-labeled Vif (95-192) except that the LB
media was changed for spectra 9 (15N) media (Cambridge isotope laboratories or
Cortecnet). The proteins were concentrated using Centriprep YM 3 (Millipore) up to
0.4 mg/mL and centrifuged at 100,000 g for 30 min at 4°C before adding 10%
glycerol. Since Vif tends to aggregate, protein stock solutions were centrifuged at
100,000 g for 30 min at 4°C immediately prior to use. For NMR samples, no glycerol

was added.
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Nucleic acids preparation

Plasmids pHXB2 corresponding to parts of gag were obtained as previously
described (46). To express RNA fragments corresponding to nucleotides 499-996
(RNA B) and 499-799 (Short RNA B) of HIV-1 genome, plasmids were linearized
with Pvull and Sall, respectively, and then used as template for in vitro run off
transcription with bacteriophage T7 RNA polymerase under conditions previously
described (55). After 3 h at 37°C, the reaction mixture was incubated for 1 h at 37°C
with RNase-free DNase | (Roche), and then extracted with phenol-chloroform. RNAs
were then purified with FPLC (Pharmacia) using a Bio-Sil TSK250/GSW2000W
column (TOSOH Bioscience) in a buffer containing 200 mM sodium acetate (pH 6.5)
and 1% (v/v) methanol as previously described (56), precipitated in ethanol and

dissolved in Milli-Q water (Millipore) prior to use.

®N-labelled tRNAY®; was expressed in E. coli (JM101TR strain) from a recombinant
plasmid and purified as previously described (57). The RNA oligonucleotide
corresponding to the apical part of the TAR hairpin (*CGAGCCUGGGAGCUCG?)
was purchased from Microsynth or Dharmacon and purified using HPLC (AKTA
design-Unicorn) system with a (PA-100) anion exchange column (Dionex), and

concentrated with Centricon ® (Millipore).

Diffusion light scattering (DLS)

Samples were prepared in their buffers, and final protein sample concentrations
were determined after ultracentrifugation. Intensities of scattered light and correlation
times were measured with a Zetasizer Nano S (Malvern, UK). Measurements were
performed in a single 50 pl trUView cuvette (Biorad Laboratories, CA, USA),
maintained at 20°C. DLS fluctuations of the scattering intensity due to Brownian
motion were recorded at microsecond time intervals. An autocorrelation function was
then derived, allowing determination of diffusion coefficients, D. Assimilating proteins
in solution to spheres, diffusion coefficients were related to the hydrodynamic radius

of the particles, Ry via the Stokes-Einstein equation:
D =kT/Rh 61y

in which k is the Boltzmann constant, T the temperature (K), and p the solvent

viscosity. All experimental data were corrected for solvent viscosity (measured with a
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3.5 ml micro-Ubbelohde capillary viscosimeter tube from Schott, Germany), and
refractive index (measured with an Abbe’s refractometer). To analyze the
oligomerization of Vif and its domains, scattering data of Vif and its domains were

then analyzed using DLS analysis software (Malvern, UK).
Circular dichroism (CD)

Vif protein samples were prepared anaerobically in 50 mM MOPS, 150 mM NacCl, pH
6.5. Far-UV CD spectra (190-250 nm) were measured with a Jasco J-810
spectropolarimeter (Jasco Inc., Easton, MD, USA). Samples were placed in
rectangular quartz cuvettes of 2 mm path length maintained at 20°C. Spectra were
acquired at 50 nm/min with a time constant of 1 s and bandwidth equal to 1 nm.
Each spectrum represents the average of at least 15 successive baseline-corrected

scans. The mean residue molar ellipticity was determined according to equation:
[0]= (B*MR)/(10°A=C)

where 0 is the measured ellipticity in millidegrees, Mg is the mean residue mass, A
the optical path length and c, the protein concentration. Deconvolution of far-Uv CD
spectra and consequent secondary structure of protein content was estimated by
Dichroweb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml).

Steady state fluorescence measurements

Fluorescence measurements were recorded in quartz cells at 20 £ 0.2°C on a
Fluoromax-4 fluorometer (HORIBA Jobin-Yvon Inc., NJ, USA). The excitation
wavelength was set at 295 nm for selective excitation of Trp residues. The emission
wavelength was scanned from 310 to 500 nm. The integration time was 0.1 s, and
the excitation and emission bandwidths were 5 nm. Fluorescence titrations were
performed by adding increasing amounts of nucleic acid to 100 nM of protein in 30
mM Tris—HCI (pH 7.5), 200 mM NaCl and 10 mM MgCl,. Fluorescence intensities
were then corrected for buffer fluorescence and dilution effect. To determine the
binding parameters of Vif proteins to RNA fragments, we measured the decrease of
the fluorescence intensity, |, at a fixed concentration of protein in presence of
increasing RNA concentrations. Fluorescence intensities were corrected for dilution

and were fitted using the following equation:
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where lo: Fluorescence intensity without RNA, [: fluorescence intensity at a given
concentration of RNA, l.: fluorescence intensity at the plateau, n: number of RNA
binding sites on the protein, L;: total concentration of RNA, N;: total concentration of
protein. Confidence limits on the Kd were estimated by Monte-Carlo sampling using
the MC-Fit program (58).

NMR chemical shift mapping

NMR data were recorded at 20°C on a Bruker Avance DRX600 spectrometer
equipped with a TCI cryoprobe. 1D 'H NMR spectra were recorded using a
watergate sequence for solvent suppression (59). 512 scans were usually acquired.
'H-""N TROSY experiments (60,61) were carried out with 128 t1 increments and
2048 t2 data points per increment. The t1 dimension was acquired with the echo-
antiecho method. For Vif (1-97) at 40 uM and Vif (95-192) at 36 uM, 1 equivalent of
tRNAYS; stock at 0.9 mM was directly added to the protein sample. For full-length
Vif, the previous operating mix led to precipitation of the protein. So, the complex
components were mixed diluted at a 1:1 ratio and were then concentrated in a
Centriprep YM 3 (Millipore) to a final concentration of each species around 20 uM.
Chemical shift variations A(H,N) were derived from 'H and "N shift differences :
AHN) = [(A™N Wy)? + (A'"H Wp)A"?, where A= n compiex - N ee @and Wy=1 and
Wi=1/6.

RNA chaperon activity

DNA and RNA substrates: Oligodeoxynucleotides (ODNs) used for the
TAR(+)/TAR(-) DNA annealing assay corresponded to nucleotides 1-56 of the HIV-1
RNA sequence (MAL isolate, Accession Number X04415.1) in the sense and
antisense orientations, as previously described (62). RNA fragments used in the

RNA dimerization assay corresponded to nts 1-615 of the HIV-1 MAL genomic RNA.
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Proteins: HIV-1 NCp7 and NC (12-53) proteins were synthesized and purified as
described (63). The HIV-1 Tat protein was synthesized as reported in (53,63).

RNA dimerization assay: RNA dimerization was performed as described previously
(47). Briefly, 100 nM of unlabeled HIV-1 1-615 RNA fragment were diluted in 10 ul of
water together with the corresponding labeled RNA (5,000 cpm, 3-5 nM). Samples
were denatured for 2 min at 90°C, and snap-cooled on ice for 2 min. Dimerization
was initiated by addition of Vif proteins under conditions disfavoring salt-induced
RNA dimerization (50 mM sodium cacodylate pH 7.5, 50 mM NacCl, 0.1 mM MgCl,).
RNA samples were incubated 30 min at 37°C, deproteinized, and resuspended in
glycerol-containing loading buffer, split in two equal volumes and analyzed on a
0.8% agarose gel in native (Tris—Borate 0.5X, MgCl; 0.1 mM, run at 4°C) or semi-
denaturating (TBE 1X, run at 20°C) electrophoresis conditions. Gels were fixed in
10% trichloroacetic acid for 10 min and dried for 1 h under vacuum at room
temperature. Radioactive bands corresponding to monomeric and dimeric species

were visualized and quantified using a FLA 5000 (Fuiji).

TAR(-)/TAR(+) DNA annealing assay: The DNA annealing assay was performed as
described in (62,64). Briefly, 0.03 pmol of the TAR(+) and **P-TAR(-) ODNs were
incubated in 10 pl of buffer A with increasing concentrations of Vif, NCp7 or Tat
proteins, as indicated in legend to Figure 7. Reactions were performed at 37°C for 5
min except for the positive control that was incubated at 65°C. To stop the reaction
and remove the protein from the **P-ODN, 5 pl of a solution containing 20% glycerol,
20 mM EDTA pH 8.0, 2% SDS, 0.25% bromophenol blue and 0.4 mg/ml calf liver
tRNA were added. Samples were resolved by 8% native PAGE in 50 mM Tris—
borate pH 83, 1 mM EDTA at 4°C. Subsequently, gels were fixed,
autoradiographed, and the amounts of labeled single-stranded and double-stranded

DNA were visualized and quantified using a FLA 5000 (Fuiji).

RESULTS

Rationale for the design of HIV-1 Vif domains

We first predicted disorder of the HIV-1 Vif protein (HXB2 isolate) using various

software tools (Supplementary Table 1). Most tools predicted a disordered protein
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from residue L150. It is interesting to note that Vif has a cleavage site for the HIV-1
protease after this residue, releasing a 151-192 segment (65,66). The C-terminal
domain is predicted to be unfolded and this has been actually demonstrated in
solution by NMR (42). We thus decided to study a truncated protein containing the
first 150 residues of Vif, namely Vif (1-150). This part of the protein contains, in
addition to the tryptophan-rich domain, the HCCH motif and the SOCS-box (Figure
1). We then attempted to define the NTD of Vif that contains its RNA binding activity.
The 97 residues at the N-terminus of Vif containing the tryptophan-rich region
seemed to be appropriate (Vif (1-97)). This part of Vif is rich in hydrophobic amino
acids and is predicted to be ordered by all structure prediction programs. We also
chose to analyze the CTD of Vif, Vif (95-192), which contains the C-terminal part of
Vif from residue 95. Therefore, this domain includes the HCCH motif, the SOCS-box,
and the multimerization PPLP domain and is predicted unstructured by all disorder
prediction programs. The whole Vif protein has been studied in parallel to these

domains.

Overexpression of Vif and its domains in the soluble fraction of E. coli lysate was
possible in ArcticExpress(DE3)RIL and BL21(DE3)pLysS strains of E. coli. However,
purification of Vif and its domains from the soluble fraction remained difficult. Indeed,
Vif and its domains were highly bound to nucleic acids and the disruption of these
interactions by a polyethyleneimine (PEI) treatment, for instance, led to precipitation
of Vif proteins. Therefore, Vif and its domains were overproduced in E. coli and
purified in denaturating conditions as previously described (13,47). The renaturating
conditions for each domain were adjusted so that each domain could solubilized and

concentrated to a final concentration around 40 pmol/L.

It is now well established that Vif self-associates both in vitro (31,40) and in vivo (30)
through the proline-rich "*'PPLP'®* domain. However, the mutation of the '*'PPLP'%
motif to "®'AALA'® did not completely abolish the oligomerization of Vif, but reduced
the size of Vif multimers (48). This strong tendency of Vif to self-associate and to
aggregate has so far hampered Vif to be amenable to X-ray or NMR studies. We
thought that working with various domains of Vif could facilitate such a study. Thus,
we first focused on Vif domains characterization regarding their self-association, their

proper folding, and then on their RNA binding and chaperoning activities.
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The overproduced HIV-1 Vif domains are folded as predicted by secondary

structure programs

According to our experimental strategy, Vif and its domains were ultracentrifuged
and soluble fractions were used to analyze (i) their oligomerization status by DLS
(Figure 2), (ii) their secondary structure by CD (Supplementary Table 2 and
Supplementary Figure 1), and (iii) their amenability to structural studies by NMR
(Figure 3, Supplementary Figures 2 and 3).
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Figure 2. Dynamic light scattering by the HIV-1 Vif protein and its domains. (A) HIV-1 Vif,
(B) Vif (1-150), (C) Vif (1-97), (D) Vif (95-192). The average hydrodynamic radius is
indicated for each Vif protein domain.

DLS allowed us to investigate the homogeneity of the samples and to determine the
self-association of Vif domains in solution. DLS was essential to assess the quality of
the protein samples before further experiments. Heterogeneous samples presenting
two or more protein size populations in solution were discarded from all our
analyses. We found that Vif proteins were mainly mono-dispersed, with a poly-
dispersity index of about 0.3-0.4 for all tested proteins (Figure 2). Moreover, we

observed that addition of 10% glycerol prevented massive aggregation. A mean
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hydrodynamic radius of 7.5 nm was measured for Vif, which corresponds to a
multimer containing 15 to 19 proteins, in agreement with previously published data
(45,48,49). For Vif domains, the hydrodynamic radius varied from 4 to 5 nm.
Assuming spherical organization of the multimers, this could correspond to multimers
of 4-5 proteins for Vif (1-150) and 7-9 proteins in the case of Vif (1-97) and Vif (95-
192). Therefore, Vif (1-150) and Vif (1-97) form multimers despite the absence of the
1*1ppLP'®* oligomerization site. On the contrary, Vif (95-192), despite the presence
of the "'PPLP' motif, formed multimers of no more than 10 proteins. Taken
together, these results suggest that domains outside the C-terminus of Vif also
contribute to multimerization, in agreement with previous studies performed on full-
length Vif protein {Batisse, 2012 #28;Bernacchi, 2011 #64;(67). Moreover, the
*1PPLP' domain is not conserved amongst HIV-2 and SIV {Barraud, 2008 #27},

confirming that other unknown domains can be used to form oligomers.

The conformation of Vif and its domains were further investigated using far-Uv CD
(Supplementary Figure 1 and Supplementary Table 1). CD spectra in the far-UV
domain (180-260 nm) gives information on the secondary structure of proteins,
namely their contents in a-helix, B-strands, and random secondary structures.
Analysis of Vif CD spectrum yields 15% of a-helix, 33% of B-strands and 52% of
disordered regions, in good agreement with previous studies (45,48,49) and with
secondary structure prediction (Supplementary Table 1). As expected from
secondary structure prediction (30,68-70), wild-type Vif protein, Vif (1-150) and Vif
(1-97) show an overall organization enriched in B-strands, while Vif (95-192) is
essentially unstructured. The sum of secondary structures predicted and observed
by CD are very similar (Supplementary Table 2), even if limited differences exist in
the type of secondary structures. These results show that the overproduced Vif
domains were folded as predicted after the denaturation-renaturation process.

The significant percentage of disordered regions in Vif most likely arises from its C-
terminal domain. Indeed, the percentage of random structures was smaller in Vif (1-
150) and Vif (1-97), where the C-terminal region is missing. Vif (1-97) presented the
highest percentage of secondary structures (68%) and the lowest of random
domains (32%). This domain could have been amenable to structural study by NMR
or X-ray crystallography. Unfortunately, its poor solubility and oligomerization

tendency prevented us from solving its 3D structure by NMR or X-ray
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crystallography. We thus confirmed that the CTD of Vif is disordered in solution,

while the NTD corresponds to the most structured domain.

We then studied the 1D "H NMR spectrum of Vif and its domains (Supplementary
Figure 2). Taking into account that these proteins forms multimers in solution, the
poor dispersion of NMR signals in the amide region (7.5-10 ppm) indicated that the
observable protons are not involved in the hydrophobic core of the proteins, but
belong to their unfolded domains. This feature is confirmed by the observation that
the 1D "H NMR spectrum of Vif and Vif (95-192) are identical. Therefore, the only
observable part of the Vif protein by NMR is its C-terminal domain. We subsequently
labeled Vif (95-192) by '°N-nitrogen to precisely analyze this domain by 2D NMR

spectroscopy (Figure 3).
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Figure 3. "H-"°N TROSY spectrum of Vif (95-192). The spectrum was recorded at 20°C in
the protein buffer. The sample (22 uM, glycerol free) was centrifuged for 30 min at 100,000 g
before use.

Amide group signals were poorly dispersed in the proton dimension (0.5 ppm) and
covered 10 ppm in the nitrogen dimension. The signal at 10.07 ppm corresponds to
the indol NH of the unique tryptophan (W174) present in Vif (95-192). This proton

signal is also observable in the wild-type Vif spectrum while the 6 other tryptophan
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(W5, W11, W21, W38, W70, W79) indol protons remained unobservable. The poor
dispersion of the amide groups and the linewidth of the NMR signals of Vif (95-192)
confirmed that this protein is not structured and forms multimers. The addition of zinc
ions did not allow further structuration, but an additional broadening of signals was
observed (Supplementary Figure 3). For Vif (1-97), very few large signals are
observed, confirming that this protein formed a high molecular weight complex with a

low percentage of unstructured regions (Supplementary Figure 2).

Altogether, these biophysical analyses suggested that Vif and its domains can be
produced under soluble and homogenous samples, and fold as expected, with a

highly structured NTD and an unstructured CTD.
The N and C-terminal domains of HIV-1 Vif both bind nucleic acids

The HIV-1 genomic RNA and the APOBEC3G mRNA were previously described as
containing specific Vif binding sites (45,46,48,49). In the HIV-1 RNA, several regions
can be bound by Vif, namely the TAR, poly(A), and DIS (Dimerization initiation Site)
stem-loops located in the 5’-untranslated region, and a short sequence within
nucleotides 499-996 (RNA B), in the Gag coding region (46). In line with these
studies, we focused our attention on RNA B and on a shorter version corresponding
to the first 300 nucleotides of RNA B (Short RNA B). Interestingly, it was previously
observed that this short domain contains a very high affinity binding site for Vif (48).
We also investigated the binding of Vif domains to the apical part of the TAR stem-
loop (16 nts) and to tRNA"; (76 nts), since Vif inhibits some functions of the HIV-1
nucleocapsid protein (NCp7) such as the annealing of tRNA"®; to the PBS (Primer
Binding Site) of the HIV-1 RNA (47). Moreover, °N-labeled tRNA"®; and the NMR
assignment of its imino groups were already available in one of our groups (71,72),
thereby opening the use of NMR to study these Vif binding to tRNAMS;,.

Considering the biochemical characteristics of Vif protein and its different domains,
fluorescence spectroscopy and NMR chemical shift mapping were our preferred
methods to investigate the interaction between Vif domains and RNAs. Indeed, Vif
contains 8 tryptophans that confer an intrinsic fluorescence signal to the protein.
Similarly, Vif (1-97) and Vif (1-150) have 7 tryptophan residues, while Vif (95-192)
possesses only one. However, this single tryptophan residue was sufficient to
analyze the RNA binding capacity of Vif (95-192). Upon RNA binding, the
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fluorescence of Vif and its domains was attenuated (Figure 4 and Supplementary
Figure 4), and fluorescence quenching was used to obtain titration curves and to

determine dissociation constants.
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Figure 4. Fluorescence titrations of Vif and its domains with tRNA"%; at 25°C. (A) Vif, (B) Vif
(1-150), (C) Vif (1-97) and (D) Vif (95-192). The dissociation constants (Kp) are indicated in
nM with the 95% confidence interval between parenthesis. The maximal fluorescence
quenching (Qnax) obtained for each titration is indicated as a percentage (%). The
measurements were performed in a Tris-Cl (30 mM, pH 7.5) buffer containing 200 mM NacCl
and 10 mM MgCls.

Titration curves of Vif and its domains with tRNA™S; are presented in Figure 4 as
examples, while Table 1 summarizes the Kq values derived from fitting of the relative
binding curves (see Materials and Methods). Dissociation constant analysis (Table 1)
allowed us to observe that the NTD, Vif (1-97), which corresponds to the previously
described Vif RNA binding domain binds to the different tested RNAs similarly to full-
length Vif (23,24). Globally, the Ky magnitudes range from 10 to 34 nM, which
correspond to high affinity binding. More surprisingly, the C-terminal domain of Vif,
Vif (95-192), also highly bound to RNAs (Table 1), with relative dissociation
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constants ranging from 16 to 26 nM (Table 1 and Supplementary Figure 4). Beside,
we also showed that Vif (1-150) seems to be the least efficient for RNA binding
(Table 1). In this case, Kq values ranged from 30 to 51 nM. This result indicates that
the HCCH and SOX-box domains do not participate in RNA binding. This is in
agreement with previous results showing that no interaction could be observed
between a peptide containing the HCCH motif and nucleic acids (JCP, unpublished
data).

Table 1. Dissociation constants (Kp) derived from fluorescence titrations.Each Kp

value is the average of five titrations, the mean standard deviation is indicated in
parenthesis. The maximal attenuation Q. is also indicated.

ARN B ARN B | ARNt"S; |TAR
short

Vif FL
Kb (nM) 30+3 13 +2 27 15 3114
Qmax 50% 70% 65% 56%
Vif Q97
Kb (M) 3115 10 +2 34 4 3214
Qrmax 76% 65% 73% 62%
Vif S95
Kb (nM) 26 +4 16 (£2 16 £3 20 2
Qmax 62% 60% 73% 66%
Vif L150
Kp (nM) 47 12 27 (£2 51 +7 314
Qmax 60% 56% 65% 54%
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The dissociation constants of Vif domains for small RNA (TAR and tRNA"S;) were
very similar. Interestingly, the comparison of K4 values obtained for RNA B and its
shorter version lead to the observation that highly specific binding sites for Vif are
present in the short RNA B (Table 1). These results are in good agreement with
previous results (45) confirming the presence of preferential binding sites in this
region of the HIV-1 genomic RNA. It is thus possible that these high affinity binding
sites are somehow buried in the complete RNA B, while exposed in its truncated

form and available to interact with Vif.

The different domains of Vif also showed rather good affinity for small and highly
structured RNAs such as TAR and tRNA"® ® (Table 1). Since those regions are
absolutely required for essential steps in reverse transcription, these interactions
could be related to different functions played by Vif protein during the HIV-1 life

cycle.

Vif and NCp7 proteins share the same binding sites on tRNA"YS;

Our fluorescence spectroscopy results showed that Vif and its domains bind TAR
and tRNA™;, two RNAs suitable for NMR studies. All our attempts to obtain TAR/Vif
or Vif domains complexes at concentrations required for recording NMR spectra
(around 10-40 umol/l) were unfruitful due to massive precipitation of the proteins,
thus preventing any further NMR studies. Fortunately, the situation was more
favorable for the study of the tRNA"S3/Vif interaction. Therefore, tRNA"*; was used
to investigate the binding of Vif and its domains by NMR chemical shift mapping.
This method consists of labeling one of the partners of a complex with nitrogen 15
(tRNA™%3 in our case) and in monitoring the variation of chemical shifts upon binding
with the non-labeled partner (Vif and its domains). Indeed, "°N-labeled tRNA™S; was
produced as previously described (57) and the chemical shifts of its imino groups
were used to monitor its interaction with Vif (Figure 5A, Supplementary Figure 5 and
6). The imino groups involved in the protein-binding site experience the largest
variations of chemical shifts (Supplementary Figure 5, 6 and 7). For instance, the
imino groups of U12, G15, T54 and G70 undergo the largest variation of chemical
shift, between 0.05 and 0.08 ppm upon binding to Vif. Our NMR data indicate that Vif
is most strongly bound to the T-arm, the acceptor arm, the variable loop, and the D-
arm of tRNA"®; (Figure 5B).

145



(A)

TROSY 20°C

(8)

¢ G6

145 F1[ppm]

G70Gs1 G30 _ces G42
o g:: '.
02, v G15Gs

® G\ 52

3
G24
671 “GeaG10

150

®
G456 G53

155

ous?

kY
3

£
160

wui2 Ws5/¥39

14 13 12 1 F2 [ppm]

Vif (1-97) Vif (95-192) NCp7

Figure 5. NMR chemical shift mapping of the binding sites of Vif proteins on tRNA"%;. (A)
two NMR spectra (2D "H-">N TROSY) acquired at 20°C are superimposed: in black for the
tRNA™®; alone (reference spectrum) and in red for the tRNA"™;/Vif complex. (B) The NMR
chemical shift mapping is reported on the secondary structure of tRNA"*; with the following
color code: the base pairs for which the chemical shift variation of the imino group upon
addition of the protein is = 0.05 ppm are in red, between 0.03 and 0.05 ppm in orange and
equal to 0.02 ppm in yellow. Mapping on the tRNA"™®; 3D structure (PDB code 1FIR) of the
binding sites of the Vif protein and its domains: (C) Vif, (D) Vif (1-97), (E) Vif (95-192) at 2
equivalents and (F) NCp7 at 3 equivalents {Tisne, 2001 #664}. The color code is the same
asinB.

The NMR footprint more clearly appears when reported on the 3D structure of
tRNA™; (Figure 5C). Vif thus presented a strong binding site located in the core of
tRNA™S; Interestingly, Vif (1-97) did not bind the T-arm of tRNA™®; (Figure 5D), but
still bound to the variable loop/D-arm and to the acceptor arm. Vif (95-192) showed a
more dispersed interaction but was still capable of binding to the tRNAYS; T- and D-

arms. Unfortunately, we were not able to examine Vif (1-150) binding to tRNA"®; due

146



to the poor solubility of this protein. NMR chemical shift mapping of the interaction
between NCp7 and tRNA"S; was previously published (73) (figure 5F). Interestingly,
these interactions were almost identical with that of Vif, suggesting that these two
proteins share the same binding sites on tRNA™S;. Taken together, these results
suggest that the interaction with the T-arm of tRNA™; is dependent on the C-
terminal domain while the interaction with the D arm/variable loop occurs through its

N-terminal part.
The RNA chaperone activity of Vif is driven by its C-terminal domain (95-192)

In order to identify the domain of Vif involved in RNA chaperoning, we compared the
capacity of full-length Vif and Vif domains (i) to modulate HIV-1 RNA dimerization
(Figure 6) and (i) to activate the annealing of two complementary

oligodeoxynucleotides (TAR(+)/TAR(-) assay) in vitro (Figure 7).

- HIV-1 RNA dimerization assay. HIV-1 RNA can form two different types of dimers
in vitro, termed loose and tight dimers depending on their thermal stability that are
correlated to the process of viral maturation after particle budding (for a review see
(74)). Using an RNA fragment encompassing the first 615 nucleotides of HIV-1
genomic RNA, RNA dimerization was analyzed under two different electrophoresis
conditions: (i) native conditions under which both loose and tight dimers are stable
(Figure 6A) and (ii) semi-denaturing conditions in which only tight dimers are stable
(Figure 6B) (47). Vif and Vif (95-192), both stimulated RNA dimerization in a
concentration dependent manner (Figure 6A), with a dimerization yield of 64% and
79% at 1 uM for Vif and Vif (95-192), respectively (Figure 6C). This Vif-induced RNA
dimer is a tight dimer, as it is still observed during electrophoresis under semi-
denaturing conditions (Figure 6B). Interestingly, these two Vif proteins were also able
to induce the formation of multimers of RNAs (Figure 6B). However, while increasing
concentration of Vif (1-150) and Vif (1-97) progressively increased the dimerization
yield from 10 to 45%, respectively, in native conditions (Figure 6A and 6C, left
histogram), only RNA dimers obtained with Vif (1-97) marginally increased under
semi-denaturing conditions (Figure 6B and 6C, right histogram). These results
suggest that Vif (1-97) was mainly able to induce the formation of loose dimers,
whereas Vif (1-150) presented an intermediate behavior (compare Figure 6A and
6B). Thus, as Vif and Vif (95-192) mimic the RNA chaperon activity of the HIV-1
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NCp7 protein, our results suggest that the RNA chaperon activity of Vif mediated its
C-terminal domain encompassing the Cullin 5 and Elongin C binding motifs as well

as the PPLP oligomerization sequence.
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Figure 6. HIV-1 RNA dimerization induced by Vif and its domains. HIV RNA 1-615 was
allowed to dimerize in the presence of increasing concentration of Vif , Vif (95-192), Vif (1-
150), and Vif (1-97) (0.25, 0.5, 0.75 and 1 yM), and run on a 0.8% agarose gel in native (A),
or semi-denaturing (B) conditions after protein removal. Lanes D and M correspond to
control incubation of RNA in dimeric (D) or monomeric (M) buffers (see Material and
Methods for composition) (C) Percentage of RNA dimer as a function of the concentration of

Vif protein and its domain.
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- TAR(+)/TAR(-) annealing assay: The annealing of the complementary TAR
sequences is essential to achieve (-) strand strong stop DNA transfer, and amongst
the various standard RNA chaperoning assays, the annealing of a TAR
oligodeoxynucleotide (TAR+) to its complementary sequence (TAR-) has been used
in many occasions (53,54). To identify the potential domain(s) of Vif involved in RNA
chaperon activity, we compared the ability of Vif and its domains to promote the
annealing of two complementary TAR sequences with that of NCp7, NC (12-53)
(peptide 12-53 of NCp7) and Tat, two other RNA chaperon proteins. In the absence
of protein, TAR(+)/TAR(-) annealing occurred at 65°C in high salt conditions in the
positive control (Figure 7A, lanes 1). No TAR(+)/TAR(-) annealing was observed at
37°C in the negative control (Figure 7A, lane 2). Incubation with NCp7 or Tat at 37°C
for 5 min favored TAR(+)/TAR(-) annealing at a protein concentration starting at 2.75
nM and 11 nM for NCp7 and Tat, corresponding to a protein to nucleotide molar ratio
of 1/40 and 1/10, respectively (Figure 7A, lanes 3 to 10). Interestingly, in the
presence of Vif, TAR(+)/TAR(-) annealing was also observed, but started at a lower
protein to nucleotide molar ratio of 1/40 (Figure 7A, lanes 11-14), indicating that Vif
annealing activity was slightly more efficient than that observed for NCp7 and Tat.
Indeed, 22% of TAR-annealed complex were obtained at a 2.75 nM Vif
concentration, while two-times less complex was obtained with the same
concentration of NCp7 or Tat (Figure 7B). At a higher protein concentration (22 nM),
this difference is lost between Vif and NCp7 (Figure 7B). As expected from previous
studies (53,54,75), the NC12-53 peptide was found to be poorly active in TAR-
annealing activity and other RNA chaperoning assays. Indeed, 70% of TAR
annealed complex was obtained at 200 nM, whereas ten times less Vif protein is
necessary to obtain this percentage (Figure 7B). Surprisingly, when we analyzed the
truncated domains of Vif, we showed that all of them were able to stimulate TAR(-
)Y TAR(+) annealing at a level comparable to what was observed with Vif (Figure 7A).
However, the Vif (95-192) domain seems to possess the highest annealing activity
as 30% and 80% of TAR(-)/TAR(+) complex are formed at the lowest (2.75 yM) and
highest (22 uM) concentration of Vif (95-192), respectively (Figure 7A & B, compare
with Vif lanes 11 and 14). Taken together, these results indicate that Vif possesses a

strong RNA chaperone activity that is mainly driven by its C-terminal domain.
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Figure 7. Stimulation of HIV-1 TAR(+)/TAR(-) DNA annealing by Vif and its domains. A)
TAR(+) and *?P-labeled TAR(-) DNA oligonucleotides were co-incubated in the presence of
increasing concentrations of NCp7 (wild-type and fragment 12-53), Tat, and Vif (full-length
and domains). The protein concentrations were 2.75, 5.50, 11 and 22 nM except for NC (12-
53) for which the concentrations were 25, 50, 100 and 200 nM. In the absence of protein,
double-stranded TAR DNA was formed upon incubation at 65°C for 30 min (Ct+, lanes 1) but
not at 37°C (Ct-, lanes 2). TAR(+)/TAR(-) was annealed at 37°C for 5 min with HIV-1 NCp7
(protein/nt molar ratios of 1/40, 1/20, 1/10 and 1/5) (lanes 3-6), Tat (lanes 7-10), Vif (lanes
11-14), NC (12-53) (lanes 15-18), Vif (95-192) (lanes 19-22), Vif (1-150) (lanes 23-26), and
Vif (1-97) (lanes 27-30). B) Percentage of TAR(+)/TAR(-) DNA complex as a function of the
protein concentration.

DISCUSSION

In this paper, we investigated the RNA binding properties and chaperoning activities
of HIV-1 Vif functional domains. First, using CD and NMR spectroscopies, we
showed that the NTD of Vif, encompassing residues 1-97, is the most structured in
solution, whereas the CTD (95-192) domain remains mainly unfolded either alone or
within the full-length Vif. More strikingly, we showed that Vif (1-97), (1-150) and (95-
192) conserved substantial RNA binding capacities. Actually, both the N- and CTD of
Vif are able to bind with high affinity RNAs that were previously described as Vif
preferential binding sites (45), as well as to tRNA"®;. More precisely, the NTD has a
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definite and specific binding site to the inside of the L-shape of tRNA™S; whereas the
fingerprint with the CTD is more diffused, most likely indicating a less specific
binding. Interestingly, the CTD is responsible for the interaction with the T-arm of
tRNAYS; whereas the NTD of Vif is not able to bind this arm that needs to be
annealed to the PBS region to promote efficient initiation of reverse transcription.
Interestingly, NMR chemical shift mapping demonstrates that Vif and NCp7 share
the same binding sites on tRNA"™®; and could thus compete for tRNA"®; binding.
Finally, we showed that RNA chaperone activities of Vif and NCp7 are mostly driven
by their basic unfolded domains. In any case, Vif presented an annealing activity

slightly more efficient than was observed for NCp7 and Tat proteins.

Using in vitro binding with poly(G)-conjugated beads, Zhang et al. (23) previously
showed that a peptide from amino acids 1 to 64 of HIV-1 Vif possesses a strong
RNA binding activity. Moreover, highly conserved amino acids are present in the N-
terminus of Vif proteins from several primate lentivirus strains. Mutation of
hydrophobic residues such as W11, Y30, and Y40 significantly decreased Vif RNA
binding activity. In addition, it was showed that the C-terminus of Vif (156-192),
which harbors many positive charged amino acids, has an RNA binding activity as
well (23). Here, our analysis clearly demonstrates that the CTD of Vif (domain 95-
192) is also able to bind RNAs with high affinity, and that the RNA chaperone activity
is mainly driven by this domain. Vif (1-97) contains 11 arginines and 5 lysines
compared to 4 arginines and 9 lysines for Vif (95-192). Therefore, in our design, the
NTD of Vif harbors a positive global charge of +8 compared to +6 for the CTD of Vif.
However, the main difference between these two domains lies in the feature that the
CTD of Vif is unfolded and thus all the positive charges are accessible. The
interactions between Vif (95-192) and nucleic acids are then mainly driven by
electrostatic interactions and are most likely non-specific. Moreover, it has been
demonstrated that Vif proteins from several strains of HIV-1, HIV-2, and SIV are
composed of heterogeneous sequences, yet they can functionally complement each
other (76). Actually, the unfolded characteristic of the CTD is conserved for Vif from
HIV-2 and SIV (C. Tisné, unpublished results). Moreover, while the sequences of Vif
from HIV-1, HIV-2 and SIV strains are highly divergent in the CTD, we still observe a
high number of arginines and lysines in the CTD of Vif (10-17 according to the

strain), and thus a conservation of a significant net positive charge.
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Altogether, it seems that the NTD of Vif binds specifically some RNAs whereas the
CTD, outside the HCCH and SOCS-box domains, possesses the ability to bind
RNAs in a non-specific manner allowing it to display a strong RNA chaperone
activity. Therefore, the basicity and unfolded characteristics of the CTD of Vif in
primate lentiviruses are probably of importance to conserve RNA binding and RNA
chaperone activities. Several RNA chaperone proteins share the same structural
properties. Indeed, it was found that the prevalence of functional regions in RNA
chaperones without a well-defined 3D structure is very high, and such intrinsically

disordered domains were proposed to support chaperone activity (77,78).

At this point, comparing NCp7 and Vif seems very interesting. Indeed, NCp7 is the
most efficient RNA chaperone protein encountered in HIV (52). It has 15 basic
residues, lysine or arginine, positively charged at physiological pH. These charges
are responsible for an electrostatic, usually unspecific, interaction with nucleic acids,
allowing the protein to completely cover the genome in virions (79-83). However,
eleven NCp7-binding sites were identified on genomic RNA inside native virions (84),
and all sites feature a general consensus characterized by a G-rich single-stranded
sequence flanked by stable helices, in agreement with previous NMR studies.
Indeed, structural studies (85-88) showed that the CCHC-like zinc knuckles of NCp7
contain hydrophobic residues forming an ideal surface for specific recognition of
guanine residues located in RNA loops. Regarding the RNA chaperone activity, the
N-terminal basic residues of NCp7 are responsible for some of the activity, like
annealing and aggregation of nucleic acids, whereas the zinc-fingers are responsible
for the destabilization of nucleic acids (89-97). Indeed, the efficiency of the NCp7
NTD to promote annealing of complementary RNA is exemplified in our experiments
by comparing the annealing activity of NCp7 and NC (12-53) lacking the N-terminal
part (Figure 7). Actually, we observed that NC (12-53) lost its annealing activity. The
nature of this effect is essentially electrostatic, due to the charge complementarities
between nucleic acids backbone and the positively charged residues. Interestingly,
the basic and unfolded CTD of Vif clearly drives nucleic acids annealing activity of
the protein. More generally, many proteins do not have well-ordered structures in
their functional parts, representing hybrids that possess both ordered and disordered

regions. Coherently, the highly structured Vif NTD is responsible for a specific
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interaction with nucleic acids, and similarly NCp7 can specifically bind to RNA via its
zinc-knuckles (Vuilleumier, 1999 #94).

Vif is known to promote the hybridization between viral RNA and tRNA™®; generating
a functional complex, even though Vif seems to be less efficient than NCp7 (47).
When both Vif and NCp7 are present, Vif inhibits NCp7-assisted hybridization of
tRNA™S; to the viral RNA. Here, we showed that Vif and NCp7 share the same
binding site on tRNA™%; (Figure 5). This result leads to the conclusion that Vif and
NCp7 are probably in competition for the same binding sites. It might be that the
inhibiting effect of Vif would be probably reduced during the last steps of virions
assembly since only a small amount of Vif is packaged into viral particles (14,98),

suggesting that Vif could act as a temporal regulator of NCp7 activities (47).

Disorder is unevenly distributed within partially unfolded proteins and is typically
more common at protein termini. Disordered tails are usually engaged in a wide
range of functions, some of which are unique for termini, and cannot be found in
other disordered parts of a protein (for a recent review (99)). Vif and NCp7 present
disordered C- and N-terminal tails, respectively, and in both cases, these tails are
responsible for non-specific RNA annealing activity. Moreover, in the case of Vif, its
CTD (95-192) is involved in interaction with several partners to recruit an E3 ubiquitin
ligase namely, EloC through its SOCS-box domain and Cul5 via the HCCH domain.
Recently, it was shown that human E3 ubiquitin ligases also contain disordered
regions that undergo induced folding (or mutual induced folding) in the presence of
the partner (100). In this view, those structural disordered domains in E3 ligases
behave as substrate/adaptor binding domains allowing the mechanism of ubiquitin
transfer by long-range conformational transitions. The conserved disorder of the
CTD of Vif in primate lentiviruses could thus have a crucial role not only to recruit the
E3 ubiquitin ligase complex but also to induce mutual folding of binding partners

according to Vif different roles during the viral life cycle.
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Supplementary Tables

Supplementary Table 1. Prediction of Vif disordered domain (HIV-1 HXB2 isolate)
according to (1) www.disprot.org , (2) www.bioinf.cs.ucl.ac.uk/disopred , (3)
www.iupred.enzim.hu , (4) www.globplot.embl.de , (5) www.protein.cribi.unipd.it/spritz ,
(6) www.genomics.eu.org/spip/PreLink, (7) www.sbc.su.se/~maccallr/disorder, (8)
www.bip.weizmann.ac.il/fldbin/findex, (9) www.strubi.ox.ac.uk/RONN/. Predicted disordered
residus are indicated in red.
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Supplementary Table 2. Analysis of the CD spectra of Vif and its domain. The data were fit
using the K2D software http://www.embl.de/~andrade/k2d.html| {Andrade, 1993 #773}. The
percentage of the secondary structure elements calculated from the Vif secondary structure
predicted by PSIPRED http://bioinf.cs.ucl.ac.uk/psipred/ is given between parenthesis.

condary structure | a-helix | B-strands Random

Proteins

Vif 15% 33% 52%
(22%) (26%) (52%)

Vif (1-150) 2% 51% 47%
(26%) (31%) (43%)

Vif (1-97) 25% 43% 32%
(14%) (45%) (41%)

Vif (95-192) 20% 15% 65%
(31%) (5%) (63%)
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Supplementary Figures

Supplementary Figure 1. Circular dichroism spectra of Vif and its domains.
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Supplementary Figure 2. 1D "H NMR spectra of Vif and its domains. (A) Vif (1-97),
(B) Vif, (C) Vif (95-192). Spectra were recorded at 20°C in the protein buffer.
Proteins were centrifuged for 30 min at 100,000 g before use and the spectra were
recorded on the supernatant.
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Supplementary Figure 3. 1D 'H NMR spectra of Vif (95-192). Spectra were
recorded at 20°C with (A) or without (B) 1 equivalent of ZnCl,. Sample concentration
was 22 uM.
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Supplementary Figure 4. Fluorescence titrations of Vif (95-192) with HIV-1 RNAs at
25°C. (A) Short RNA B and (B) TAR RNA. The dissociation constants (Kp) are
indicated in nM with the confidence interval at 95% in parenthesis. The maximal
fluorescence attenuation Qmax Obtained for each titration is indicated as a percentage
(%). Measurements were performed in a Tris-HCI (30 mM, pH 7.5) buffer containing
200 mM NaCl and 10 mM MgCl,.
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Supplementary Figure 5. NMR chemical shift mapping of the binding sites of Vif
proteins on tRNA"3. The NMR chemical shift mapping of Vif (A) and Vif (1-97) (B) is
reported on the secondary structure of tRNA™®; (left) with the following color code:
the base pairs for which the chemical shift variation of its imino group upon addition
of the protein is = 0.05 ppm are in red, between 0.03 and 0.05 ppm in orange and
equal to 0.02 ppm in yellow. On the right side, two NMR spectra (2D 'H-"°N TROSY)
acquired at 20°C are superimposed: in black for the tRNAM®; alone (reference
spectrum) and in red for the tRNA"Ss/protein complex.
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Supplementary Figure 6. NMR chemical shift mapping of the binding sites of Vif
(95-192) on tRNA"S;. Interaction of Vif (95-192) at 1 (A) or 2 (B) equivalent(s) of the
protein. In each panel, the NMR chemical shift mapping is reported on the secondary
structure of tRNA™S; (left). The color code is the same as in supplementary Figure 5.
On the right side, two NMR spectra (2D 'H-""N TROSY) acquired at 20°C are
superimposed: in black for the tRNA™®; alone (reference spectrum) and in red for the
tRNAYS3/protein complex.
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Supplementary Figure 7. Mapping on tRNAS; structure (PDB code 1FIR) of the
binding sites of Vif and its domains: (A) Vif, (B) Vif (1-97), (C) Vif (95-192), (D) Vif
(95-192) at 2 equivalents and (E) NCp7 at 3 equivalents. The base pairs for which
the chemical shift variation of its imino group upon addition of the protein is equal or
superior to 0.05 are in red, between 0.03 and 0.05 ppm are in orange and equal to
0.02 ppm are in yellow.

Vif (95-192)
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3.2. Sumplementary experiments (from the article: The role of Vif
oligomerization and RNA chaperone activity in HIV-1 replication)

3.2.1 HIV-1 Vif activates TAR(+)/TAR(-) annealing

The annealing of the complementary TAR sequences is essential to achieve (-)
strand DNA transfer. To better understand Vif-induced (-) strand DNA transfer, we
compared the ability of Vif to promote the annealing of two complementary TAR
sequences with that of NCp7 and Tat. In the absence of protein, TAR(+)/TAR(-)
annealing occurred at 65°C in high salt conditions in the positive control (Fig. 34A,
Ct+). No TAR(+)/TAR(-) annealing was observed at 37°C in the negative control (Fig.
34A, Ct-). Incubation with NCp7 or Tat at 37°C for 5 min favored TAR(+)/TAR(-)
annealing at protein to nucleotide molar ratios of 1/20, 1/10 and 1/5 (Fig. 34A, lanes
3-8). In the presence of Vif, TAR(+)/TAR(-) annealing was also observed, but at
higher protein to nucleotide molar ratios of 1/30, 1/15 and 1/10 (Fig. 34A, lanes 11-
13), indicating that Vif annealing activity was slightly less efficient than that observed
for NCp7 or Tat.

3.2.2 Inhibition of Vif-mediated TAR(+)/TAR(-) annealing by 2’0O-methylated
ODNs

In an attempt to characterize molecules capable of inhibiting the chaperoning activity
of Vif, we used methylated oligonucleotides (mMODN) found to bind to NCp7 and
extensively impair its chaperoning activity in vitro and virus replication in T-cells and
macrophages (Grigorov et al., 2011). To this end, we monitored the effect of mODNs
on Vif-mediated TAR(+)/TAR(-) annealing as previously reported for NCp7 (Fig. 34B)
(Grigorov et al., 2011). In the positive control of Vif-mediated TAR(+)/TAR(-)
annealing, Vif was used at a protein to nucleotide molar ratio of 1/30 (Fig. 34B, line
3). We observed no effect on the TAR(+)/TAR(-) annealing by Vif after addition of
increasing concentrations (100-400 uM) of mODN-11 and mODN-9UU (Fig. 34B,
lanes 4-6 and 10-12, respectively). However, addition of mODN-9 GU drastically
reduced TAR(+)/TAR(-) annealing by Vif (Fig. 34B, lanes 7-9). This result suggests
that mODNs could be used to inhibit not only the nucleic RNA chaperone activity of
NCp7 (Grigorov et al., 2011) but also that of Vif.
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Figure 34. Stimulation of HIV-1 TAR(+)/TAR(-) DNA annealing by Vif. A) TAR(+) and **P-
labeled TAR(-) DNA oligonucleotides were co-incubated in the presence of increasing
concentrations of NCp7, Tat and Vif. In the absence of protein, double-stranded TAR DNA
was formed by annealing upon incubation at 65°C for 30 min (Ct+, lanes 1 and 9) but not at
37°C (Ct-, lanes 2 and 10). Lanes 3-5: TAR(+)/TAR(-) annealing at 37°C for 5 min with HIV-1
NCp7 at protein/nt molar ratios of 1/20, 1/10 and 1/5. Lanes 6-8: TAR(+)/TAR(-) annealing at
37°C for 5 min with HIV-1 Tat at protein/nt molar ratios of 1/20, 1/10 and 1/5. Lanes 11-13:
TAR(+)/TAR(-) annealing at 37°C for 5 min with HIV-1 Vif at protein/nt molar ratios of 1/30,
1/15 and 1/10. B) Inhibition of Vif-mediated TAR DNA annealing by methylated ODNs
(mODN). TAR(+) and **P-labeled TAR(-) DNA were co-incubated in the presence of HIV-1
Vif and increasing concentrations of either one of the mODNs. Upon annealing in the
absence of protein at 65°C for 30 min a double-stranded TAR DNA was formed (Ct+, lane 1)
but not at 37°C (Ct-, lane 2). Lane 3-12: TAR(+)/TAR(-) annealing at 37°C for 5 min with
HIV-1 Vif at protein/nt molar ratio of 1/30 in the absence of mMODN (lane 3) or with increasing
concentrations (100-400 uM) of mMODN-11 (lanes 4-6), mODN-9GU (lanes 7-9), and mODN-
9UU (lanes 10-12), respectively.
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3.2.3 Vif activates hammerhead ribozyme-directed RNA cleavage

The hammerhead ribozyme cleavage assay was used to monitor two RNA
chaperone properties: the annealing of the RNA substrate to the ribozyme, and the
subsequent dissociation of the RNA products (Fig. 35A) (Cristofari and Darlix, 2002).
We observed enhanced ribozyme-directed cleavage of RNA S14 after addition of
increasing concentrations of Vif at protein to nucleotide molar ratios between 1/50
and 1/3 (Fig. 35B, lanes 3-7). As expected, we observed the same effect with NCp7
(Fig. 35B, lanes 8-10). No hammerhead ribozyme-directed RNA cleavage was
detected using NC(12-53) which has only little nucleic acid chaperone activity (Fig.
35B, lanes 11-13) (Cristofari and Darlix, 2002; Darlix et al., 2011b; Kuciak et al.,
2008b). A

Hammerhead ribozyme

Cleavage products

/ \/RNA subtrate S14

A

C o
\ ©o
RNA chaperone
B
Ct Vif NCp7 NC (12-53)

BCITC il el el
B PRRRE San Sew -

- . . ad “. <Clea\.rage

products

12 34 56 7 8 910 111213

Figure 35. Enhancement of hammerhead ribozyme-induced cleavage by HIV- 1 Vif
protein. A) Schematic representation of hammerhead ribozyme cleavage of RNA. B) R3
ribozyme and an excess of the S14 substrate RNA were co-incubated with increasing
concentrations of Vif, NCp7 and NCp(12-53). RNA S14 is 61 nts in length, while the
cleavage product is 49 nts long. Lanes 1-2: control cleavage of the RNA S14 substrate by
the hammerhead ribozyme for 30 min at 4°C or 37°C. Lanes 3-13: incubation for 10 min with
Vif at protein/nt molar ratios of 1/50, 1/40, 1/30, 1/20 and 1/15 (lanes 3-7), with NCp7 at
protein/nt molar ratios of 1/20, 1/10, 1/5 (lanes 8-10) and with NCp(12-53) at protein/nt molar
ratios of 1/10, 1/5, 1/2 (lanes 11-13).
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3.2.4 Vif induces the formation of HIV-1 RNA loose and tight dimers

Previously, we reported that Vif is able to induce the formation of loose RNA dimers
in a RNA dimerization assay using RNA fragments containing the first 615 nts of the
HIV-1 genomic RNA (Henriet et al., 2007). Moreover, in the presence of NCp7, Vif
was able to inhibit NC-induced tight RNA dimer formation (Henriet et al., 2007). We
now report that Vif is able to form both loose and tight RNA dimers when
dimerization assays were carried out with an RNA corresponding to the first 311 nts
of the HIV-1 genome (Fig. 36A). The dimerization experiment was carried out with
increasing concentrations of Vif (0-5 yM) and in the absence or presence of NCp7
(NCp7/nucleotide ratio of 1/7). We analyzed RNA dimerization using two different
electrophoresis conditions: 1) native conditions in which both loose and tight dimers
are stable (Fig. 36A, upper panel) and 2) semi-denaturing conditions in which only
tight dimers are preserved (Fig. 36A, lower panel). In the absence of NCp7, Vif
stimulated both loose and tight RNA dimers formation, as observed by the presence
of RNA dimers under both electrophoresis conditions, with a dimerization yield of ~
40% at 5 uM Vif (Fig. 36A). In the absence of Vif (Fig. 36A, lane 5), NCp7 induced
>90% RNA dimer under both electrophoresis conditions. When increasing
concentrations of Vif were added, we observed a reduction of the NCp7-induced
tight RNA dimer formation (Fig. 36A, lanes 5-8), indicating a competition between Vif
and NCp7, as previously observed (Henriet et al., 2007). These observations
suggest that Vif favors the formation of tight RNA 1-311 dimers (Fig. 36B), contrary
to what was observed for RNA 1-615 (Henriet et al., 2007). Indeed, in the RNA 1-311
context, the dimerization initiation site (DIS), responsible for RNA dimerization, is
located directly at the 3'-end of the molecule, which probably induced a reduction of
topological constraints and could thus allow the formation of an extended duplex
(Fig. 36B). Conversely, the DIS of RNA 1-615 is located in the middle of the
sequence, and in this context, Vif and/or NCp7 may stabilize the RNA dimer via
different loop-loop interactions. It is thus likely that the tight dimers formed by RNA 1-
311 differ from those formed by RNA 1-615, and presumably by full length genomic
RNA.
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Figure 36. RNA dimerization induced by Vif and NCp7. A) HIV RNA 1-311 was allowed to
dimerize in the presence of increasing concentration of Vif (0, 0.2, 2.0 and 5.0 uM), in the
absence or in presence of NCp7 at a protein/nt molar ratio of 1/7. After protein removal, RNA
was visualized under native and semi-denaturing electrophoresis conditions. B) Schematic
representation of Vif and NCp-induced RNA dimerization under native and semi-denaturing
conditions.
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IV. CONCLUSIONS AND PERSPECTIVES

1. Scientific repercussions of the Vif-mediated A3G translation

inhibition

In this study, we first demonstrated ex vivo, using HEK 293T cells, that the HIV-1 Vif
protein inhibits A3G translation by a 5’UTR-dependent mechanism. In addition to all
reports showing an A3G translation inhibition by Vif in vitro, this thesis demonstrates
that A3G translation inhibition also occurs in cell. Moreover, we reported that 50% of
A3G reduction by Vif is due to a translation inhibition, showing that this mechanism is
equally important to the proteasome-mediated A3G degradation pathway.
Additionally, translational inhibition of A3G reduces A3G incorporation into viral
particles resulting in a 50% increase of HIV-1 infectivity. Therefore, Vif-mediated
A3G translational repression significantly impacts HIV-1 viral restriction induced by

A3G. These results have thus to be considered for further A3G-Vif researches.

First and most importantly, antiretroviral compound development targeting the A3G-
Vif axis must take into account this substantial Vif-mediated A3G translational
repression to achieve a significant A3G incorporation into viral particles. Thus, a
common Vif domain implicated in both A3G reduction mechanisms has to be
targeted. For instance, the Vif N-terminal domain that holds the RNA binding activity,
the CBF-f interacting domain and several motifs that have been implicated in A3G/F
interaction could be an interesting candidate. In fact, CBF-3 is a key component of
the proteasome-mediated A3G degradation pathway and the RNA binding domain
could be implicated in the translation inhibition mechanism, according to our Vif-

mediated A3G translation inhibition hypothesis.

Second, most A3G-Vif studies use A3G constructs lacking the UTRs to perform
different experiments. This type of studies cannot take into account the reduction of
A3G due to its translational inhibition by Vif because Vif requires the 5UTR to
perform its translational repression activity. Thus, the results of such studies may not
correctly represent the activity of Vif on A3G reduction. Importantly, since HIV-1
replication is targeted by other members of the A3 sub-family, Vif could also mediate

translational inhibition of these members. Thus, this study can be extended to other

173



A3 proteins, such as A3F. This translational repression of A3F by Vif is ongoing in
the lab (Thesis study of C. Libre) and preliminary experiments showed that A3F, as
A3G, is dependent on its 5’UTR to be regulated at the translational level by Vif.

2. Understanding the molecular basis of the Vif-induced A3G

translational inhibition

In this work, we showed that Vif impairs A3G translation by a 5’UTR-dependent
mechanism. Based on the 5’UTR secondary structure, we demonstrated that stem-
loop SL2 and SL3 are required in this mechanism. Moreover, we reported that an
UORF present within these structures is required for Vif to repress A3G translation.
To understand how Vif inhibits A3G translation, we first determined the importance of
the uORF in A3G translation. Thus, we showed that this element negatively
influences A3G translation. Interestingly, uORF-altering mutations in human genes
have been shown to be implicated in human diseases (Calvo et al., 2009).
Therefore, it is possible that single nucleotide polymorphisms (SNP) in A3G uORF
could generate certain phenotypes in human populations. Specifically, uUORF SNPs
that inactivate the A3G uORF (single nucleotide substitutions or deletions in the
UORF start and stop codons) could prevent A3G translation inhibition by Vif and
enhance A3G incorporation into virions. This could explain in part the ability of long-
term non-progressors (LTNP) to control HIV-1 infection. However, no study has

addressed this possibility to date.

We also proposed a model of A3G translation in which about 50% of the 43S PICs
pass through the uAUG by a leaky scanning mechanism and initiate translation of
the mORF. The remaining of the 43S PICs complexes is trapped to translate the
UORF and thereby reduces A3G translation. Concerning the short peptide expressed
from the uORF, we showed that this peptide does not have any activity on A3G
translation. However, the function of this peptide, if there is any, remains to be
elucidated in more details. Based on this model, we hypothesize that Vif inhibits
uOREF translation termination and/or promote ribosomal stalling. This event, in turn,
could obstruct the scanning of new 43S PICs that have passed through the uUAUG
and thereby inhibit A3G translation. To validate this hypothesis, it would be important
to first identify and mutate the Vif binding sites that cover the 259-267 nucleotide
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region of the A3G 5’'UTR. These Vif-binding sites could be implicated in Vif-mediated
ribosomal stalling according to our hypothesis. Second, the interaction of Vif with
eukaryotic translation termination factors, such as eRF1 or eRF3, could also promote
the inhibition of uORF translation termination. Despite this concern, the study of Vif
interaction with all components of the eukaryotic translation machinery seems to be

important to understand the Vif-mediated A3G translational inhibition.
3. HIV-1 Vif RNA chaperone activity

An RNA chaperone is a partially disordered protein that binds transiently and non-
specifically to RNAs, promoting a correct RNA folding state. We previously reported
that Vif possesses an RNA chaperone activity that facilitates different steps of the
HIV-1 life cycle, such as RNA dimer maturation and initiation of reverse transcription
(Batisse et al., 2012; Henriet et al., 2007). In this thesis, we extend this knowledge
by studying the RNA binding and chaperoning properties of HIV-1 Vif functional
domains. We showed that the N-terminal domain (NTD) is highly structured in
solution, whereas its C-terminal domain (CTD) remains mainly unfolded. We
observed that the CTD, as well as the NTD of Vif, are able to bind RNAs with high
affinity, and that the RNA chaperone activity is mainly driven by the CTD. It seems
however that the NTD of Vif binds RNAs with high specificity whereas the CTD binds
RNAs in a non-specific manner allowing it to display a stronger RNA chaperone
activity. We also demonstrated that Vif and NCp7 share the same binding sites on
tRNAY®3 and could thus compete for tRNAY® binding. This result may explain
previous observations by which Vif inhibits NCp7-assisted hybridization of tRNA™*
to viral RNA (Henriet et al., 2007). Finally, we showed that the RNA chaperone
activities of Vif and NCp7 are mostly driven by their basic disordered domains.
Giving that the CTD is the binding domain of several partners of the E3 ubiquitin
ligase complex (to induce A3G degradation through the proteasome), it is likely that
the conserved disorder of the CTD in primate lentiviruses has a crucial role in
different steps of the HIV-1 life cycle. To further study Vif RNA chaperone activity
during the HIV-1 life cycle, ex vivo experiments could provide solid evidence of the
importance of Vif chaperoning activities. In this concern, only limited approaches to

study RNA chaperone activity ex vivo have been described so far.
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In section IlI-2-2.5 we presented a model of Vif-mediated A3G translation inhibition in
which a Vif binding site within the 5’UTR of A3G mRNA could be implicated in this
repression. Vif binds strongly to A3G mRNA (Mercenne et al., 2010) and to the 5’-
region of HIV-1 genomic RNA (Bernacchi et al., 2007), while it binds very weakly or
does not bind at all to the central and 3’-regions of this RNA, or to heterologous
RNAs (Bernacchi et al., 2007; Henriet et al., 2005). This indicates that Vif is not an
unspecific RNA binding protein. Based on these observations, it is possible that Vif
may specifically bind the ASG mRNA through its NTD and inhibits A3G translation.
However, since its CTD holds a RNA chaperone activity that could change the RNA
folding state, it is possible that this domain can be implicated in A3G translation
inhibition, changing the A3SG mRNA folding. Further experiments will be required to

determine if both domains are implicated in A3G translational inhibition.
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V. RESUME FRANCAIS

Role de la protéine Vif dans la réplication du VIH-1 : régulation
traductionnelle du facteur de restriction APOBEC3G et activité
chaperon d’ARN

INTRODUCTION ET OBJECTIFS

Le génome du VIH-1 code, en plus des protéines structurales et enzymatiques (Gag,
Pol et Env) nécessaires a la réplication virale, plusieurs protéines régulatrices (Tat,
Rev) et auxiliaires (Nef, Vif, Vpu, Vpr). Ces protéines ne se retrouvent
habituellement que chez les lentivirus et leur réle est d’augmenter le «fithess» viral
dans I'h6te infecté par divers mécanismes (internalisation et dégradation des CD4,
apoptose, trafic cellulaire, etc). Parmi elles, Vif (Viral Infectivity Factor), une petite
protéine trés basique de 23 kDa, est essentielle a la formation de particules virales
infectieuses dans les cellules dites «non-permissives» (lymphocytes T CD4+,
monocytes, macrophages), alors que des virus AVif se répliquent efficacement dans

des lignées cellulaires T dites « permissives » (Jurkat, CEMSS...).

Les cellules non-permissives expriment de facon spécifique les facteurs de
restricion APOBEC3G (APOlipoprotein B mRNA-Editing enzyme Catalytic
polypeptide 3G ou A3G) et A3F, deux cytidine désaminases dont [l'action
hypermutatrice lors de la synthése du brin (-) de 'ADN proviral est létale pour le
virus. En réponse a ce mécanisme de défense, sans doute a I'origine dirigé contre

les rétrovirus endogénes, les rétrovirus ont co-évolué en exprimant la protéine Vif.

Vif réduit de fagon considérable le taux d’expression des protéines A3G/3F par trois
mécanismes principaux (Fig 1.): (1) en recrutant une E3 ubiquitine ligase, Vif induit
la degradation d’A3G par le protéasome ; ce mécanisme est le mieux documenté.
(2) Par compétition directe avec les sites d’encapsidation des protéines A3G au
niveau de 'ARN génomique et du domaine NC du précurseur Pr55Gag. (3) En
régulant négativement la traduction de TARNm d’A3G. Les mécanismes expliquant
cette inhibition sont totalement inconnus a I'heure actuelle, mais il est vraisemblable

qgu’ils impliquent les propriétés de fixation aux ARN de Vif.
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La compréhension de ces différents processus est importante d’un point de vue
thérapeutique car leur inhibition permettrait une encapsidation accrue des protéines

A3G/3F et une baisse importante de I'infectivité virale.

Cytoplasme

ARNm d'APOBEC3G

AA Ar'.AA

£3 asebi qn

Complexe d'assemblage

Encapsidation d'A3G Dégradation d'A3G Traduction d'A3G

Figure 1. Représentation schématique du mode d’action des protéines Vif sur
A3G et sur ’'assemblage des particules virales du VIH-1. (1) Par compétition sur
les sites ARN et protéique (NC), Vif pourrait empécher I'encapsidation des protéines
A3G. (2) Vif recrute les facteurs de poly-ubiquitination pour la dégradation d’A3G. (3)
En se fixant a 'TARNm d’A3G, Vif pourrait inhiber sa traduction.

Pour aborder le réle de Vif dans la régulation traductionnelle d'A3G, Mercenne et al.
(2010) a déja caractérisé les sites de liaison de Vif sur 'ARNm d'A3G au niveau des
fragments correspondant aux regions non traduites (UTR, UnTranslated Regions).
Vif posséde une forte affinité pour la 3'- ainsi que la 5'-UTR, et plusieurs sites de

fixation ont été déterminés par des expériences d’empreintes enzymatiques.

178



Ensuite, Mercenne et al. (2010) a déterminé la structure des UTRs par des
expériences de « probing » chimique et enzymatique. Il a été montré alors que ces
régions sont hautement structurées avec 3 tiges-boucles présentes dans la partie
5'UTR mais aussi dans la partie 3'UTR.

Finalement, il a été analysé l'effet de Vif sur la traduction d'A3G dans des systémes
reconstitués in vitro en présence/absence d’inhibiteurs du protéasome. Ces
expériences ont confirmé que Vif inhibe la traduction de 'ARNm d'A3G et que la 5'-
UTR est un élément majeur de cette répression in vitro. A partir de ces résultats,
l'objectif de ce travail de thése a été de déterminer le rble et le mécanisme de la
régulation traductionnelle du facteur de restriction A3G par la protéine Vif du VIH-1
ex vivo. En paralléle, nous nous sommes intéressés a déterminer les domaines de la

protéine Vif impliqués dans I'activité chaperon d'ARN.

RESULTATS

Identification des domaines de ’TARNm d’A3G impliqués dans la régulation
traductionnelle

D’abord, nous avons démontré ex vivo I'importance de la région 5'-UTR de 'ARNm
d’A3G dans la régulation traductionnelle d’A3G par Vif. Ce résultat a été obtenu par
'analyse des « westerns blots » issus de co-transfections de différents vecteurs
d’expression d’A3G (Fig. 2A) en présence ou absence de Vif dans des cellules
HEK293T. Afin d’étudier seulement I'inhibition traductionnel, nous avons utilisé un
dominant négatif de la Cullin 5 (Cul5A - protéine impliquée dans la dégradation via le
protéasome). Ce dominant négatif agit comme un inhibiteur de la dégradation d’A3G
par le protéasome et permet d’étudier uniquement l'inhibition traductionnelle d’A3G

par Vif.

Ainsi, en présence du dominant négatif de la Cul5 et Vif, on observe une réduction
d’A3G (Fig. 3A, ligne 5). Cette réduction est aussi observée quand on transfecte le
mutant A3G A3'UTR mais pas quand on utilise les mutants A3G A5’'UTR et A3G
N'UTR (Fig. 3A et B). Ces résultats démontrent que l'inhibition traductionnelle d’A3G
par Vif est dépendante de la région 5’UTR.

179



Des expériences de RT-gPCR ont permis de démontrer que les niveaux dARNm
d’A3G est le méme dans tous nos conditions. Cela montre que les différences
observées dans I'expression d’A3G ne sont pas di a une expression différentielle de

nos plasmides (Fig. 3C)

A 5’'UTR J'UTR
AUG UAA
297 nts | 1 321 nts
A3GWT ." | A3G open reading frame | J= AA(A)N
A3G A5'UTR @ A3G open reading frame ] = AA(A)N
A3G A3'UTR .'l | A3G open reading frame = AA(A)N
A3G AUTR .-| A3G open reading frame = AA(A)N
1 1
B -
A3G sauvage P ‘%%’LIW ASG T8I
1
2 2
A3G TB1-TB2 A3G TB2
="

23 3
A3G TB2-TB3 %\% A3G TB3
[ AsGorr__% [ AsGorr__%

Figure 2. Mutants d’A3G étudiés. (A) Délétions des parties non traduits de ’TARNm
d’A3G. (B) Mutants de la partie S’UTR.

Nous avons ensuite identifié les domaines de la partie 5UTR de 'TARNm d’A3G
impliqués dans la régulation traductionnelle. Pour identifier ces domaines, des
mutants d’A3G (Fig 2B) permettant d’étudier chacun des motifs en tige-boucle de la
région 5’UTR de 'ARNm d’A3G ont été co-transfectés dans des cellules HEK293T
en présence ou en absence de Vif et du dominant négatif de la Cullin 5. Nous avons
ainsi observé que les domaines d2 et d3 (de fagon simultanée) sont nécessaires a
l'inhibition traductionnelle d’A3G (Fig 4).
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Figure 3. Identification des régions non traduites de ’ARNm d’A3G impliquées
dans la régulation traductionnelle. Les différents mutants des régions non
traduites d’A3G ont été transfectés en présence ou en absence de Vif (+/- dominant
négatif de la Cullin 5). Les protéines A3G et Vif ont été détectées par western blot
(A), puis les signaux ont été quantifiées et normalisées par rapport au contrdle
interne (actine) et les valeurs reportées sur les histogrammes (B).
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Les protéines A3G et Vif ont été détectées par western blot (A), puis les signaux ont
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Compréhension fine du mécanisme de régulation traductionnelle

Apres avoir déterminé limportance des domaines d2 et d3 dans [linhibition
traductionnelle, nous avons constaté la présence d’'un élément TOP est une petite
UORF (Upstream Open Reading Frame) (Fig 5A). Cette séquence se trouve chez
d’autre isoformes de ’TARNm d’A3G (Fig. 5B) et code pour un peptide putatif de 23
acides aminés. Cette séquence n’est pas retrouvée dans les 5-UTR des autres
désaminases. Seule A3D (NM_152426.3) contient une séquence codante putative
exprimant 9 acides aminés (Met-LVRLVSNS).
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Figure 5. Analyse in sillico de la région 5’UTR de ’ARNm d’A3G. (A) Structure
secondaire de la région 5UTR montrant les sites de fixation de Vif (jaunes),
'élément TOP (vert) et 'TUORF (rouge). (B) Alignement de la partie 5UTR avec
d’autres isoformes de TARNm d’A3G.
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Concernant I'élément TOP, nous avons observé indirectement qu’il n’est pas
impliqué dans linhibition traductionnelle d’A3G par Vif car le mutant A3G TB2-TB3,

qui ne posséde pas I'élément TOP se comporte comme le sauvage (Fig. 4).

Les uORF, présents dans 50 % des génes eucaryotes, interviennent principalement
dans des mécanismes de régulation traductionnelle. Dans la plupart des cas, la
présence d’'une UORF régule négativement I'expression de 'ORF majeure. Afin de
comprendre sa fonction et son implication dans I'inhibition traductionnelle d’A3G par
Vif, nous avons tout d’abord determiné in vitro et ex vivo 'expression des mutants du
codon initiateur AUG (AUG/AAG) et du codon stop UGA (UGA-AU/GA) de cette
petite UORF (Fig 6A). Nous avons ainsi constaté que I'expression de 'UORF régule
négativement la traduction de 'ORF majeure d’A3G. En effet, A3G est en moyenne
deux fois plus exprimée lorsque le codon d’initiation de 'UORF est substitué (UAAG)
(Fig 6B).

En ce qui concerne le mutant A3G AuUGA, nous avons constaté I'expression des 2
formes d’A3G (Fig. 6B, ligne 6): une forme longue exprimée a partir de 'uAUG et la
forme principale exprimée a partir de 'AUG original. Ces résultats suggérent que les
deux codons d’initiation sont utilisés par le ribosome dans la cellule. Plusieurs
meécanismes peuvent étre mis en jeu pour expliquer ce phénoméne comme le leaky-
scanning (ignorance du 1er AUG pour former la forme d’A3G mature), la ré-initiation
(reprise du scanning de la sous-unité 40S du ribosome aprés synthese a 'uORF) ou
'entrée interne du ribosome (entrée directe du 43S au niveau de 'AUG de 'ORF
principale d’A3G).

Dans un deuxieme temps, les mutants d’A3G uAAG et AuUGA ont été co-
transfectés dans des cellules HEK293T en présence ou en absence de Vif et du
dominant négatif de la Cullin 5 (Fig. 7). Comme préalablement observe, la forme
sauvage d’A3G est régulée négativement par Vif en présence du mutant de la Cullin
5 (Fig. 7, ligne 1). En revanche, cette inhibition traductionnelle est levée lorsque le
codon initiateur (UAUG) ou terminateur (UUGA) sont mutés (Fig. 7, ligne 8 et 12).
Ainsi, il semble que I'expression de 'TuUORF en amont de 'ORF principale d’A3G soit

requise pour que Vif exerce son activité inhibitrice au niveau traductionnel.
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Figure 6. L’'UORF régule négativement la traduction de ’'ORF majeure d’A3G.
Représentation des mutants des codons AUG et UGA de 'uORF (A) ainsi que son
expression in vitro en utilisant des réticulocytes de lapins et ex vivo aprés
transfection des cellules HEK293T (B).
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Figure 7. L’uORF est requise dans I'inhibition traductionnelle d’A3G par Vif. Le
différents mutants de 'uORF ont été transfectés en présence ou en absence de Vif
(+/- dominant négatif de la Cullin 5). Les protéines A3G et Vif ont été détectées par
western blot, puis les signaux ont été quantifiées et normalisées par rapport au
contréle interne (actine) et les valeurs reportées sur les histogrammes.

Impact de la régulation traductionnelle d’A3G sur l'infectivité virale

Ensuite, nous avons déterminé I'impact de la régulation traductionnelle d’A3G sur
'encapsidation d’A3G dans les particules virales et sur linfectivité virale de ces
particules (Fig. 8). Nous avons ainsi déterminé le taux des protéines A3G
encapsidées dans les particules virales. Ces essais ont été réalisés avec deux
clones moléculaires du VIH-1 (pNL4.3 et pNL4.3AVif), en présence de la forme
sauvage d’A3G (pCMV-A3G WT), de la forme dépourvue de la région 5-UTR
(PCMV-A3G A5'UTR) et de la forme contenant les tiges boucles 2 et 3 (pPCMV-A3G

d2d3) qui se comporte comme la forme sauvage.
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De méme, afin de séparer l'effet traductionnel de la dégradation d’A3G par Vif, ces
expériences ont été réalisées en présence du dominant négatif de la Cullin 5. Nous
avons alors observé que Tlinhibition traductionnelle d’A3G par Vif réduit
l'incorporation d’A3G dans les particules virales avec un profil de diminution I’A3G

similaire a celui observé dans les cellules (Fig. 8A et 8B).

Dans un deuxiéme temps, nous avons mesuré l'infectivité des virions produits lors
des tests précédents en utilisant des cellules indicatrices TZM-bl (mais cette fois-ci
avec un clone moléculaire infectieux du VIH-1 - collaboration avec C. Moog de
I'Institut de Virologie de Strasbourg). Ces expériences ont montré que l'inhibition
traductionnelle d’A3G par Vif augmente l'infectivité virale de 50% (Fig. 8C, lignes 4
et 12).

Activité chaperon d’ARN de Vif

Finalement, en collaboration avec le Dr C. Tisné (Faculté de Pharmacie, Université
Paris-Descartes), nous avons déterminé les domaines de la protéine Vif impliqués
dans [lactivité¢ chaperon d'ARN. En utilisant des essais de dimérisation des
fragments d’ARN du VIH-1, nous avons pu mettre en évidence que le domaine C-
terminal de la protéine Vif était impliqué dans cette activité (Fig. 9). Ce résultat a été
confirmé par des expériences d’hybridation des oligonucléotides d’ADN TAR du VIH-
1 (Fig. 10).

CONCLUSIONS

En conclusion, Vif inhibe la traduction d’A3G ex vivo par un mécanisme dépendant
de la partie 5’UTR et spécifiquement de la présence d’'un uORF identifié dans les
domaines D2 et D3 de cette région. Nous avons également montré que 50 % de la
réduction d’A3G issu de l'activité de Vif est due a linhibition traductionnelle.
L’inhibition traductionnelle d’A3G par Vif est capable de réduire l'incorporation d’A3G
dans les particules virales ce qui donne lieu a une augmentation de 50% de
l'infectivité virale. De plus, le domaine C-terminal de la protéine Vif est impliqué dans
son activité chaperon d’ARN. Ces résultats nous ont permis de mieux comprendre
ce phénoméne de restriction cellulaire et pourraient étre importants dans le
développement de nouvelles stratégies d’inhibition de la réplication virale qui

ciblerait spécifiquement l'interaction de Vif avec TARNm d’A3G.

188



Vif Vif (95-192)  Vif (1-150) Vif (1-97)

_ oM

) N N W)
A DM ot il o2 ] o2l o7l M Vi

Multimeres
Monomeres
Dimeéres

Y9 —

5".‘.:
TBM @ 4°C

B VI o VIf(95-192), VIf (1-150) |, Vif (1-97)
A A A4 L ¥,
DM il o g 2l 025l UM Vi

Multimeres
Monomeres ‘
Diméres - -
-  Eme -
TBE @ 20°C
C

920

®

o
o]
o

~

o
~
(=]

o)
o

m Vif

(=)}
(=}
3

§ o .
£ 50T g 50 mVif (95-192)
© 3
< 40 2 40 m Vif (1-150)
4 = ’
2 30 % 30 Vif (1-97)
20 20
10 104
0- 0.
025 050 075 1.00 pM Vif 0.25 050 075 1.00 MM Vif

TBM @ 4°C TBE @ 20°C

Figure 9. La dimérisation de ’ARN du VIH-1 est induite par Vif. LARN du VIH-1
1-615 a été utilisé dans une expérience de dimérisation en présence des
concentration croissantes de Vif sauvage, Vif (95-192), Vif (1-150) et Vif (1-97) (0,25,
0,5, 0,75 et 1 pyM) et migré dans un gel d’agarose native (0,8%) (A) ou semi-
dénaturant (B). Le pourcentage de diméres a été quantifié et représenté dans des
histogrammes (C).
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Figure 10. Stimulation de I’hybridation d’oligonucléotides TAR(+)ITAR£-) du
VIH-1 par Vif et ses domaines. (A) Les oligonucléotides TAR(+) et TAR(-) *P ont
été incubé en presence des concentrations croissantes du NCp7 (sauvage and
fragment 12-53 comme control negative), Tat and Vif (sauvage et ses domaines).
Les concentration des proteines ont été de 2,75, 5,50, 11 and 22 nM a I'exceptionse
de NC (12-53) qui a été de 25, 50, 100 et 200 nM. Sans protéines, des diméres
TAR(+)/TAR(-) ont été observés aprés 30 min. d’'incubation a 65°C (Ct +, ligne 1).
Les diméres TAR(+)/TAR(-) n'ont pas été formés a 37°C (Ct -, ligne 2). Les
oligonucléotides TAR(+) et TAR(-) *P ont été hybridés pendant 5 min. & 37°C avec
VIH-1 NCp7 (lignes 3-6), Tat (lignes 7-10), Vif (lignes 11-14), NC (12-53) (lignes 15-
18), Vif (95-192) (lignes 19-22), Vif (1-150) (lignes 23-26), and Vif (1-97) (lignes 27-
30). (B) Quantification des complexes TAR(+)/TAR(-).
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VI. APPENDIX

Article 3: The role of Vif oligomerization and RNA chaperone

activity in HIV-1 replication

In this review, we describe different aspects of Vif in HIV-1 replication. First, we
present an overview on general characteristics and biological functions of Vif. We
describe all different Vif-mediated pathways that lead to the reduction of A3G/F
cellular levels. Vif targets A3G/F via two principal mechanisms: 1) Vif mediates
A3G/F degradation through the proteasome (discussed in this review) and 2) Vif
induces A3G/F translation inhibition (discussed below). Second, we present the
structural organization of Vif and how its intrinsically disordered domains could play
an important role in Vif multimerization and RNA chaperone activity. Finally, we show

new experimental evidences that confirm Vif RNA chaperone activity.
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ARTICLE INFO ABSTRACT

Article history:
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The viral infectivity factor (Vif) is essential for the productive infection and dissemination of HIV-1 in non-
permissive cells that involve most natural HIV-1 target cells. Vif counteracts the packaging of two cellular
cytidine deaminases named APOBEC3G (A3G) and A3F by diverse mechanisms including the recruitment
Keywords: of an E3 ubiquitin ligase complex and the proteasomal degradation of A3G/A3F, the inhibition of A3G
HIV-1 mRNA translation or by a direct competition mechanism. In addition, Vif appears to be an active partner

vif L o of the late steps of viral replication by participating in virus assembly and Gag processing, thus regulating
Protein oligomerization .. ) . . N s Lo
RNA chaperone the final stage of virion formation notably genomic RNA dimerization and by inhibiting the initiation

of reverse transcription. Vif is a small pleiotropic protein with multiple domains, and recent studies
highlighted the importance of Vif conformation and flexibility in counteracting A3G and in binding RNA.
In this review, we will focus on the oligomerization and RNA chaperone properties of Vif and show that
the intrinsic disordered nature of some Vif domains could play an important role in virus assembly and
replication. Experimental evidence demonstrating the RNA chaperone activity of Vif will be presented.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Lentiviruses differ from simple retroviruses such as alpha and
gamma retroviruses by the presence of regulatory genes in their
genome. In addition to the structural and enzymatic proteins
required for viral replication, HIV-1 encodes for several additional
proteins. These proteins can be subdivided into two groups: the
so-called essential proteins Tat and Rev and the auxiliary proteins,
namely Nef, Vpr, Vpu and Vif. Although the latter proteins are not
required for viral replication in certain tissue cultures, they are key
factors for virus dissemination in vivo and pathogenesis.

The viral infectivity factor (Vif) is a highly basic 23 kDa pro-
tein that is essential for HIV-1 replication in non-permissive cells
including lymphocytes, macrophages and a few T-cell lines (Fisher

Abbreviations: HIV-1, human immunodeficiency virus type 1; SIV, Simian
immunodeficiency virus; RSV, Rous sarcoma virus; MulLV, murine leukemia
virus; Vif, virion infectivity factor; APOBEC3G, apolipoprotein B mRNA-editing
enzyme-catalytic, polypeptide-like 3G; SOCS, suppressor of cytokine signaling; NC,
nucleocapsid protein; Tat, transcription activator protein; DLS, dimer linkage struc-
ture; PBS, primer binding site; PPT, polypurine tract.
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et al.,, 1987; Gabuzda et al., 1992; Madani and Kabat, 1998; Simon
etal., 1998; Strebel etal., 1987; Zou and Luciw, 1996). Ten years ago,
the group of M. Malim demonstrated that Vif neutralizes a potent
intracellular innate defense that protects mammals from retrovirus
infection and retro-elements that tend to persistently invade their
genome (Malim and Emerman, 2008; Sheehy et al., 2002). This
component of innate immunity, called APOBEC3G (apolipoprotein
B mRNA-editing enzyme-catalytic, polypeptide-like 3G or A3G) is
closely related to APOBECI, a cytidine deaminase that causes a
specific cytosine to uracil change in the apolipoprotein B mRNA
(Teng et al., 1993). Other members of this family include APOBEC2,
A3A to A3H, and the AID enzyme that causes hypermutation of
immunoglobulin genes (Harris et al., 2002). Since then, A3G was
found to be a potent cytidine deaminase that causes lethal hyper-
mutations of HIV-1 and other retroviruses during cDNA synthesis
by reverse transcriptase (RT) (Henriet et al., 2009; Lecossier et al.,
2003; Mangeat et al., 2003; Mariani et al., 2003; Zhang et al., 2003).
Beside its crucial counteracting activity against cellular antiviral
factors, early studies revealed that Vif was also playing a role in
virion assembly, favoring conformational rearrangements of the
viral core (Borman et al., 1995; Hoglund et al., 1994; von Schwedler
et al., 1993). It was proposed that Vif acts as a temporal regulator
of viral assembly (Henriet et al., 2007). Although a large amount
of data clearly showed the important role of Vif in viral patho-
genesis, antiviral strategies aimed at inhibiting Vif in infected cells
are slowed down due to the lack of structural information on Vif
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(Barraud et al.,2008). However recent biochemical studies revealed
the importance of Vif oligomerization, conformation and flexibility
in counteracting A3G and in binding RNA (Bergeron et al., 2010;
Bernacchi et al., 2011; Marcsisin et al., 2011; Reingewertz et al.,
2010; Wolfe et al., 2010). This prompted us to review the oligomer-
ization and RNA chaperone activities of Vif involved in HIV-1 viral
assembly and replication. Firstly we present an overview of the gen-
eral characteristics and structural organization of Vif, and secondly
we show that the intrinsically disordered domains of Vif could
play an important role in Vif multimerization and RNA chaper-
one activity. Results demonstrating this latter activity are presented
suggesting that this property may help Vif to achieve its pleiotropic
functions during virus infection.

2. HIV-1 Vif: general characteristics and biological
functions

2.1. Vif function in the infected cell

Vifis encoded for by all lentiviruses except for the Equine Infec-
tious Anemia Virus. In HIV-1, the gene product is a 23 kDa basic
protein that is produced in a Rev-dependent manner (Mandal et al.,
2009) during the late phase of the replication cycle. This pro-
tein has been named Vif because its deletion has been associated
with a reduction or a complete loss of viral infectivity (100-1000-
fold) (Strebel et al., 1987). Interestingly, this phenotype is cell-type
specific since Vif was shown to be required in cells termed non-
permissive such as lymphocytes, PBMC, or macrophages (Borman
et al.,, 1995; Courcoul et al., 1995; Fan and Peden, 1992; Gabuzda
et al., 1992; Sova and Volsky, 1993; von Schwedler et al., 1993).
By contrast, production of infectious particles does not require a
functional Vif in permissive cell lines such as non-hematopoietic
cells (HeLa, 293T, Cos7) and some leukemic T-cells (Jurkat, SupT1,
(C8166) (Gabuzda et al., 1992; Sakai et al., 1993). The observation
that some, but not all cell lines require Vif for the production of
infectious virus, could be explained by the fact that either permis-
sive cells express a positive factor that substitutes for the absence
of Vif, or else non-permissive cells express a negative factor that is
counteracted by Vif. The fusion of these two cell types, giving rise
to heterokaryons, exhibited a non-permissive phenotype indicat-
ing the presence of an intrinsic antiviral factor in non-permissive
cells (Madani and Kabat, 1998; Simon et al, 1998). By using
subtractive cDNA cloning analyses (permissive cells versus non-
permissive cells), Sheehy and collaborators identified the cellular
factor APOBEC3G, or A3G (Sheehy et al., 2002). When expressed
in permissive cells, this factor renders these cells non-permissive
for the replication of HIV-1Auvif viruses (by reducing their infec-
tivity) and northern blot analysis showed that A3G mRNAs were
exclusively expressed in non-permissive cells (Sheehy et al., 2002).
Altogether, these results showed that A3G is necessary and suffi-
cient to confer the non-permissive phenotype to cells targeted by
HIV-1.

2.2. The APOBEC3 family and its innate antiviral function

A3G is an enzyme member of the APOBEC family of cytidine
deaminases, which includes (i) APOBEC1 and activation induced
deaminase (AID) encoded for by genes arranged in tandem on chro-
mosome 12, (ii) APOBEC2 located on chromosome 6 and (iii) A3A to
A3H arranged in tandem on chromosome 22 (Jarmuz et al., 2002;
Kitamura et al., 2011). A3G and A3F, the most closely related A3
family members, are expressed primarily in lymphoid and myeloid
cell lineages (Jarmuz et al., 2002; Liddament et al., 2004; Wiegand
et al., 2004). A3F constitutes the second highly potent anti-HIV
host factor that specifically inhibits HIV-1Avif infectivity and is

sensitive to Vif (Liddament et al., 2004; Wiegand et al., 2004; Zheng
et al., 2004). Although a consensus concerning anti-HIV activities
of other A3 proteins has not currently been reached, it is now
generally admitted that A3G, A3F, A3DE and A3H (under certain
conditions) are sensitive to Vif, while A3A, A3B and A3C are prob-
ably not the most relevant factors for HIV-1 restriction in vivo (for
a recent review, see Albin and Harris, 2010), except for A3A in
monocytic cells (Berger et al., 2011).

A3 proteins contain one (A3A, A3C and A3H) or a duplication
(A3B, A3DE, A3F, and A3G) of the catalytic site, which contains a
Cys-His Zn2* coordination motif characteristic of cytidine deam-
inases (Jarmuz et al., 2002). Concerning A3G, the second active
site was shown to be the effective one (Shindo et al., 2003). In
non-permissive cells, A3G and A3F are recruited into viral parti-
cles, leading to a ~1000-fold reduction in infectivity of HIV-1Avif
(Liddament et al., 2004; Mariani et al., 2003; Marin et al., 2003;
Sheehy et al., 2003; Stopak et al., 2003; Wiegand et al., 2004).
This restriction results from an intense cytidine deamination of
the newly made (—) strand viral DNA during reverse transcription
(Harris et al., 2003; Mangeat et al., 2003; Zhang et al., 2003), caus-
ing G to A transitions within the (+) strand DNA (Lecossier et al.,
2003). These transitions were found all over the genome, but with
a graded frequency in the 5’ to 3’ direction suggesting that mod-
ifications occur preferentially in regions ((—) strand) that become
and stay transiently single-stranded during the reverse transcrip-
tion (regions 3’ to the PPTs and to the PBS) (Suspene et al., 2006;
Yu et al.,, 2004a). The target sequence preference for A3 proteins
has been extensively studied (Harris et al., 2003; Yu et al., 2004a;
Zhang et al., 2003). A3G, for instance, preferentially mutates cyti-
dine residues that are preceded by two cytidines (5'-CCCA-3’ in (-)
strand DNA, the underlined nucleotide being targeted) (for review
see Henriet et al., 2009). While G to A hypermutations resulting in
lethal mutagenesis was initially believed to be the only mechanism
of viral inhibition, it later appeared that these restriction factors
can also inhibit viral replication independently of their enzymatic
activity and interfere with primer tRNAYS3 annealing, (—) and (+)
strand DNA transfer, viral DNA synthesis and integration (Anderson
and Hope, 2008; Bishop et al., 2006, 2008; Guo et al., 2007; Holmes
et al., 2007; Iwatani et al., 2007; Li et al., 2007; Luo et al., 2007;
Mbisa et al., 2007; Miyagi et al., 2007; Newman et al., 2005; Yang
et al., 2007).

2.3. Vif-mediated neutralization of APOBEC3G

The different mechanisms used by Vif to prevent the antivi-
ral activity of A3G/3F have been extensively studied (Conticello
et al,, 2003; Liu et al., 2005; Marin et al., 2003; Mehle et al., 2004b;
Sheehy et al., 2003; Stopak et al., 2003; Yu et al., 2003). The main
mechanisms are briefly reviewed here (Fig. 1A), and readers can
consult recent reviews for more detailed explanations (Albin and
Harris, 2010; Henriet et al., 2009; Smith et al., 2009). Firstly, the
inhibition of A3G packaging by Vif is associated with a strong
reduction of its intracellular level, which has been attributed to
the poly-ubiquitination and proteasomal degradation of A3G/3F
by Vif (Conticello et al., 2003; Liu et al., 2005; Marin et al., 2003;
Mehle et al., 2004b; Sheehy et al., 2003; Stopak et al., 2003; Yu et al.,
2003). Indeed, Vif is able to bind A3G/3F through various domains
(Fig. 2C), and to recruit an E3 ubiquitin ligase complex composed of
Elongin B, C, Cullin 5, and Rbx2 leading to the poly-ubiquitination
and degradation of A3G/3F (Luo et al., 2005; Mehle et al., 2004a,
2006; Yu et al., 2003) (Fig. 1A, pathway 2). Very recently, the tran-
scription cofactor CBF-[3 (core binding factor 3) has been shown to
be an integral component of this ubiquitin ligase complex and to
be required for Vif-mediated degradation of A3G (Hultquist et al.,
2011b, 2012; Jager et al., 2011; Zhang et al., 2011). Besides, Vif has
also been shown to counteract A3G by inhibiting its translation
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Fig. 1. Schematic representation of the functions of Vif and cellular A3G in the course of HIV-1 replication. (A) During viral particle assembly, Vif is found in the cytoplasm
of infected cells and is packaged at a low copy number into virions. Vif neutralizes A3G/A3F in virus-producing cells by different mechanisms. (1) Vif competes with A3G
for binding to viral components like the nucleocapsid domain of Gag and/or the genomic RNA. (2) Vif binding to A3G recruits an E3 ubiquitin ligase that mediates the poly-
ubiquitynation of A3G and its degradation. (3) Vif impairs the translation of A3G mRNA through an mRNA-binding mechanism. Taken together, these three different actions
of Vif on translation, degradation and packaging not only deplete A3G from virus-producing cells but also prevent A3G from being incorporated in virions. (B) Intracellular
Vif may also influence viral assembly by regulating in a timely fashion genomic RNA dimerization and protease (PR)-mediated cleavage of the Gag precursor molecules. Due
to its chaperone activities, Vif could facilitate late events such as Gag precursor maturation, RNA dimer maturation and initiation of reverse transcription during and after
viral budding. Finally, Vif might participate in virion morphology and in reverse transcription after viral entry. The green “plus” and red “minus” signs indicate the positive

and negative effects of Vif, respectively.
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structure prediction showing strand in yellow arrows and helices in green was performed using PsiPred (McGuffin et al., 2000). (C) Schematic representation of Vif functional
domains described in the text together with key residues and the interaction map with A3G, A3F, A3H, A3C, A3DE, and other Vif partners. (D) Vif multimerization domain,
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according to Vif functional domains in C; central panel: structural model (PDB: 1VZF) from Balaji and collaborators (Balaji et al., 2006); right panel: tridimensional structure
of the Vif SOCS box (PDB: 3DCG - residues Ny49-P156 — Stanley et al., 2008) with the same orientation as the left model.
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(Fig. 1A, pathway 3) (Kao et al., 2003; Mariani et al., 2003; Stopak
et al., 2003). Yet this process is not clearly understood, but our last
study suggests that a steric hindrance mechanism may be consid-
ered as Vif was shown to specifically bind to the 5'-untranslated
region (UTR) of A3G mRNA, that is required for the translational
repression (Mercenne et al., 2010; Guerrero and Paillart, unpub-
lished results). Lastly, the simplest way to prevent A3G activity is
probably to prevent its packaging into virions (Sheehy et al., 2003),
and indeed reports showed that Vif was able to impede packag-
ing and counteract the antiviral activity of a degradation-resistant
A3G variant (Fig. 1A, pathway 1) (Mariani et al., 2003; Opi et al.,
2007). Interestingly, during virus assembly, A3G interacts with the
nucleocapsid (NC) domain of Pr55%2¢ and the genomic RNA, while
the same partners are involved in the packaging of Vif (Burnett
and Spearman, 2007; Khan et al., 2005; Luo et al., 2004; Schafer
et al., 2004; Svarovskaia et al., 2004; Zennou et al., 2004), suggest-
ing that Vif may prevent A3G packaging by means of a competition
mechanism.

2.4. Functions of Vif in virus assembly

Beside its action against the APOBEC3 restriction factors, Vif
was found to be involved in the late steps of virus replication
(Fig. 1B). Indeed Vif interacts with the Pr55%38 polyprotein pre-
cursor, that drives virus assembly, and the Pr160%2&-Fol precursor,
possibly allowing its transient association with Gag assembly inter-
mediates in the cytoplasm (Akari et al., 2004; Bardy et al., 2001;
Bouyacetal.,, 1997; Lee et al., 1999). Accordingly Vif is able to coun-
teract the effect of a betulinic acid derivative that inhibits HIV-1 Gag
assembly (Dafonseca et al., 2008).

In addition, Vif, as an RNA-binding protein, can bind to the
HIV-1 genomic RNA in vitro (Bernacchi et al., 2007; Henriet et al.,
2005) and in infected cells (Dettenhofer et al., 2000; Zhang et al.,
2000). This interaction seems to be required for Vif packaging, since
inhibiting RNA packaging by mutating NC or the Psi packaging sig-
nalled toa complete absence of Vifin virions (Khan etal.,2001). This
RNA-binding ability of Vif seems to be governed by its N-terminal
domain (Fig. 2C) (Khan et al., 2001; Zhang et al., 2000).

Vif was also reported to be required for normal virion morphol-
ogy and optimal core stability (Borman et al., 1995; Ohagen and
Gabuzda, 2000; Sakai et al., 1993). As this defect has been exclu-
sively observed in Avifvirions produced from non-permissive cells,
it is likely a (direct or indirect) consequence of the expression of
the antiretroviral factors A3G/3F in these cells, even though the
involvement of another cellular factor cannot be totally excluded.
In fact, it is known that APOBEC3G inhibits some of the reverse
transcription steps that require the RNA chaperone activities of NC
(Guo et al., 2007; Iwatani et al., 2007; Yang et al., 2007). These are
precisely the steps that Vif is able to activate (Henriet et al., 2007).
As NC is a more potent RNA chaperone activity than Vif (Henriet
et al., 2007), Vif would not be required in the absence of A3G (i.e.
in permissive cells), however, it would be required in restrictive
cells, because NC chaperone activities are inhibited by APOBEC3G
in these cells.

Moreover, NC and RT were less stably associated with the viral
core in HIV-1Avif particles (Hoglund et al., 1994), and Pr55%28
processing by the viral protease (PR) was altered at the MA-CA
and CA-NC junctions (Akari et al., 2004; Bardy et al., 2001; Kotler
et al., 1997). Even though Vif is dispensable for HIV-1 replication
in permissive cells, it appears to be part of the HIV-1 replication
machinery during early reverse transcription and acts as an helper
factor to promote reverse transcription and viral infectivity (Carr
et al., 2006, 2008; Henriet et al., 2007; Kataropoulou et al., 2009).
Indeed, HIV-1Avif replicated normally in permissive cells under
optimal in vitro replication conditions; however, HIV-1Avif repli-
cation was impaired at the level of reverse transcription when cells
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were treated with a thymidylate synthase inhibitor that altered the
cellular dNTP levels, suggesting that preventing the A3G anti-viral
action is not the only biological function of Vif.

Vif functions in virus assembly could be viewed as controver-
sial (Henriet et al., 2009) because Vif modulates PR activity but
does not prevent maturation of newly made virions. Along this
line little Vif is found in cell-free virions (between 10 and 100
molecules, with a Vif/Gag ratio of 1/47 to 1/89) while it is found
in large quantity in cells (Vif/gag ratio 1:1.1 to 1:1.3) (Fouchier
et al., 1996; Simon et al., 1999). One hypothesis could be that Vif
acts as a temporal regulator of Pr5553¢ assembly and processing
and should thus be considered as a Janus factor with both pro-
tein and RNA chaperone activities (Henriet et al., 2007; Kovacs
et al., 2009; Tompa and Kovacs, 2010) (see Section 5). In accor-
dance with this notion, Vif might prevent premature Gag processing
in the cytoplasm of infected cells, and/or modulate PR activity,
thus inhibiting premature reverse transcription (Akari et al., 2000;
Bardy et al., 2001; Kotler et al., 1997; Mougel et al., 2009). This
could be achieved either by direct transient interactions with PR
and Pr55528 or by modulating Pr552-RNA interactions. Thus, a
competition mechanism preventing the majority of Vif from being
recruited into viral particles can be envisioned where Vif acts in a
transient manner.

3. Structural organization of Vif
3.1. Biochemical properties of Vif

The HIV-1 Vif protein is a small basic protein (pI=10.7) com-
posed of 192 amino acids (23 kDa) where the N-terminus is
enriched in tryptophan residues (Fig. 2C). The presence of a high
number of conserved hydrophobic amino acids (38.5% of Vif, includ-
ing 8 tryptophan and 16 leucine residues) might well explain why
Vif has a strong tendency to form aggregates in solution (Fig. 2C).
Interestingly, each of these tryptophan residues has been shown
to be important for the binding of either A3G or A3F (see below
and Tian et al., 2006). Several amino acids (Tgg, S144, T155, S165,
Tqgg) are potential targets for cellular kinases (such as MAPK)
and their phosphorylation seems to play important roles in HIV
replication (Yang and Gabuzda, 1998; Yang et al., 1996). Indeed,
mutating Tgg Or S144 leads to a marked decrease in virus infectiv-
ity. Finally, the Ly59 residue has been shown to be a processing
site for HIV-1 PR (Khan et al., 2002) since mutating this residue
affected viral infectivity, suggesting that Vif processing is important
for function.

Alignment of HIV-1 Vif sequences highlights several conserved
domains that correlate with the predicted secondary structure
of Vif (Barraud et al,, 2008). At the N-terminus, amino acids
G3RLVITTYW7? and 86SIEWS®? are important to form B-sheet struc-
tures that are involved in the regulation of Vif expression and in
viral infectivity (Fujita et al., 2003). The last two amino acids, Egg
and Wgg of this (3-sheet structure are also part of a hydrophilic
region 88EWRKKR?3 and are critical for the replication of HIV-1 in
target cells by enhancing the steady-state expression of Vif (Fig. 2B)
(Fujita et al., 2003). In the central region, residues 108-139 consti-
tute a non-consensus HCCH zinc finger motif that binds zinc and
Cullin 5 (Mehle et al., 2006; Xiao et al., 2006). Next to this HCCH
motif is the so-called SOCS box (144SLQYLA!49) (Fig. 2C) due to high
similarities with boxes present in SOCS (suppressor of cytokine sig-
naling) proteins. The last highly conserved domain is the 161 PPLP164
motif also known as the Vif multimerization domain (Fig. 2C and
D) (Yang et al., 2001, 2003). Interestingly, this motif belongs to the
C-terminal region of Vif, predicted to be intrinsically disordered
(Reingewertz et al., 2009), while being involved in many important
interactions (see below).
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3.2. Structured and disordered domains of Vif

Due to its intrinsic properties, characterization of the 3D-
structure of Vifis still a challenging problem and a matter of intense
research. In fact Vif has a high tendency to aggregate in solu-
tion, which hampers the production of large amounts of soluble
Vif required for crystallization assays and NMR studies. The 3D-
structure of Vif has been predicted on the basis of model proteins
that share similar secondary structure elements (Fig. 2E) (Balaji
et al., 2006; Lv et al., 2007). High secondary structure similari-
ties were found between both the N- and C-terminal domains of
Vif and Narl and the SOCS Box from the VHL protein, respectively
(Iwai et al., 1999). These proteins can also bind to Elongin B and
C. Moreover, this model correctly fits with the secondary structure
prediction shown in the alignment (Fig. 2B), contrary to the model
of Balaji and collaborators which predicts only one helix (Fig. 2E).
If such models are helpful to understand Vif protein organization,
they unfortunately lack important Vif sequence information such
as the HCCH zinc finger motif, as well as the long C-terminal region
predicted to be disordered (Reingewertz et al., 2010), which consti-
tutes another limiting factor for the crystallization of the full length
Vif protein.

Yet only a very short fragment of Vif corresponding to the
SOCS Box (residues 139-179) has been crystallized in a complex
with Elongin B and C (Stanley et al., 2008). The crystal struc-
ture of a shorter fragment (residues 140-156) has been solved at
2.4 A resolution (PDB: 3DCG), showing a loop-helix structure that
forms a highly hydrophobic interface allowing binding to Elongin C
(Fig. 2E). Interestingly, the structure of this peptide could fit in the
predicted model of Lv and collaborators (in place of another helix)
and could also be included in place of an unstructured sequence in
the model of Balaji and collaborators (Fig. 2E - SOCS box in orange).
Despite the lack of full-length Vif 3D-structure, the function of Vif
has been extensively investigated by mutational and functional
domain analyses. As for other HIV-1 accessory proteins, Vif appears
to be a multifunctional protein with several domains involved in
specific and/or overlapping functions, notably the disordered C-
terminus (Tompa and Kovacs, 2010).

3.3. Functional domains of Vif

3.3.1. The N-terminal tryptophan rich domain: A3G, genomic
RNA and CBF-p binding

As mentioned above, the N-terminal region of Vif is enriched in
hydrophobic amino acids, notably in tryptophan residues that are
conserved. Mutagenesis studies have shown that these residues are
important for binding to either A3F or A3G. Binding to A3F requires
residues W11, Wyg, Q2 and the *DRMR!7 motif (Fig. 2C) (Russell
and Pathak, 2007; Schrofelbauer et al., 2006; Tian et al., 2006).
Interestingly, binding to A3G involves other residues, namely W5,
W31, Wsg, Wgg, lg, K22, E45, Nag and the 90YRHHY#4 and 85VSIEW?8?
motifs that are the key residues for A3G binding (Fig. 2C) (Mehle
et al, 2007; Russell and Pathak, 2007; Santa-Marta et al., 2005;
Simon et al., 2005; Wichroski et al., 2005). Other domains have
been described to be important for A3G binding, especially the
PPLP motif in the C-terminal domain (Fig. 2C). Such discontinuous
interacting sites suggest that the correct folding of Vif is crucial to
generate the binding platform allowing interaction with APOBEC3
proteins. More recently, Vif residues important for interaction with
A3H, A3C and A3DE have also been identified in the N-terminal
region (Binka et al., 2012; Pery et al., 2009; Zhang et al., 2008; Zhen
et al,, 2010).

The N-terminal region of Vif and more precisely the first 64
amino acids are also involved in genomic RNA binding both in vitro
(Bernacchi et al., 2007; Henriet et al., 2005) and in infected cells
(Dettenhofer et al., 2000; Zhang et al., 2000). Deletion analysis

underlined the importance of amino acids 75-114 for the bind-
ing of Vif to RNA in infected cells (Khan et al., 2001). CBF-[3 (core
binding factor ), a partner of Vif involved in the E3 ubiquitin lig-
ase recruitment, has recently been identified and the interaction
domain mapped to the N-terminal domain of Vif, with an impor-
tant role for W51 and Wsg (Hultquist et al., 2011a; Jager et al.,
2011; Zhang et al., 2011). Finally, Vif binds to the viral PR through
residues 78-98 (Baraz et al., 2002) and to the cellular MDM2 E3-
ligase involved in its degradation by the proteasome (Izumi et al.,
2009).

3.3.2. The HCCH central zinc finger domain

One of the major functions of Vif is to recruit an E3 ubiquitin
ligase in order to target A3G for proteasomal degradation. The E3
ligase recruited by Vif is composed of Elongin B, Elongin C, CBF-f3,
Cullin 5, and Rbx2 proteins (Yu et al., 2003). The Cullin 5 binding
domain (Yu et al., 2004b) involves residues Cy14 and Cy33 of the
conserved HCCH zinc finger motif (Xiao et al., 2007) of the form
H108_(X)5-C114-(X)5-C133-(X)5-H139, that is different from a con-
ventional zinc finger. In fact its primary structure is not found in
other classes of zinc binding proteins and thus can be considered
to be Vif specific. This motifrepresents a bona fide zinc finger (Mehle
etal.,2006; Xiao et al.,2007), where each zinc-coordinating residue
has been shown to be important for the binding of Cullin 5. Chang-
ing sequences and spacing between HCCH residues affected the
binding to Cullin 5, viral infectivity, and A3G degradation (Mehle
etal., 2006). Interestingly, the conformation of both the HCCH motif
and the whole Vif protein is altered upon zinc binding (Paul et al.,
2006). Moreover, the aggregation of Vif is favored by zinc, but in a
reversible manner (Paul et al., 2006).

3.3.3. The SOCS box: Elongin C binding domain

This highly conserved sequence is composed of residues 144SLQ-
(Y/F)-LA'9 and alanine substitution in the SLQ muotif leads to
important defects in virus infectivity (Schmitt et al., 2009). This
region promotes the interaction with the heterodimer Elongin
C/Elongin B (Yu et al., 2004b) and is therefore important for the
recruitment of the E3 ubiquitin ligase that targets A3G for degra-
dation. This interaction occurs via a hydrophobic platform on both
proteins (Wolfe et al., 2010), requiring the SLQ residues and the
last Aq49 of the motif (Yu et al., 2004b) together with a-helix 4 of
Elongin C (Stanley et al., 2008). Very recently, it has been shown
that interactions between Vif and Elongin C/B also involve down-
stream elements such as the Cullin 5 box and the 161PPLP'64 motif
(see below and (Bergeron et al., 2010; Wolfe et al., 2010))

3.3.4. The intrinsically disordered C-terminal domain

The C-terminal region of Vif is intrinsically disordered (Fig. 2A)
and starts with a putative Cullin 5 box (residues 159-173), that
is able to recruit Cullin 5 (Stanley et al., 2008) but with a lower
efficiency compared to the HCCH zinc finger domain (Wolfe et al.,
2010). This region encompasses the 61PPLP164 motif involved in
Vif multimerization (Fig. 2D) (Yang et al., 2001, 2003). This PPLP
motif is also involved in the interaction with various partners such
as A3G (Donahue et al., 2008; Miller et al., 2007), Elongin B/Cullin 5
(Bergeron et al., 2010; Wolfe et al., 2010), HIV-1 RT (Kataropoulou
et al, 2009) and the cellular kinase Hck (Douaisi et al., 2005;
Hassaine et al., 2001). Finally, the last 25 residues are important
for Vif interaction with Pr55%2¢ (Bouyac et al., 1997; Simon et al.,
1999; Syed and McCrae, 2009), cytoplasmic membranes (Goncalves
etal, 1995) and RT (Kataropoulou et al., 2009).

The disordered nature of the C-terminal region (see Fig. 2A) is
in line with secondary structure prediction models (Reingewertz
et al., 2010) and the 3D-structure analysis of Vif where only the
first 15 amino acids of the analyzed peptide (40 residues) have
been observed. No electron density was detected for the rest of the
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protein, reflecting the intrinsically disordered nature of the C-
terminus (Stanley et al., 2008). Deuterium incorporation assays
showed that this small part of Vif folds upon binding to Elongin
C, which is also refolded upon Vif binding (Marcsisin and Engen,
2010). Such Vif-induced folding has also been observed in our
laboratory upon Vif binding to specific RNA sites such as the Trans-
acting Responsive element (TAR) (see below and Bernacchi et al.,
2011).

4. Vif multimerization

Vif multimerization was initially detected in vitro by GST pull-
down, co-immunoprecipitation and two hybrid assays (Yang et al.,
2001). A deletion mutagenesis approach allowed to character-
ize residues 151-164, encompassing the conserved proline-rich
region '61PPLP'64, as the domain governing Vif multimeriza-
tion. The importance of this '6PPLP'64 motif has been later
highlighted using competitor peptides and deletion/substitution
mutants (Bernacchi et al.,, 2011; Yang et al., 2003). Recently, this
motif has been shown to be required for the assembly of an
active E3 ubiquitin ligase complex, as a second binding motif for
the Elongin C/B and Cullin5 (Bergeron et al., 2010; Wolfe et al.,
2010).

4.1. Importance of the Vif PPLP motif in HIV-1 replication

This motif was found to be important for Vif function and virus
infectivity since mutating this motif resulted in a 2.5-fold reduc-
tion of infectivity in non-permissive cells (Donahue et al., 2008)
and antagonist peptides containing the 61PPLP164 motif drasti-
cally diminished virus replication (Miller et al., 2007; Yang et al.,
2003). The reduced virus infectivity could be explained in both
cases by the lost of Vif A3G-degradation function. Indeed, Miller
and coworkers (Miller et al., 2007) showed that the antagonist
peptides were associated with an augmented A3G packaging into
viral particles. Donahue and collaborators showed that substitut-
ing AALP for PPLP impaired Vif-induced degradation of A3G, which
was mainly due to the reduced binding of A3G, without affect-
ing the interaction with Elongin C and Cullin 5 (Donahue et al.,
2008). Similarly, this substitution favored A3G incorporation into
virions but did not abrogate the translational regulation of A3G
mRNA by Vif (Mercenne et al., 2010). However, the PPLP motif
does not seem to be the only one to be involved in Vif mul-
timerization as a recent study pointed out the involvement of
domains such as the HCCH motif, the BC box and downstream
residues (S165 and V166) in this property of Vif (Techtmann
et al,, 2012). It is also interesting to notice that while the PPLP
motif is conserved in all HIV-1 isolates, this motif is absent
in HIV-2 and SIV Vif (Barraud et al., 2008) and the C-terminal
regions are the most divergent, beside the fact that both HIV-
2/SIV Vif proteins are 25 amino acids longer than the HIV-1 Vif
(Yamamoto et al., 1997). Whereas the HIV-1 Vif C-terminal region
is highly hydrophilic (and seems important for the association
with membranes), the same region of HIV-2 Vif is hydrophobic.
Finally, while both Vif proteins have the same functions and are
interchangeable in some cellular conditions (Reddy et al., 1995),
differences in some structural domains (oligomerization domain
for instance) may suggest that the mechanism of action of HIV-
1 and HIV-2/SIV Vif proteins may not be completely identical. Up
to now, oligomerization properties of HIV-2/SIV Vif proteins are
unknown.

4.2. RNA binding and Vif folding

As mentioned above, the PPLP motif is located in a strategic
binding platform for Vif partners. With respect to the involvement
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of the PPLP motif in Vif oligomerization, it is conceivable that the
functions of those partners could be linked to the multimerization
state of Vif. We recently report that alanine substitution of the PPLP
motif (Vif-AALA) did not significantly affect the overall secondary
structure of Vif, but affects its oligomerization state (Bernacchi
et al,, 2011). Nevertheless, Dynamic Light Scattering experiments
showed that the AALA Vif mutant was still able to form protein
dimers, suggesting that other domains are involved in Vif-Vif inter-
actions, as mentioned in another study using deuterium exchange
assays (Marcsisin and Engen, 2010). Mutating the PPLP motif also
led to a decrease of Vif binding affinity and specificity for nucleic
acids (Bernacchi et al., 2011).

Interestingly, the high affinity binding of wild-type Vif to the
TAR element led to the formation of high molecular mass com-
plexes and was associated with Vif folding since the proportion
of disorder, defined by circular dichroism experiments, decreased
from 40% in absence of RNA to less than 20% in presence of TAR, and
[3-sheet structures increased from 40% to 70%. This folding process
was not observed when AALA was substituted for the PPLP motif
(Bernacchi et al., 2011). Altogether, these results showed that both
the PPLP motif and RNA binding are important to induce, at least in
part, Vif folding. As mentioned above, the Vif-Elongin C interacting
domain has also been shown to undergo structural rearrangements
upon binding (Marcsisin and Engen, 2010).

These observations strongly suggest that Vif (or at least its C-
terminal domain) is disordered in its free form and can fold upon
interactions, thus ensuring multiple functions (He et al., 2009).
These properties are characteristic of proteins with RNA and/or pro-
tein chaperone activities (Tompa and Kovacs, 2010): as a general
mechanism, such protein-protein and protein-RNA interactions
induce the folding of both the chaperone and the target molecules
upon binding, forming a functional complex (Semrad, 2011; Tompa
and Csermely, 2004). This has already been described for several
HIV-1 proteins such as the NC protein (Muriaux and Darlix, 2010;
Rein, 2010) and more recently proposed for the Tat protein (Xue
et al, 2011). This new potential role of Vif and its impact on HIV-1
replication are described below.

5. RNA chaperone activity of Vif

The three-dimensional structure of cellular and viral RNA
molecules is crucial for function, but RNA molecules tend to adopt
non-functional structures due to kinetic and thermodynamic fold-
ing traps (Herschlag, 1995). In order to prevent and resolve these
non-functional conformations, proteins with RNA chaperone activ-
ity are essential during the RNA folding process (Cristofari and
Darlix, 2002). An RNA chaperone is defined as a partially disor-
dered protein that binds transiently and non-specifically to RNA
molecules, preventing their misfolding in an ATP independent-
manner. Once the RNA has been correctly folded, the protein is no
longer needed and the RNA conformation remains stable (Cristofari
and Darlix, 2002).

Proteins with RNA chaperone activity are widespread and
are implicated in essential cellular functions (Rajkowitsch et al.,
2007). The list of RNA chaperones is constantly increasing and
a database has been constructed (http://www.projects.mfpl.ac.at/
rnachaperones/index.html) in which RNA chaperones are classified
into families according to their primary function (Rajkowitsch etal.,
2007). Here, we will focus on retrovirus-encoded RNA chaperones,
specifically those encoded by HIV-1.

Nucleocapsid proteins (NCp) from Rous sarcoma virus (RSV) and
murine leukemia virus (MuLV) were the first retrovirus-encoded
RNA chaperones to be described (Prats et al., 1988). Later, the RNA
chaperone activity of HIV-1 NC was documented using different
approaches. In vitro, HIV-1 NC increases hammerhead-ribozyme
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cleavage of an RNA substrate (Tsuchihashi et al., 1993), facilitates
annealing of complementary DNA oligonucleotides and promotes
strand exchange between complementary double-stranded and
single-stranded DNA oligonucleotides (Tsuchihashi and Brown,
1994). In cell culture, NCp efficiently increases splicing of a
thymidylate synthase mRNA mutant in a HIV-1 folding trap assay
(Clodi et al., 1999). It has also been reported that in addition to
NCp7, Vif and the transcription activator (Tat) possess RNA chap-
erone activity (Henriet et al., 2007; Kuciak et al., 2008).

Next, we will briefly summarize the RNA chaperoning activity of
Vif in parallel with that of NCp7 and Tat, and discuss how this could
influence virus assembly and Gag processing, thus regulating the
final stage of virion formation including reverse transcription by
means of a molecular crowding phenomenon where Vif in excess
has a negative impact on NC functions, which is relieved once viri-
ons are released from the cells and matured (Darlix et al., 2011).

5.1. Dimerization of the genomic RNA

During virus assembly, the full-length viral genomic RNA is
packaged in the form of a dimeric RNA (Chen et al., 2009;
Housset et al., 1993) where the two copies are physically linked
through a site called the dimer linkage structure (DLS) located
close to their 5 ends. Dimerization and subsequent packaging
of the HIV-1 RNA dimer are mediated by interactions between
the NC domain of Pr55%% and the 5-end of the viral genome
(reviewed in Lu et al., 2011; Paillart et al., 1996, 2004; Russell
et al., 2004). The HIV-1 genomic RNA can form two different
kinds of dimers in vitro, termed loose and tight dimers, which are
defined by their low or high thermostability, respectively (Paillart
et al., 2004). This dimeric structure is important for viral infec-
tivity (Shen et al., 2000). It has been shown that NCp promotes
the formation of HIV-1 RNA loose and tight dimers and stabi-
lizes the resulting dimeric structure (Muriaux et al., 1996). In vitro,
Vif alone was also capable of stimulating the formation of the
loose HIV-1 RNA dimer, but not formation of the tight dimer, at
least when using long RNA fragments (600-nt long RNA). Inter-
estingly, Vif also significantly inhibited NCp-induced tight RNA
dimer formation. This inhibition might temporally prevent pre-
mature tight dimer formation in the cytoplasm of infected cells
and thus assembly (Henriet et al., 2007; Cimarelli and Darlix,
2002).

5.2. Initiation of reverse transcription

Reverse transcription is primed by the annealing of the cellu-
lar tRNALYS3 onto the primer binding site (PBS) in the 5’ region of
the viral RNA genome. The tRNAWS3 s selectively packaged into
virions and used as a primer for reverse transcriptase (RT) to initi-
ate minus-strand strong stop DNA synthesis ((—) ssDNA) (reviewed
in Isel et al., 2010). HIV-1 NCp chaperones the annealing of the
tRNALYS3 primer onto the PBS by facilitating structural changes in
the tRNALYS3 as well as in the viral RNA (Barraud et al., 2007; Brule
etal,, 2002; Hargittai et al., 2004; Isel et al., 1995; Tisné, 2005; Tisné
et al., 2004).

Henriet and collaborators showed that Vif can also promote
the annealing of tRNAWS3 to the PBS, which generates a func-
tional tRNAYS3/RNA complex, even though Vif was less efficient
than the NC proteins used in this study (NCp15, NCp9 and NCp7)
(Henriet et al., 2007). Interestingly, Vif also significantly inhib-
ited NC-induced tRNALYS3 annealing. This inhibition was observed
using a Vif/NC ratio of 1/3, which is similar to the 1/2 Vif/Pr55ag
ratio in the assembly complexes in producing cells (Fouchier
et al.,, 1996; Simon et al., 1999). However, in HIV-1 virions the
Vif/NC ratio drops down to 1/20 to 1/40 and the inhibitory effect
is then relieved. It has thus been proposed that Vif might be

a temporal regulator, preventing premature initiation of reverse
transcription (Henriet et al., 2007). During virus assembly, the high
concentration of Vif would inhibit NC-mediated tRNAYS3 anneal-
ing through an interaction with the genomic RNA and the NC
domain of Pr55%38 (Henriet et al., 2007). This hypothesis could
explain that mutations in NC cause premature reverse transcription
(Didierlaurentetal.,2008; Houzet et al., 2008) since such mutations
could destabilize the interaction between Vif, the genomic RNA and
the NC domain of Pr5562s,

In a manner similar to NCp7 and Vif (Beltz et al., 2003), Tat can
anneal primer tRNAWS3 onto the PBS of the HIV-1 RNA genome
(Kameoka et al., 2002). Similarly to Vif, Tat might well regulate
premature initiation of reverse transcription by inhibiting the RT
activity (Kameoka et al., 2001). This inhibition is observed at high
concentrations of Tat and during the late stages of viral replication
(Kameoka et al., 2001). However, at a low concentration possibly
found in viral particles (Chertova et al., 2006), Tat might be able to
promote tRNAYS3 annealing onto the PBS (Kameoka et al., 2002)
and to stimulate reverse transcription through an interaction with
RT (Apolloni et al., 2007).

5.3. Minus-strand DNA transfer

Once the (—) ssDNA has been synthesized by RT, it must be trans-
ferred onto the 3’-end of the viral genome to resume elongation of
the (—)-strand DNA. This transfer is achieved by the annealing of
the repeat regions (R) (containing the TAR element) at the 3’ ends of
the (—) ssDNA and the (+) sense viral RNA (Basu et al., 2008). NCp7
chaperones minus-strand DNA transfer by promoting the annealing
of the complementary (+) and (—) TAR sequences and prevent-
ing non-specific self-priming reactions (Driscoll and Hughes, 2000;
Guo et al., 1997; Li et al., 1996). Vif is also able to stimulate (—)
ssDNA transfer, although with a reduced efficiency compared to NC
proteins (NCp15, NCp9 and NCp7) (Henriet et al., 2007). It was later
demonstrated that Tat can also anneal complementary TAR DNA
sequences and to promote DNA strand displacement (Kuciak et al.,
2008). A recent fluorescence study shed light on the mechanism
of action (Boudier et al., 2010). In the presence of Tat, the com-
plementary sequences anneal through their stem termini, forming
an intermediate with 12 intermolecular base pairs that is finally
converted to an extended duplex. This mechanism is similar to
that of NCp-induced annealing, except that Tat only marginally
destabilizes the TAR structure and acts at much lower oligonu-
cleotide fractional saturation (Boudier et al., 2010). In the same
study Tat was also shown to cooperate with NCp in annealing the
complementary TAR sequences. In addition, it was reported that
the TAR DNA annealing activity of NCp7 was efficiently inhibited by
small 2’0O-methylated oligoribonucleotides (mODN). These mODNs
are potent inhibitors of the HIV-1 reverse transcription complex
(Grigorov et al., 2011).

5.4. Minus-strand DNA elongation

During (—) strand DNA elongation, RT has to resolve secondary
structures in the RNA template causing pausing and eventually
premature termination of DNA synthesis. The nucleic acid chaper-
one activity of NCp reduces RT pausing by transiently destabilizing
these RNA secondary structures, thus promoting minus-strand
DNA elongation (Ji et al., 1996; Wu et al., 1996). Vif is also capable of
reducing RT pausing and enhancing minus-strand DNA elongation
(Henrietetal.,2007). To support this observation, it was shown that
Vif and NCp7 bind to several secondary structure motifs in the 5'-
UTR of the genomic RNA (Bernacchietal.,2007; Henriet et al., 2005).
These results indicate that both NCp and Vif reduce RT pausing and
promote RT processivity (Bampi et al., 2006).
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Fig. 3. Stimulation of HIV-1 TAR(+)/TAR(—) DNA annealing by Vif. (A) TAR(+) and 32P-labeled TAR(—) DNA oligonucleotides were co-incubated in the presence of increasing
concentrations of NCp7, Tat and Vif. In the absence of protein, double-stranded TAR DNA was formed by annealing upon incubation at 65 °C for 30 min (Ct+, lanes 1 and 9)
but not at 37°C (Ct—, lanes 2 and 10). Lanes 3-5: TAR(+)/TAR(—) annealing at 37 °C for 5 min with HIV-1 NCp7 at protein/nt molar ratios of 1/20, 1/10 and 1/5. Lanes 6-8:
TAR(+)/TAR(-) annealing at 37°C for 5 min with HIV-1 Tat at protein/nt molar ratios of 1/20, 1/10 and 1/5. Lanes 11-13: TAR(+)/TAR(—) annealing at 37 °C for 5min with
HIV-1 Vif at protein/nt molar ratios of 1/30, 1/15 and 1/10. (B) Inhibition of Vif-mediated TAR DNA annealing by methylated ODNs (mODN). TAR(+) and 32P-labeled TAR(-)
DNA were co-incubated in the presence of HIV-1 Vif and increasing concentrations of either one of the mODNs. Upon annealing in the absence of protein at 65°C for 30 min
a double-stranded TAR DNA was formed (Ct+, lane 1) but not at 37 °C (Ct—, lane 2). Lane 3-12: TAR(+)/TAR(—) annealing at 37 °C for 5 min with HIV-1 Vif at protein/nt molar
ratio of 1/30 in the absence of mODN (lane 3) or with increasing concentrations (100-400 M) of mODN-11 (lanes 4-6), mODN-9GU (lanes 7-9), and mODN-9UU (lanes

10-12), respectively.

5.5. Plus-strand DNA transfer

As (—) strand DNA synthesis proceeds, RT initiates (+) strand
DNA synthesis using a polypurine tract (PPT) as a primer. The
resulting short DNA product is known as the positive strong-stop
DNA ((+) ssDNA). In order to complete (+) strand DNA synthe-
sis, (+) ssDNA must be transferred to the 3’ end of the (—) strand
DNA. During this process, the PBS sequence at the 3’ end of (+)
ssDNA anneals to the (—) PBS sequence at the 3’ end of the
(=) strand DNA to form a circular intermediate (reviewed in
Basu et al., 2008). These complementary PBS sequences cannot
be annealed unless the primer tRNA is cleaved off from the 5'-
end of the () strand DNA. Acting as a nucleic acid chaperone,
NCp favors tRNA primer removal and chaperones PBS annealing
(Isel et al., 2010).

In the next section, we present experimental evidences that
extend our knowledge on the RNA chaperone properties of Vif by
analyzing the annealing of DNA oligonucleotides TAR(—)/TAR(+),
the dimerization of HIV-1 RNA fragments and the enhancement of
ribozyme-directed RNA substrate cleavage by Vif, in parallel with
HIV-1 NCp?7.
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6. The RNA chaperone activity of HIV-1 Vif: experimental
evidence

6.1. Materials and methods

6.1.1. DNA and RNA substrates

Oligodeoxynucleotides (ODNs) used for the TAR(—)/TAR(+) DNA
annealing assay corresponded to nucleotides 1-56 of the HIV-1 RNA
sequence (MAL isolate) in the sense and antisense orientations, as
previously described in Kuciak et al. (2008). RNA fragments used in
the RNA dimerization assay corresponded to nts 1-311 of the HIV-
1 MAL isolate. The R3 ribozyme and the S14 substrate RNAs were
used for the hammerhead ribozyme cleavage assay. Methylated
oligoribonucleotides mODN-11, mODN-9GU, mODN-9UU and non-
methylated ODN-12 are described in Grigorov et al. (2011).

6.1.2. Invitro transcribed RNAs

RNAs used for the ribozyme assay were synthesized by in vitro
transcription with T7 RNA polymerase as previously published
(Kuciak et al., 2008). For dimerization assay, RNA 1-311 was
obtained from run-off transcription of plasmid pJCB that was
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Fig. 4. Enhancement of hammerhead ribozyme-induced cleavage by HIV-1 Vif protein. (A) Schematic representation of hammerhead ribozyme cleavage of RNA. (B) R3
ribozyme and an excess of the S14 substrate RNA were co-incubated with increasing concentrations of Vif, NCp7 and NCp(12-53). RNA S14 is 61 nts in length, while the
cleavage product is 49 nts long. Lanes 1 and 2: control cleavage of the RNA S14 substrate by the hammerhead ribozyme for 30 min at 4°C or 37°C. Lanes 3-13: incubation
for 10 min with Vif at protein/nt molar ratios of 1/50, 1/40, 1/30, 1/20 and 1/15 (lanes 3-7), with NCp7 at protein/nt molar ratios of 1/20, 1/10, 1/5 (lanes 8-10) and with

NCp(12-53) at protein/nt molar ratios of 1/10, 1/5, 1/2 (lanes 11-13).

linearized using Rsal restriction endonuclease (Henriet etal.,2005).
Reverse transcription of a viral RNA fragment corresponding to the
very 3’ 620 nts of the HIV-1 genomic RNA was as described in Kuciak
et al. (2008).

6.1.3. Proteins

Wild-type HIV-1 Vif protein was expressed in Escherichia coli
with an N-terminal 6-His tag and purified as previously described
(Bernacchi et al., 2011). HIV-1 NCp7 and NC(12-53) were synthe-
sized and purified as described in Ivanyi-Nagy et al. (2008). HIV-1
Tat protein was synthesized as reported in Ivanyi-Nagy et al. (2008)
and Kuciak et al. (2008).

6.1.4. TAR(-)/TAR(+) DNA annealing assay

The DNA annealing assay was performed as described in
Grigorov et al. (2011). Briefly, 0.03 pmol of the TAR(+) and 32P-
TAR(—) ODNs were incubated in 10 .l of buffer A (25 mM Tris-HCl,
0.2 mM MgCl, and 30 mM NaCl) with increasing concentrations of
Vif, NCp7 or Tat proteins, as indicated in the figure legends (Fig. 3).
In an attempt to inhibit the nucleic acid chaperoning activity of Vif,
we used 2’0-methylated oligoribonucleotides (mODN) at increas-
ing concentrations (100-300 nM) since such mODNSs were found to
strongly inhibit NCp7 in vitro and HIV-1 replication in T cells and
macrophages (Grigorov et al., 2011). First viral proteins of interest
were pre-incubated with the mODNs and subsequently used in the

annealing assay (see below). Annealing reactions were performed
at 37°C for 5min except for the positive control that was incu-
bated at 65 °C for 30 min and put at 4°C. To stop the reaction and
remove the protein from the 32P-ODN, 5 .l of a solution containing
20% glycerol, 20 mM EDTA pH 8.0, 2% SDS, 0.25% bromophenol blue
and 0.4 mg/ml calf liver tRNA were added. Samples were resolved
by 8% native PAGE in 50 mM Tris-borate pH 8.3, 1 mM EDTA at
4°C. Subsequently, gels were autoradiographed and the amounts
oflabeled single-stranded and double-stranded DNA were assessed
by phosphorimaging.

6.1.5. Hammerhead ribozyme cleavage assay

Hammerhead ribozyme cleavage assay was carried out as pre-
viously described (Kuciak et al., 2008). Briefly, ribozyme and
substrate RNAs were independently heated for 1 min at 90°C in
water. The reaction buffer was added to final concentrations of
5mM MgCl,, 100 mM NaCl, 20 mM Tris-HCl, pH 7.5. After slow
cooling to 37 °C, RNAs were incubated for 5 min at 20 °C. Ribozyme
(0.02 pmol) and RNA substrate (0.08 pmol) were then combined in
a final volume of 10 pl. NCp7, NC(12-53), Vif or Tat were added
at the final protein to nucleotide molar ratios indicated in the fig-
ure legends. Incubation was for 20-30 min at 37 °C. Reactions were
stopped by adding 20 pl of the stop solution (0.3% SDS, 15 mM
EDTA), and extracted with 30 ! of phenol and 15 .l of chloroform.
The aqueous phase was precipitated with ethanol and the pellet

201



J. Batisse et al. / Virus Research 169 (2012) 361-376 371

117 NCp7 / nt

Native conditions

RNA dimer (TD + LD)

-4 RNA monomer

117 NCp7 / nt

5uM

D.—-‘ D_—4

<« RNA dimer (TD)

RNA monomer

Semi-denaturing conditions

B RNA 1-311
DIE 8 SIS
+VIF or +NC

— &

tight dimers (TD) loose dimers (LD)

tight dimers (TD)

RNA 1-615

e

+ NC \VIF

loose dimers (LD)

Fig. 5. RNA dimerization induced by Vif and NCp7. (A) HIV RNA 1-311 was allowed to dimerize in the presence of increasing concentration of Vif (0, 0.2, 2.0 and 5.0 uM), in
the absence or in presence of NCp7 at a protein/nt molar ratio of 1/7. After protein removal, RNA was visualized under native and semi-denaturing electrophoresis conditions.
(B) Schematic representation of Vif and NCp-induced RNA dimerization under native and semi-denaturing conditions.

re-suspended in 45% formamide, 0.5x TBE and 0.1% dyes. 32P-
labeled RNAs were analyzed on 8% PAGE in 7M urea and 0.5x
TBE. After electrophoresis, gels were autoradiographed and the
efficiency of RNA cleavage was analyzed by phosphorimaging.

6.1.6. RNA dimerization assay

RNA dimerization was performed as described previously
(Henriet et al., 2007). Briefly, 100 nM of unlabeled HIV-1 1-311
RNA fragment were diluted in 10 .l of water together with the
corresponding labeled RNA (5000 cpm, 3-5nM). Samples were
denatured for 2 min at 90°C, and snap-cooled on ice for 2 min.
Dimerization was initiated by addition of Vif and/or NCp7 under
conditions disfavoring salt-induced RNA dimerization (50 mM
sodium cacodylate pH 7.5, 50 mM NacCl, 0.1 mM MgCl, ). When both
proteins were present in the same reaction, the order of addition
of the two proteins did not influence the final result. RNA sam-
ples were incubated 30 min at 37 °C and deproteinized as above,
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then resuspended in glycerol-containing loading buffer, split in
two equal volumes and analyzed on a 0.8% agarose gel in native
(Tris-Borate 0.5x, MgCl, 0.1 mM, run at 4 °C) or semi-denaturating
(TBE 1x, and run at 20°C) electrophoresis conditions. These two
electrophoresis conditions have been tested in order to discrimi-
nate loose/unstable RNA dimers (only visible on native conditions)
from tight/stable RNA dimers (visible under both electrophoresis
conditions). Gels were fixed in 10% trichloroacetic acid for 10 min
and dried for 1h under vacuum at room temperature. Radioac-
tive bands corresponding to monomeric and dimeric species were
visualized and quantified using a FLA 5000 (Fuji).

6.2. Results and discussion

6.2.1. HIV-1 Vif activates TAR(+)/TAR(—) annealing
The annealing of the complementary TAR sequences is essen-
tial to achieve (—) strand DNA transfer. To better understand
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Vif-induced (—) strand DNA transfer, we compared the ability of
Vif to promote the annealing of two complementary TAR sequences
with that of NCp7 and Tat. In the absence of protein, TAR(+)/TAR(-)
annealing occurred at 65°C in high salt conditions in the positive
control (Fig. 3A, Ct+). No TAR(+)/TAR(—) annealing was observed at
37 °Cinthe negative control (Fig. 3A, Ct—). Incubation with NCp7 or
Tat at 37°C for 5 min favored TAR(+)/TAR(—) annealing at protein
to nucleotide molar ratios of 1/20, 1/10 and 1/5 (Fig. 3A, lanes 3-8).
In the presence of Vif, TAR(+)/TAR(—) annealing was also observed,
but at higher protein to nucleotide molar ratios of 1/30, 1/15 and
1/10 (Fig. 3A, lanes 11-13), indicating that Vif annealing activity
was slightly less efficient than that observed for NCp7 or Tat.

6.2.2. Inhibition of Vif-mediated TAR(+)/TAR(—) annealing by
2'0-methylated ODNs

In an attempt to characterize molecules capable of inhibiting the
chaperoning activity of Vif, we used methylated oligonucleotides
(mODN) found to bind to NCp7 and extensively impair its chaperon-
ing activity in vitro and virus replication in T-cells and macrophages
(Grigorov et al., 2011). To this end, we monitored the effect of
mODNs on Vif-mediated TAR(+)/TAR(—) annealing as previously
reported for NCp7 (Fig. 3B) (Grigorov et al., 2011). In the positive
control of Vif-mediated TAR(+)/TAR(—) annealing, Vif was used at
a protein to nucleotide molar ratio of 1/30 (Fig. 3B, line 3). We
observed no effect on the TAR(+)/TAR(-) annealing by Vif after
addition of increasing concentrations (100-400 M) of mODN-11
and mODN-9UU (Fig. 3B, lanes 4-6 and 10-12, respectively). How-
ever, addition of mODN-9 GU drastically reduced TAR(+)/TAR(-)
annealing by Vif (Fig. 3B, lanes 7-9). This result suggests that
mODNSs could be used to inhibit not only the nucleic RNA chaperone
activity of NCp7 (Grigorov et al., 2011) but also that of Vif.

6.2.3. Vif activates hammerhead ribozyme-directed RNA cleavage
The hammerhead ribozyme cleavage assay was used to monitor
two RNA chaperone properties: the annealing of the RNA substrate
to the ribozyme, and the subsequent dissociation of the RNA prod-
ucts (Fig. 4A) (Cristofari and Darlix, 2002). We observed enhanced
ribozyme-directed cleavage of RNA S14 after addition of increasing
concentrations of Vif at protein to nucleotide molar ratios between
1/50and 1/3 (Fig. 4B, lanes 3-7). As expected, we observed the same
effect with NCp7 (Fig. 4B, lanes 8-10). No hammerhead ribozyme-
directed RNA cleavage was detected using NC(12-53) which has
only little nucleic acid chaperone activity (Fig. 4B, lanes 11-13)
(Cristofari and Darlix, 2002; Darlix et al., 2011; Kuciak et al., 2008).

6.2.4. Vifinduces the formation of HIV-1 RNA loose and tight
dimers

Previously, we reported that Vifis able to induce the formation of
loose RNA dimers in a RNA dimerization assay using RNA fragments
containing the first 615 nts of the HIV-1 genomic RNA (Henriet et al.,
2007).Moreover, in the presence of NCp7, Vif was able to inhibit NC-
induced tight RNA dimer formation (Henriet et al., 2007). We now
report that Vifis able to form both loose and tight RNA dimers when
dimerization assays were carried out with an RNA corresponding
to the first 311 nts of the HIV-1 genome (Fig. 5A). The dimerization
experiment was carried out with increasing concentrations of Vif
(0-5 wM) and in the absence or presence of NCp7 (NCp7/nucleotide
ratio of 1/7). We analyzed RNA dimerization using two different
electrophoresis conditions: (1) native conditions in which both
loose and tight dimers are stable (Fig. 5A, upper panel) and (2) semi-
denaturing conditions in which only tight dimers are preserved
(Fig. 5A, lower panel). In the absence of NCp7, Vif stimulated both
loose and tight RNA dimers formation, as observed by the pres-
ence of RNA dimers under both electrophoresis conditions, with
a dimerization yield of ~40% at 5 wM Vif (Fig. 5A). In the absence
of Vif (Fig. 5A, lane 5), NCp7 induced >90% RNA dimer under both

electrophoresis conditions. When increasing concentrations of Vif
were added, we observed a reduction of the NCp7-induced tight
RNA dimer formation (Fig. 5A, lanes 5-8), indicating a competition
between Vifand NCp7, as previously observed (Henriet et al.,2007).
These observations suggest that Vif favors the formation of tight
RNA 1-311 dimers (Fig. 5B), contrary to what was observed for RNA
1-615 (Henriet et al., 2007). Indeed, in the RNA 1-311 context, the
dimerization initiation site (DIS), responsible for RNA dimerization,
is located directly at the 3’-end of the molecule, which probably
induced a reduction of topological constraints and could thus allow
the formation of an extended duplex (Fig. 5B). Conversely, the DIS
of RNA 1-615 is located in the middle of the sequence, and in this
context, Vif and/or NCp7 may stabilize the RNA dimer via differ-
ent loop-loop interactions. It is thus likely that the tight dimers
formed by RNA 1-311 differ from those formed by RNA 1-615, and
presumably by full length genomic RNA.

7. Conclusion and future directions

Results presented here (Figs. 3-5) indicate that Vif is an authen-
tic nucleic acid chaperone that may be required at various stages
of the HIV-1 replication cycle (Fig. 1). As a matter of fact, Vif may
balance the potent RNA chaperoning activities of NCin order to reg-
ulate genomic RNA dimerization and maturation (Fig. 5). Through
interactions with Gag (125), Vif would at the same time regulate
assembly and Gag processing, in turn preventing premature initi-
ation of reverse transcription by RT (90) during virus formation.
Work is presently in progress in our laboratories to characterize
domains, notably the disordered C-terminal region, involved in the
RNA chaperone activity of Vif and evaluate their implications in
virus replication.

HIV-1 Vif and the cellular APOBEC3 proteins have been exten-
sively studied in the past 10 years and the understanding on
mechanisms restricting viral replication largely benefited to the
scientific community. We are just starting to decipher the multi-
ple functions of Vif associated with its biochemical and biophysical
properties and the next step will be the resolution of its tridimen-
sional structure, either alone, or most probably in complex with
A3G and the E3 ubiquitine ligase (Jager et al., 2012). The discovery
and the development of new drug candidates that would inhibit
Vif functions and restore the innate cellular restriction will then
become an attractive possibility.
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Article 4: APOBEC3G Impairs the Multimerization of the HIV-1 Vif

Protein in Living Cells

This article describes the role of Vif multimerization in viral assembly and A3G
repression. My contribution in this study was to identify whether another PPLP-
binding protein could also compete and perturb Vif oligomerization. To this aim, we
investigated the cellular Hck kinase because it has been previously observed that
this protein interacts with a large domain containing the PPLP motif of Vif. Thus, |
transfected HelLa cells with unlabeled or eGFP-Vif proteins together with A3G in the
presence or absence of Hck and | analyzed A3G degradation using immunoblotting.

Moreover, | also contributed in the plasmid construction process.
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The HIV-1 viral infectivity factor (Vif) is a small basic protein essential for viral fitness and pathogenicity. Vif allows productive
infection in nonpermissive cells, including most natural HIV-1 target cells, by counteracting the cellular cytosine deaminases
APOBEC3G (apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G [A3G]) and A3F. Vif is also associated with
the viral assembly complex and packaged into viral particles through interactions with the viral genomic RNA and the nucleo-
capsid domain of Pr555%8, Recently, we showed that oligomerization of Vif into high-molecular-mass complexes induces Vif
folding and influences its binding to high-affinity RNA binding sites present in the HIV genomic RNA. To get further insight
into the role of Vif multimerization in viral assembly and A3G repression, we used fluorescence lifetime imaging microscopy
(FLIM)- and fluorescence resonance energy transfer (FRET)-based assays to investigate Vif-Vif interactions in living cells. By
using two N-terminally tagged Vif proteins, we show that Vif-Vif interactions occur in living cells. This oligomerization is
strongly reduced when the putative Vif multimerization domain ('*'PPLP'%*) is mutated, indicating that this domain is crucial,
but that regions outside this motif also participate in Vif oligomerization. When coexpressed together with Pr555°, Vif is largely
relocated to the cell membrane, where Vif oligomerization also occurs. Interestingly, wild-type A3G strongly interferes with Vif
multimerization, contrary to an A3G mutant that does not bind to Vif. These findings confirm that Vif oligomerization occurs in
living cells partly through its C-terminal motif and suggest that A3G may target and perturb the Vif oligomerization state to

limit its functions in the cell.

he human immunodeficiency virus type 1 (HIV-1) infects pri-

mary T cells, macrophages, and monocytes, ultimately leading
to the destruction of the immune system, infection by opportu-
nistic pathogens, and death, if viral propagation cannot be inhib-
ited. However, these cell lineages express two related cytidine
deaminases of the APOBEC (apolipoprotein B mRNA-editing
enzyme catalytic polypeptide-like) family, named APOBEC3G
(A3G) and A3F, that efficiently restrict HIV-1 replication (1-5). If
incorporated into budding virions, A3G and -F cause lethal mu-
tagenesis by cytidine deamination during negative-strand DNA
synthesis (4, 6, 7). Moreover, A3G and -F impair HIV-1 DNA
synthesis and integration independently of their catalytic activity,
suggesting that deamination is not the only determinant for anti-
viral activity (1, 8-10). This innate defense system most likely
evolved from a mechanism initially dedicated to target retrotrans-
posons and retroelements (11, 12).

In order to infect nonpermissive cells containing A3G or -F,
HIV-1 has evolved the HIV-1 viral infectivity factor (Vif), a 23-
kDa basic protein (13) required for in vivo viral propagation and
pathogenesis (14-16). Vifhas been shown to efficiently counteract
the antiviral activity of A3G and -F by various mechanisms (1, 17).
Vif targets A3G and -F for degradation via the proteasome by
recruiting an E3 ubiquitin ligase cellular complex composed of
elongin B (EloB), elongin C (EloC), cullin 5 (Cul5), and RING-
box protein 2 (Rbx2) (1, 17-21). Recently, CBF-(3, the transcrip-
tional core binding factor-3, has been shown to be an integral
component of this complex, directly interacting with Vif and fa-
voring the specific polyubiquitination and degradation of the A3G
protein (22, 23). Vif has also been shown to inhibit the antiretro-
viral activity of A3G and -F by interfering their packaging (24, 25)
and intracellular expression (26, 27). Importantly, the use of pro-
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teasome inhibitors (24) showed that degradation and inhibition
of A3G translation are two independent pathways utilized by Vif
to reduce the expression of A3G (26, 27). In this context, we re-
cently showed that Vif downregulates A3G translation by binding
to the 5 untranslated region (UTR) of A3G mRNA (28).

In addition to its well-documented anti-A3G activity, Vif pos-
sesses RNA binding and chaperone properties (29, 30). Indeed,
Vif has been shown to bind specifically and cooperatively to the
5’-end region of HIV-1 genomic RNA in vitro (31, 32) in infected
cells (33, 34) and to the A3G mRNA (28). Vif also promotes sev-
eral steps involving RNA refolding during reverse transcription
and RNA dimerization (29, 35). Although the complete structure
of Vif is still unresolved, many studies have investigated the bio-
chemical and biophysical properties of this protein. In vitro, Vif
has been shown to self-associate and to form dimers, trimers, and
tetramers (36, 37). The region from positions 151 to 164, which
encompasses the conserved proline-rich region ''PPLP'®*, has
been shown to govern Vif multimerization (37, 38). This short
domain was found to be crucial for Vif function and viral infec-
tivity (37-39). Moreover, it can interact with A3G (40, 41), cullin
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5 (42), and the HIV-1 reverse transcriptase (35), and it was also
observed that an intact PPLP motif is required for interaction
between Vif and elongin B (43, 44). Considering the involvement
of the PPLP motif in Vif oligomerization, it is conceivable that all
of these binding functions could be linked to the multimerization
state of Vif. Indeed, we recently reported that alanine substitutions
in the Vif PPLP motif do not significantly affect the overall sec-
ondary structure of the protein, but impair its oligomerization
state in vitro, leading to decreasing binding affinity and specificity
for nucleic acids (45). Moreover, it seems that the oligomerization
and RNA binding properties of Vif are required to form high-
molecular-mass complexes composed of Vif and the HIV-1 trans-
activation response (TAR) element (45).

To investigate the multimerization properties of HIV-1 Vifina
more physiological context, we characterized the interaction of
two Vif fusion proteins expressing enhanced green fluorescent
protein and mCherry (eGFP-Vif and mCherry-Vif, respectively)
in living cells by using a fluorescence resonance energy transfer
(FRET) approach analyzed by fluorescence lifetime imaging mi-
croscopy (FLIM) and fluorescence correlation spectroscopy
(FCS). We provide direct evidence that Vif multimerization oc-
curs in living cells and highlight the role of the PPLP motif in this
property. Moreover, in the presence of the Pr559% precursor, Vif
was largely relocalized to the cell membrane, where Vif multim-
erization also occurred. However, Vif oligomerization was not
required for Pr55%*-induced relocalization to the cell membrane.
Finally, we showed that the interaction of A3G with Vif strongly
impairs Vif multimerization, most likely by a competition mech-
anism involving the Vif-binding domain of A3G and the PPLP
motif of Vif or by an A3G-induced conformational change in Vif
that prevents oligomerization.

MATERIALS AND METHODS

Plasmid construction. Vif-fusion expression plasmids were constructed
by two-step PCR and cloning into the pcDNA3.1 (Invitrogen) vector. A
first PCR amplification of eGFP and mCherry sequences was performed
from vectors expressing mCherry- and eGFP-Vpr (Vpr accession no.
ABN49562) (46). The forward primer (primer 1) 5'-CCCAAGCTTGCC
GCCACCATGGTGAGCAAGGGCGAG3' contains a HindIII restriction
site (underlined) upstream of a Kozak consensus sequence (boldface).
The reverse primer (primer 2) 5'-GAGAGAGGCGACATCGCCTCCCT
TGTACAGCTCGTCCATGC-3" contains a linker (boldface) coding for
the polypeptide GGDVASL to avoid quenching of the fluorophore by Vif.
The Vif sequence (codon optimized for expression in mammalian cells)
was amplified from pcDNA-hVif (accession no. AAB60573, codon opti-
mized [47]) (kindly provided by K. Strebel, NIH, Bethesda, MD) with
forward primer (primer 3) 5'-GGAGGCGATGTCGCCTCTCTCATGG
AGAACCGGTGGCAGGTG-3’ containing a linker sequence (boldface),
and reverse primer (primer 4) 5'-CCCGAATTCTTAGTGTCCATTCAT
TGTATGGCTCCCTC-3" containing an EcoRI restriction site (under-
lined) and a stop codon (boldface). After purification of PCR products
(Macherey-Nagel), a second PCR was performed using both PCR prod-
ucts as the templates, together with primers 1 and 4. Full-length PCR
products were then purified, digested with HindIIT and EcoRI, and cloned
into pcDNA3.1. Substitution of AALA for the '**PPLP'®® motif was per-
formed by site-directed mutagenesis using Quick-Change mutagenesis
(Stratagene) as previously described (28).

The hVif coding sequence, excluding the first ATG, was also amplified
using forward primer 5 (5'-CGGGGATCCGAGAACCGGTGGCAGGTG
ATG-3"), containing a BamHI site (underlined), and reverse primer 4 and
cloned into pSA1B (48) previously digested by BamHI and EcoRI. The
resulting plasmid, pSA1B-Vif, expresses a hemagglutinin (HA)-tagged Vif
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protein suitable for immunoprecipitation. Wild-type (WT) and mutant
A3G proteins were respectively expressed from pCMV-A3G (accession
no. NP_068594) and pCMV-A3G D128K (28). The Gag protein was ex-
pressed from the human codon-optimized Pr55%¢"T¢ expression vector
(accession no. AAB50258) (49) and the kinase Hck was expressed from
pcDNA3.1-Hck (kindly provided by E. Decroly, UMR-6098-AFMB, Mar-
seille, France). The integrity of all constructs was confirmed by DNA
sequencing (GATC Biotech, Germany).

Cell culture and transfection. HeLa cells were grown at 37°C in 5%
CO, in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum and penicillin and streptomycin antibiotics (Invitrogen).
For FLIM and FCS analyses, 2.10° cells were cultured on 35-mm p1-dishes
(IBIDI-Biovalley, Strasbourg France). For fluorescence imaging and
Western blot analysis, 5.10° cells were cultured in 6-well plates, with or
without glass coverslips. HeLa cells were transfected with 0.5 pg of each
plasmid using JetPEI (PolyPlus transfection; Illkirch, France) or
X-tremeGENE-9 HD (Roche) according to the supplier’s instructions.

Western blot analysis. Twenty-four hours posttransfection, cells were
washed with 1X concentrated phosphate-buffered saline (PBS) (140 mM
NaCl, 8 mM NaH,PO,, 2 mM Na,HPO,) and lysed in radioimmunopre-
cipitation assay (RIPA) buffer (1X PBS, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.05% SDS) supplemented with protease inhibitors (complete
EDTA free cocktail; Roche). After centrifugation, total protein concentra-
tion was assessed by Bradford analysis (Bio-Rad), and 25 g of total pro-
tein was loaded on a 4 to 12% NuPAGE Bis-Tris gel (Invitrogen). Proteins
were then transferred onto polyvinylidene difluoride (PVDF) membrane
(0.45-pm pore; Millipore) for 1 h 30 min at 30 V and detected by Western
blotting using antibodies directed against Vif (NIH Research and Refer-
ence Reagent Program, no. 319, from M. H. Malim) (with full-length
6His-Vif used as an immunogen to produce this antibody [50]), A3G
(NIH Research and Reference Reagent Program, no. 9906, from W.
Greene), GFP (sc-9996; Santa Cruz Biotechnology, Santa Cruz, CA),
mCherry (GTX59788; GeneTex), Hck (no. 610277; BD Transduction
Laboratory) (a gift from E. Decroly [51]), and B-actin (AC-74; Sigma-
Aldrich, St. Louis, MO), followed by horseradish peroxidase-conjugated
anti-mouse or anti-rabbit antibodies (Bio-Rad), revealed by the chemilu-
minescent ECL Prime system (GE Healthcare).

Immunoprecipitation. HeLa cells were cotransfected with HA-Vif
and eGFP-Vif (wild-type or AALA mutant), and 24 h posttransfection,
cells were washed in 1X PBS and lysed in 1X RIPA buffer supplemented
with protease inhibitors. After centrifugation, an input fraction (50 ul)
was kept to check the protein expression level, and the rest was split into
two fractions: one-half was incubated 2 h at 4°C with 1 g of HA antibody
(sc-805; Santa Cruz, CA) on a rotating wheel, and the second half was
incubated without antibody and used as a negative control. After equili-
bration, protein A beads were added and the mixture was incubated for
1.5 h at 4°C. Beads were washed 5 times with cold 1X RIPA buffer, resus-
pended in Laemmli sample buffer, boiled for 5 min, and analyzed by
Western blotting. In a similar experiment, HeLa cells were transfected
with vectors expressing eGFP-Vif, mCherry-Vif, and either wild-type or
D128K mutant A3G.

Confocal microscopy for fluorescence and IF analyses. For confocal
microscopy, HeLa cells were seeded onto a 20- by 20-mm glass coverslip,
and 24 h posttransfection, cells were washed with 1X PBS and fixed for 5
min in 100% methanol. For the immunofluorescence (IF) assay, the cells
were permeabilized for 5 min with 0.1% Triton X-100 in 1X PBS before
blocking of nonspecific sites with PBS—3% bovine serum albumin (BSA)
for 1 h at 20°C. Cells were stained with mouse monoclonal antibodies
(MAbs) against Vif (NIH Research and Reference Reagent Program, no.
319), used in 1 X PBS-3% BSA (1/500) for an overnight incubation at 4°C.
After several washes in 1X PBS, cells were incubated with anti-mouse
antibody labeled with Alexa Fluor 488 (Molecular Probes) for 1 h at 20°C.
Coverslips were then mounted on a glass slide in mounting medium con-
taining DAPI (4',6-diamidino-2-phenylindole) (Slowfade reagent; Mo-
lecular Probes). Images were acquired on a Zeiss LSM700 confocal micro-
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TABLE 1 Average lifetimes and FRET efficiencies of eGFP-Vif proteins in cytoplasm”

Transfection(s) Avg lifetime, ns (95% CI) No. of cells FRET efficiency, % (95% CI)
eGFP-Vif 2.53 (2.52-2.54) 71

eGFP-Vif + mCherry 2.48 (2.46-2.49) 61 2.0 (—3.0-6.8)
eGFP-Vif + mCherry-Vif 2.21 (2.19-2.25) 71 12.2 (2.6-21.7)
eGFP-Vif AALA + mCherry-Vif AALA 2.35(2.34-2.38) 74 6.6 (—0.5-13.5)
eGFP-Vif AALA + mCherry-Vif 2.35(2.33-2.37) 14 6.6

eGFP-Vif + mCherry-Vif AALA 2.35 (2.34-2.36) 12 6.6

eGFP-Vif + A3G 2.52(2.51-2.53) 38 0.3 (—4.7-5.1)
eGFP-Vif + mCherry + A3G 2.49 (2.47-2.51) 29 1.4 (—3.8-6.4)
eGEP-Vif + mCherry-Vif + A3G 2.38 (2.36-2.40) 54 5.7 (—2.2-13.5)
eGFP-Vif + mCherry-Vif + A3G D128K 2.26 (2.23-2.29) 73 10.4 (—0.9-21.4)
eGFP-Vif AALA + mCherry-Vif AALA +A3G 2.40 (2.37-2.42) 52 5.1(—2.5-12.4)
eGFP-Vif + mCh-Vif + Hck 2.33(2.32-2.35) 33 7.6 (—2.4-12.3)

@ Results in boldface represent the highest FRET efficiency.

scope (Strasbourg-Esplanade Cellular Imaging Facility—IBMP) with a
63X 1.4NA Plan-Apochromat oil objective. Images were processed (con-
trast, brightness, and merges) with Image]J 1.43m software (W.]. Rasband,
ImageJ [1997 to 2012], National Institutes of Health, Bethesda, MD; http:
//imagej.nih.gov/ij/).

FRET and FLIM analyses. Time-correlated single-photon-counting
(TCSPC) FLIM was performed on a custom two-photon system laser-
scanning setup based on an Olympus IX70 inverted microscope (Olym-
pus, Japan) with an Olympus 60X 1.2NA water immersion objective as
previously described (46). Two-photon excitation at 900 nm was pro-
vided by a mode-locked titanium-sapphire laser (Tsunami; Spectra Phys-
ics, CA), and the laser power was adjusted to give count rates with peaks
up to 10° photons - s, so that the pileup effect can be neglected. Imaging
was carried out with a laser-scanning system using two fast galvanometer
mirrors (model 6210; Cambridge Technology, MA), operating in the des-
canned fluorescence collection mode. Photons were collected using a set
of two filters: a two-photon short-pass filter with a cutoff wavelength of
680 nm (F75-680; AHF, Germany), and a band-pass filter of 520 = 17 nm
(F37-520; AHF, Germany). The fluorescence was directed to a fiber-cou-
pled Avalanche photodetector (APD) (SPCM-AQR-14-FC; PerkinElmer,
Canada), which was connected to a time-correlated single-photon-count-
ing module (SPC830; Becker and Hickl, Germany), which operates in the
reversed start-stop mode. Typically, the samples were scanned continu-
ously for about 60 s to achieve appropriate photon statistics to analyze the
fluorescence decays. Data were analyzed with a commercial software
package (SPCImage V3.2; Becker and Hickl, Germany), which uses an
iterative reconvolution method to recover the lifetimes from the fluores-
cence decays. In fluorescence resonance energy transfer (FRET) experi-
ments, when coexpressing donor and acceptor proteins, the FRET effi-
ciency reflecting the distance between the two chromophores was
calculated according to

Rg TDA
E RS+ R® T
where R, is the Forster radius, R is the distance between donor and accep-
tor, T, is the lifetime of the donor in the presence of the acceptor, and 7,
is the lifetime of the donor in the absence of the acceptor.

FCS analysis. FCS was performed using the same core as the system
described for FLIM measurements, as previously described (52). The nor-
malized autocorrelation function was calculated online with a hardware
correlator (ALV5000; ALV GmbH, Germany). Due to the inherent heter-
ogeneity of the cellular medium, the FCS data were interpreted in terms of
anomalous diffusion. Therefore, curves were fitted according to

cossh-(oI] [

where N is the average number of fluorescent species in the focal volume,
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7 is the lag time, 7 is the average residence time in the focal volume, a is
the anomalous diffusion coefficient, and S is a structural parameter de-
fined as the ratio between the axial and lateral radii of the beam waist. The
molecular brightness (1) of the fluorescent species diffusing through the
excitation volume is obtained by dividing the average fluorescence inten-
sity (F) by N. In free lateral diffusion (a = 1), the mean-square displace-
ment of the diffusing species is proportional to time ({(+*)~t). This is no
more valid for anomalous diffusion (a < 1) that takes place in systems
containing obstacles. In that case, the mean-square displacement is de-
scribed by a power law ({(r*)~t*) with coefficient « depending on the
concentration, size, mobility, and reactivity of the obstacles. Moreover, in
living cells, there is no real steady state for the fluorescence intensity fluc-
tuations. For this reason, FCS measurements were sequentially repeated,
typically 100X for 6 s. Each FCS curve was then fitted independently. A
Labview program was written to automatically process the data. The re-
sults represented only the brightness parameter, which is the most rele-
vant in terms of protein oligomerization and was calculated for each curve
in order to provide a population distribution curve.

Statistical analysis. Statistical analyses were performed using R ver-
sion 2.14.0 (http://www.R-project.org/). Fluorescence mean lifetimes and
bias-corrected bootstrapped confidence intervals (CI) were calculated
based on 50 to 70 cells from at least three independent experiments (Table
1). Posterior FRET distributions and 95% CI estimates were computed
using Markov chain Monte Carlo (MCMC) algorithms implemented in
OpenBugs version 3.2.1 (http://www.openbugs.info), assuming poorly
informative Gaussian priors. The level of statistical significance was set
at 5%.

RESULTS

Expression of eGFP- and mCherry-Vif fusion proteins. To in-
vestigate Vif multimerization in living cells by FRET or FLIM, we
first labeled the Vif protein with two fluorophores compatible
with FRET analysis: eGFP and mCherry. As a donor, eGFP pres-
ents the advantage of possessing a high quantum yield (0.8), and
its time-resolved fluorescence decay is monoexponential, with a
lifetime of about 2.6 ns (53). The mCherry tag was used as an
acceptor due to the strong overlap between its absorption spec-
trum and the emission spectrum of eGFP, resulting in a large
Forster distance, R, (about 54 A) (54). The other advantage of
using mCherry as an acceptor was its monomeric and fully mature
state, which enables the protein to conserve its spectroscopic
properties when it is fused to a target protein (55). Moreover,
several studies have already successfully used the eGFP-mCherry
fluorophore pair to investigate protein-protein interactions and
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FIG 1 Structural and functional organization of Vif proteins. Vif functional domains are indicated. For eGFP or mCherry fusion proteins, a small linker coding
for 7 amino acids (GGDVASL) was added to avoid quenching of the fluorophore. The sequences of the multimerization domains of WT and mutant Vif proteins

are indicated.

protein oligomerization by FRET analysis, further validating our
selection (46).

These two fluorophores were therefore fused to the N or C
terminus of the Vif protein. To avoid quenching of the fluoro-
phores, a short linker (7 amino acids) was inserted between the
fluorophore and the Vif coding sequence (Fig. 1). Western blot
analysis showed that both N-terminus-tagged proteins were ex-
pressed in HeLa cells (Fig. 2A, lanes 5 and 7) at a level comparable
to that of the wild-type Vif protein (Fig. 2A, lane 3), but with a
slight degradation of the chimeric proteins (a light slower band is
visible on the blots with a Vif or GFP antibody). On the contrary,
the C-terminus-tagged Vif proteins were expressed at a low level
(data not shown). Hence, we carried out the rest of our study using
only the N-terminus-tagged Vif proteins. We next checked that
the Vif fusion proteins were fully functional and could reduce the
expression of A3G. As shown in Fig. 2A, A3G expression was af-
fected by all Vif constructs (lanes 3, 5, and 7), but the effect was a
slightly more pronounced with the wild-type Vif protein than the
chimeric Vif proteins (80% inhibition versus 60%) (Fig. 2B). This
difference most probably results from the steric hindrance of the
tag proteins. To investigate Vif multimerization, the same expres-
sion vectors were constructed using a mutant of Vif in which the
160PPLP164 motif was substituted for an oligomerization-defec-
tive AALA motif (Fig. 1). Although we detected a lower yield of Vif
AALA compared to wild-type Vif fusion proteins using a Vif-spe-
cific antibody (Fig. 2A, lanes 6 and 8), this is probably due to a
defect in the antibody recognition motif (56). Indeed, eGFP-Vif
and eGFP-Vif AALA were detected at the same level using an an-
tibody directed against the GFP- or mCherry-tagged proteins (Fig.
2A, middle panels, lanes 5 and 6 and 7 and 8, respectively). Thus,
these two proteins were also efficiently expressed in HeLa cells. As
previously observed (40, 57), these Vif AALA mutants were inef-
ficient in counteracting A3G (Fig. 2A, lanes 4, 6, and 8, and B),
confirming the importance of the PPLP motif in the A3G regula-
tion. These control analyses confirmed the mechanism of Vif
function and established that our fusion proteins reliably monitor
the effects of Vif on A3G in cells.

Biochemical characterization of Vif oligomerization. To in-
vestigate Vif-Vif interaction in HeLa cells, we first coexpressed the
different eGFP fusion proteins (eGFP-Vif and eGFP-Vif AALA)
together with an HA-tagged Vif protein (HA-Vif). If chimeric Vif
proteins are still able to form multimers, we should be able to
coimmunoprecipitate eGFP-Vif proteins using an antibody di-
rected against the HA tag. As we previously showed that anti-Vif
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antibody did not efficiently recognize Vif AALA (Fig. 2A, lane 6
and 8), detection was also performed with an antibody directed
against the eGFP moiety (Fig. 3). Under these conditions, we ob-
served that eGFP-Vif and eGFP-Vif AALA were similarly ex-
pressed in HeLa cells (Fig. 3A, lanes 3 and 4). In the presence of HA
antibody, we showed that eGFP-Vif coprecipitates with the HA-
Vif protein (Fig. 3B, lane 3), suggesting that Vif-Vif interaction
occurs in HeLa cells. When using the eGFP-Vif AALA, we ob-
served a significant 2-fold reduction (0.48) in protein immuno-
precipitated with HA-Vif (Fig. 3B, middle panel, compare lanes 4
and 3), suggesting the Vif AALA protein partially lost its capacity
to form multimers. This result is consistent with previous obser-
vations indicating that regions outside the PPLP motif also partic-
ipate in Vif oligomerization (58). Indeed, although the AALA mu-
tation impaired oligomerization (36, 44, 45; this study),
dimerization of the protein was still observed in vitro (45) and
could be sufficient to be detected by immunoprecipitation. Alter-
natively, cell lysis treatment may have induced conformational
changes in the Vif protein that could have exposed secondary in-
teraction domains and induced binding. To further clarify the role
of the PPLP motif, we analyzed Vif multimerization directly in
living cells by using fluorescence microscopy techniques.

Vif oligomerizes in living cells through its PPLP motif. As a
prerequisite for fluorescence assays and because eGFP and
mCherry are large with respect to Vif, we also checked whether
they affect the intracellular localization of Vif. To this end, we
analyzed by confocal microscopy at 24 h posttransfection the ex-
pression of eGFP- and mCherry-Vif (wild-type and mutant) fu-
sion proteins in HeLa cells. As shown in Fig. 4A, both eGFP- and
mCherry-Vif proteins were mainly localized in the cytoplasm of
transfected cells (80 to 90%) but were also present in the nucleus
(10 to 20%), in agreement with previous observations (59-61).
This localization is not due to the eGFP and mCherry since both
fluorescent proteins were found throughout the cell when ex-
pressed in their free form (Fig. 4B). Interestingly, a nearly com-
plete colocalization of the two Vif fusion proteins in the same
cellular compartments was further evidenced by the overlap of
their emissions (Fig. 4A, panels ¢). Similar results were obtained
with the Vif AALA mutants (Fig. 4A, lower panel), demonstrating
that mutation in the PPLP motif did not alter Vif localization.
Localization of wild-type Vif in an expression (pcDNA-hVif) or
proviral (pNL4.3-Env1) vector context by immunofluorescence
(IF) confirmed that these proteins were predominantly localized
in the cytoplasm with some nuclear localization (Fig. 5). Thus, the
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FIG 2 Activity of Vif fusion proteins against A3G. (A) Cells were transfected with 0.5 ug of each plasmid, and total cell extracts were harvested 24 h
posttransfection. The Vif (wild-type and AALA mutant) or Vif fusion proteins A3G and A3G D128K were detected by Western blotting (antibody 319 for Vif
[a-Vif], 9906 for A3G [a-A3G], 5c-9996 for GFP [a-eGFP], GTX59788 for mCherry [a-mCherry], and AC-74 for B-actin [a-Actin]). B-Actin was used as a
loading control. (B) A3G degradation efficiency of the different Vif proteins. A3G signals (from panel A) were quantified (A3G/B-actin ratio), and the lane
without Vif (lane 2) was set at 100%. Error bars represent standard deviations from three independent experiments. (C) Cells were transfected with vectors
expressing Vif (lanes 4, 7, and 9) or eGFP-Vif (lanes 5, 8, and 10) together with A3G (lanes 2 and 3 and 6 to 10) and/or Hck (lanes 3, 4, 5, 9, and 10). Total cell
extracts were harvested 24 h posttransfection and analyzed by immunoblotting using antibodies directed against A3G, Vif, and Hck (610277). B-Actin was used
as an internal control. In all panels, proteins are identified on the left and the antibody used for the detection is indicated on the right-hand side.
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The fraction of Vif fusion proteins interacting with HA-Vifis indicated. (C) Immunoprecipitation of eGFP-Vif and mCherry-Vif (mCh-Vif) with A3G and A3G
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Vif is indicated.

fusion of either mCherry or eGFP to the N terminus of Vif has a
limited effect on Vif localization in the cell.

Although confocal microscopy showed that fusion Vif proteins
colocalized in the cells, a direct Vif-Vif interaction cannot be
proven by this technique. We thus measured the FRET efficiency
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between the two fluorophores, by using FLIM. FRET is a potent
tool to investigate interactions in living cells as it only occurs be-
tween eGFP- and mCherry-tagged proteins when the two fluoro-
phores are less than 10 nm apart (62, 63). In living cells, FRET can
be imaged by monitoring the fluorescence lifetime decrease of the
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FIG 4 Localization of eGFP- and mCherry-Vif fusion proteins. HeLa cells were transfected with 0.5 g of each plasmid. Twenty-four hours posttransfection,
cells were fixed with methanol and analyzed by confocal microscopy. (A) Colocalization of wild-type (upper panel) and AALA mutant (lower panel) eGFP-Vif
(a) and mCherry-Vif (mCh-Vif) proteins (b). Merged images are shown in panels c. Colocalization of the two proteins is indicated by the color yellow. (B)

Localization of free eGFP and mCherry proteins.

eGFP donor with the FLIM technique. This lifetime (i.e., the av-
erage time that molecules stay in their excited state) is an intrinsic
and specific parameter for each fluorophore. In contrast to fluo-
rescence intensity, fluorescence lifetime depends neither on in-

@-Vif + AF 488

Dapi

Merge

Vif

Vif
+ Pr5562

pNL-4-3
Env1

C..
1 2

FIG 5 Immunolocalization of Vif in cells. Vif proteins were expressed in trans-
fected HeLa cells from either pcDNA-hVif in the absence (A) or presence (B) of
Pr55%% or from pNL4-3-Envl plasmid (C). After methanol fixation, cells were
permeabilized in 0.1% Triton X-100 in 1X PBS, and Alexa Fluor 488 (AF 488)-
coupled anti-rabbit secondary antibody (Molecular Probes) was used to detect
primary Vif antibody (panel column 1) (antibody 319). Cell nuclei were stained
with DAPI (panel column 2) contained in the mounting reagent (Slowfade re-
agent; Molecular Probes) (panel column 3 [merged images]).
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strumentation setup nor on local concentration of the fluorescent
molecules and is not affected by photobleaching. A threshold
value of 5% for FRET efficiency is commonly required to define a
bona fide interaction between two partners (for a review, see ref-
erence 62).

FLIM measurements were monitored 24 h posttransfection
and reported using an arbitrary color scale from blue to red, illus-
trating short to long lifetimes. Using this scale, an absence of en-
ergy transfer will appear in yellow (free eGFP-Vif lifetime, 2.53 =
0.01 ns), whereas significant efficient transfer will appear in blue
(lifetime, <2.30 ns). We first measured eGFP-Vif fluorescence in
the nuclear, cytoplasmic, and cell membrane compartments (Fig.
6). As the eGFP lifetimes in these different cell compartments did
not show any significant differences (data not shown), for the rest
of our article we focus on the average lifetimes of eGFP-Vifin the
cytoplasm, except when otherwise mentioned. Control FLIM ex-
periments were performed with HeLa cells transfected either with
eGFP-Vifalone or together with free mCherry (Fig. 6A). As shown
in Fig. 6C (green dots), the average lifetimes of eGFP-Vif ex-
pressed alone (2.53 = 0.04 ns) or coexpressed with mCherry
(2.48 £ 0.05 ns) were similar to the expected lifetime of eGFP
alone (46, 53), indicating that the eGFP fluorescence was not al-
tered when fused to Vif and no interaction takes place between
eGFP-Vif and free mCherry (Table 1).

In contrast, when eGFP-Vif was coexpressed with mCherry-
Vif (Fig. 6B), the eGFP-Vif fluorescence lifetime dropped to
2.21 = 0.11 ns (Table 1). The distribution of eGFP-Vif fluores-
cence lifetimes in the presence of mCherry-Vif was found to be
clearly different from that in the presence of mCherry (Fig. 6C,
blue dots). This fluorescence lifetime decrease was measured on
more than 70 cells from at least 3 independent transfections and
corresponded to a transfer efficiency of 12.2% (Fig. 6D), indicat-
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FIG 6 FLIM analyses of the eGFP- and mCherry-Vif WT and AALA mutant. HeLa cells were transfected with 0.5 g of each plasmid and were observed 24 h
posttransfection by confocal microscopy or by FLIM using a two-photon microscope. (A and B) Images are representative of cells expressing eGFP by
fluorescence microscopy (left; grayscale) or by FLIM using an arbitrary color scale for the lifetimes expressed in nanoseconds. (C) Lifetime distribution of all
analyzed cells under each condition. Controls in the absence of acceptor are depicted in green, the Vif WT in blue, the Vif AALA mutant in red, and the Hck in
orange. Black bars indicate the mean values. (D) Box plots depicting the posterior FRET efficiencies distributions. The mean FRET efficiency is represented by
the white diamonds. Whiskers (vertical dotted lines) represent the interval containing 95% of the FRET efficiencies.

ing a direct interaction between the two Vif fusion proteins in
living cells. In order to confirm this interaction, FRET and FLIM
experiments were further performed on the Vif AALA mutant
(Fig. 6B). Interestingly, eGFP-Vif AALA displayed an intermedi-
ate fluorescence lifetime of 2.35 = 0.08 ns (Fig. 6C and Table 1),
resulting in a lower transfer efficiency of 6.6% (Fig. 6D), suggest-
ing a modification in the Vif interaction and reduced oligomer-
ization of this mutant. Note that the residual FRET efficiency is
close to the commonly considered lowest value (5%) for a bona
fide interaction (62). Interestingly, mutation of the PPLP motif of
only one of the Vif species was sufficient to prevent oligomeriza-
tion, as the FRET efficiencies observed with the eGFP-Vif AALA—
mCherry-Vif and eGFP-Vif-mCherry-Vif AALA combinations
were similar to the one observed when the mutation was present
on both Vif partners (FRET efficiency of 6.6%) (Table 1). Besides,
the nuclear foci observed in our different experiments could
mainly be explained by the shuttling of Vif between the cytoplasm
and the nucleus and by interactions with nucleolar proteins (59—
61). Nevertheless, the Vif lifetime measured in these specific foci
did not significantly differ from the lifetimes in other cellular
compartments.

Bayesian analyses (see Materials and Methods) of fluorescence
lifetimes showed a 20 to 25% reduction of Vif oligomerization
when the PPLP motif was substituted for AALA. Moreover, the
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distribution of the fluorescence lifetime of eGFP-Vif or mCherry-
Vif was more dispersed than the one observed for eGFP-Vif alone
or eGFP-Vif AALA or mCherry-Vif AALA (Fig. 6C), suggesting
that wild-type Vif oligomers may be heterogeneous in the cell.
Taken together, these data indicate that Vif-Vif interactions
occur in living cells and that the PPLP motif, located at the C
terminus of the protein, is involved in Vif oligomerization. Nev-
ertheless, and as previously observed in vitro, other domains in Vif
may also participate in this property (46, 53), as oligomerization
was not completely abrogated by mutation of the PPLP motif.
Vif multimerization monitored by FCS in living cells. To fur-
ther characterize Vif oligomerization in cells, fluorescence corre-
lation spectroscopy (FCS) was performed. This technique is based
on the measurement of the fluctuations of the fluorescence inten-
sity in the femtoliter volume defined by the two-photon laser ex-
citation. These fluctuations mainly characterize the translational
dynamics of the fluorescent molecules that diffuse through the
excitation volume. FCS can be performed in any liquid environ-
ment such as the cell cytoplasm and allows the determination of
several physical parameters, such as diffusion time, local concen-
tration, and molecular brightness. The last parameter corresponds
to the average number of photons emitted by a diffusing particle
per second and is therefore the most relevant to analyze Vif oli-
gomerization in cells. That is, the brightness of a particle increases
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FIG 7 FCS analysis of eGFP-Vif WT and AALA mutant. (A) Brightness dis-
tribution of free eGFP (black circles), Vpr-eGFP (red triangles), eGFP-Vif WT
(green squares), and eGFP-Vif AALA (yellow diamonds). The FCS measure-
ments were performed 24 h posttransfection in HeLa cells with 0.5 g of the
appropriate expression vector. Distributions were calculated according to flu-
orescence fluctuations (FCS) calculated from 100 autocorrelation curves indi-
vidually fitted with the appropriate model (see Materials and Methods). (B)
Table with the brightness median for each condition, together with the values
at the two quartiles.

proportionally with the number of fluorescent molecules inside it.
First, we monitored the brightness distribution of free eGFP in the
cytoplasm of transfected HeLa cells. As expected, the brightness
distribution of eGFP followed a Gaussian distribution centered at
0.16 kHz per particle, reflecting the presence of only one, most
likely monomeric (63), protein population (Fig. 7, solid black cir-
cles). As a positive control, HeLa cells were transfected with a
Vpr-eGFP expression vector. Two main Vpr-eGFP populations
were observed: a major one presenting a 2-fold-higher brightness
than free eGFP (0.35 kHz per particle) and a minor one showing a
4-fold higher brightness (about 0.55 kHz per particle), confirming
that Vpr was able to form dimers and multimers in cells (Fig. 7, red
triangles) (46). A different behavior was observed when eGFP-Vif
was transfected. The distribution curve of eGFP-Vif showed a
broad distribution with a main population centered at 0.20 kHz
per particle (as free eGFP) (Fig. 7, green squares) and two minor
populations centered at ~0.4 kHz per particle and ~0.8 kHz per
particle, indicating that Vif exists as a mix of monomers and oli-
gomers in cells (Fig. 7). This result may reflect the large distribu-
tion of eGFP-Viflifetimes observed by FLIM (Fig. 6C). Moreover,
when eGFP-Vif AALA was analyzed, a single population, similar
to the one obtained for free and monomeric eGFP was obtained
(Fig. 7, yellow diamonds), suggesting that this mutant remains
largely monomeric. Together, these results confirm that Vif forms
oligomers in cells, as observed by FLIM, and validate the PPLP
motif as part of an oligomerization domain.

Vif oligomerization is not a prerequisite to induce its relocal-
ization at the plasma membrane by Pr55%°¢. Since Vif and
Pr55%%8 have been shown to interact in cells through their C-ter-
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minal and nucleocapsid domains, respectively (64, 65), we asked
whether Vif oligomerization was required for its interaction with
Pr559%, To test this hypothesis, we first performed confocal mi-
croscopy on HeLa cells transfected with eGFP- and mCherry-Vif
(wild type or AALA mutant) and with unlabeled Pr55“° protein
(Fig. 8). As expected, expression of eGFP-Vif and mCherry-Vif
was not affected by Pr55° (Fig. 8A). However, Pr55%¢ partially
relocalized Vif to the cell membrane, irrespective of the presence
of the wild-type PPLP motif, suggesting that oligomerization of
Vif, or the motif by itself, is not involved in Pr55%*8 recognition.

Itis, however, possible that Vif-Pr55%*¢ interaction affected the
multimerization of Vif. We therefore carried out FLIM acquisi-
tions on HelLa cells transfected with Vif fusion proteins and
Pr55%% (Fig. 8B, left panels). Since the transfer efficiency mea-
sured for eGFP-Vif in the presence of Pr55°*¢ was 10.7% (Fig. 8C
and D), a value very similar to the one observed in the absence of
Pr55% (12.2%) (Fig. 6D), we confirmed that Vif binding to
Pr55%°¢ did not significantly affect its multimerization capacity.
Consistent with the presence of Vif at the cell membrane, the
eGFP-Vif transfer efficiency measured at this location was some-
what more efficient (13.4%), suggesting that Pr555°€ promoted a
closer proximity between the Vif molecules or, alternatively, a
higher degree of oligomerization (Table 2). The same experiments
were performed using the eGFP-Vif AALA and mCherry-Vif
AALA mutants in the presence of Pr555° (Fig. 8B, right panels,
and C). As previously observed, eGFP-Vif AALA presented a very
low transfer efficiency of 4.2% (Fig. 8D), and Bayesian analyses of
fluorescence lifetimes showed a 20 to 25% reduction of Vif oli-
gomerization when the PPLP motif was substituted, thus confirm-
ing its defect in oligomerization. Similarly, in the presence of
Pr559% the FRET efficiency of Vif AALA at the plasma membrane
was decreased compared to that of wild-type Vif (6.1% versus
13.4%) (Table 2). Interestingly, as observed in the absence of
Pr559°, the distribution of the fluorescence lifetime of eGFP-Vif
or mCherry-Vif was more dispersed than the one observed for
eGFP-Vif alone or eGFP-Vif AALA or mCherry-Vif AALA (Fig.
8C), suggesting again that wild-type Vif oligomers are heteroge-
neous in cells.

Taken together, these results show that Pr55%% interacts with
Vif proteins, independently of its oligomerization state, and pro-
motes their redistribution at the plasma membrane. This interac-
tion is probably at the origin of Vif incorporation into nascent
virions.

Interaction of APOBEC3G with Vif affects its oligomeriza-
tion state in living cells. The A3G protein is a potent innate anti-
viral factor, and Vif has been shown to restrict its activity by in-
ducing its degradation through the proteasome, inhibiting its
translation and its incorporation into viral particles (for reviews,
see references 1 and 5). Most of these activities involve physical
interactions between Vif and A3G, and interacting motifs have
been previously defined, mostly in the N terminus of each protein
(66), but discrete motifs in the C terminus of Vif, such as the PPLP
motif, have also been shown to bind A3G (40, 57). To investigate
whether the binding of A3G to Vif affects its oligomerization, we
transfected HeLa cells with the eGFP- and mCherry-Vif con-
structs together with an A3G expression vector and analyzed the
eGFP-Vif lifetime 24 h posttransfection (Fig. 9). A3G constructs
were previously checked for their correct expression and behavior
in HeLa cells (Fig. 2A). The results were compared to those ob-
tained with cells expressing an A3G D128K mutant that has been
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represent the interval containing 95% of the FRET efficiencies.

shown to be defective in Vif interaction (67-69). As expected, A3G
D128K protein is insensitive to Vif-induced proteasomal degra-
dation (Fig. 2A, right panel, and B). It also does not interact with
our eGFP-Vifand mCherry-Vif constructs (Fig. 3C, lanes 3 and 6)
nor does it significantly impair the coimmunoprecipitation of
eGFP-Vif with HA-Vif (Fig. 3B, lane 7), contrary to the wild-type
A3G, which interacts with eGFP- and mCherry-Vif proteins
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(Fig. 3C,lanes 2 and 5) and leads to a 2-fold reduction (0.47) of Vif
multimerization (Fig. 3B, lane 6). Next, as a negative control, A3G
was transfected with eGFP-Vif in presence or absence of the
mCherry fluorophore. In this case, no difference was observed,
with an average fluorescence lifetime of 2.49 * 0.02 ns (Table 1).
However, in the presence of wild-type A3G, the FRET efficiency
between eGFP-Vifand mCherry-Vif dropped from 12.2% to 5.7%

jviasm.org 6501

aIAolqIg SHYND-LSINI A9 €10Z ‘2| JaquiaroN uo /610 wise’IAl//:dpy woly papeojumoq



Batisse et al.

TABLE 2 Average lifetimes and FRET efficiencies of eGFP-Vif proteins in the presence of Gag”

Cytoplasm Membrane

Avg lifetime, ns No. of FRET efficiency, % Avg lifetime, ns No. of FRET efficiency, %
Transfection(s) (95% CI) cells (95% CI) (95% CI) cells (95% CI)
eGFP-Vif 2.51 (2.49-2.52) 69 2.47 (2.46-2.48) 64
eGFP-Vif + mCherry 2.48 (2.47-2.49) 36 0.8 (—3.7-6.4) 2.47 (2.46-2.48) 36 0.0 (—5.1-5.2)
eGFP-Vif + mCherry-Vif 2.25(2.22-2.28) 75 10.7 (2.7-21.5) 2.14 (2.12-2.17) 72 13.4 (3.9-23.2)
eGFP-Vif AALA + mCherry-Vif AALA 2.42 (2.39-2.44) 76 4.2 (—3.4-11.7) 2.31(2.29-2.34) 73 6.1 (—2.1-13.0)
eGFP-Vif + mCherry + A3G 2.53 (2.52-2.54) 36 —0.3 (—4.8-4.1) 2.49 (2.5-2.53) 36 —0.7 (—6.1-5.3)
eGFP-Vif + mCherry-Vif + A3G 2.36 (2.33-2.38) 52 6.5 (—0.2-13.1) 223 (2.21-2.26) 52 9.7 (1.3-18.6)
eGFP-Vif + mCherry-Vif + A3G D128K 2.30 (2.27-2.33) 43 8.8 (0.8-16.7) 2.18 (2.16-2.20) 42 11.8 (4.8-19.4)
eGFP-Vif AALA + mCherry-Vif AALA + A3G 2.39 (2.37-2.40) 38 5.5 (0.5-10.3) 2.30 (2.28-2.32) 37 7.0 (0.8-13.7)

“ Results in boldface represent the highest FRET efficiencies.

(Fig. 9B and Table 1). In contrast, the fluorescence lifetime of
eGFP-Vif in the presence of A3G D128K was similar to that ob-
served in the absence of A3G (2.26 * 0.13 ns) (Table 1), corre-
sponding to a transfer efficiency of 10.4% (Fig. 9B). These results
clearly indicate that the binding of A3G affects the capacity of Vif
to oligomerize.

Next, we tested whether another PPLP-binding protein could
also compete and perturb Vif oligomerization. To this aim, we
tested the cellular Hck kinase as it has previously been shown to
interact, through its SH3 domain, with a large domain containing

the PPLP motif of Vif (51). In a first set of experiments, we trans-
fected HeLa cells with unlabeled or eGFP-Vif proteins together
with A3G in the presence or absence of Hck and analyzed A3G
degradation (Fig. 2C). Western blot analyses showed that Hck
altered neither A3G and Vif (untagged and eGFP-tagged) expres-
sion (Fig. 2C, left panel) nor A3G degradation (Fig. 2C, right
panel). The relative expression of A3G was in the same order of
magnitude as that observed in Fig. 2A, suggesting that Hck did not
influence A3G degradation. Next, we investigated whether the
binding of Hck to Vif affects its oligomerization. We transfected
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FIG 9 FLIM analyses of Vif in the presence of A3G protein. (A) eGFP fluorescence intensity (greyscale) and eGFP lifetime (arbitrary color scale) are indicated.
(B) Box plots depicting the FRET efficiency distributions in the absence (white diamonds) or presence (black dots) of Pr55°6. Whiskers (vertical dotted lines)
represent the interval containing 95% of the FRET efficiencies. P values for the different assays are indicated. **, <0.01.
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HeLa cells with the eGFP-Vif and mCherry-Vif constructs to-
gether with Hck and analyzed the eGFP-Vif lifetime 24 h post-
transfection (Table 1 and Fig. 6C and D). We observed an inter-
mediate but reproducible decrease of the FRET efficiency in the
presence of Hck (7.6% versus 5.7% in the presence of A3G and
12.2% for Vif alone), suggesting that Hck, like A3G, is able to
reduce multimerization of Vif in cells.

Finally, in order to establish a relationship between the binding
of A3G to Pr559°8 and its interaction with Vif, the same FRET and
FLIM approach was repeated in the presence of unlabeled Pr55%°
(Fig. 9A, right panel). As previously observed (Fig. 8C and D and
Table 2), the oligomerization of Vif was not affected by the pres-
ence of Pr55“°¢, with a transfer efficiency of 10.7% (versus 12.2%
without Pr55928) (Fig. 8B and Table 2). When wild-type A3G was
added, a decrease of FRET efficiency was observed (6.5%), similar
to the one obtained without Pr55°% (5.7%) (Fig. 9B and Table 2).
When mutant A3G D128K was used, the transfer efficiency was
not significantly affected (8.8% versus 10.4% in the absence of
Pr559%), confirming the absence of interaction with Vif oligom-
ers (Fig. 9B). Concerning the Vif AALA mutant, we did not ob-
serve any effect of A3G on the FRET efficiency in the absence
(5.1%) or in the presence (5.5%) of Pr55°%, In the presence of
Pr559%, FRET efficiency was also measured at the cell membrane
(Table 2). The values obtained in this case were always higher than
the ones determined in the cytoplasm and may reflect structural
constraints of Vif at this site due to its relocation by Pr55%%, Al-
together, these results show that A3G strongly affects the oli-
gomerization of Vif, at a level very similar to that of a mutation in
the PPLP motif of Vif, and this effect is not dependent on the
presence of Pr559°,

DISCUSSION

Most HIV-1 proteins have been shown to form dimers or multi-
mers in vitro and in cellulo, and this characteristic is crucial for
their function. Concerning Vif, the oligomerization sequence has
been mapped between residues 151 and 164 in the C-terminal
domain and more specifically to the '°'PPLP'®* motif (37, 38, 45).
The PPLP motif was found to be required for the assembly of an
active E3 ubiquitin ligase complex (43, 44), and mutation of this
sequence or the use of antagonist peptides has been shown to
result in an important loss of viral infectivity (57), one of the
reasons being an increased incorporation of A3G into viral parti-
cles as a consequence of the inhibition of its degradation (37, 40,
41, 57).

In this study, we used fluorescence confocal microscopy, two-
photon FCS, and FLIM approaches to compare the oligomeriza-
tion properties of wild-type protein and a mutant Vif protein with
a substitution in its multimerization motif. Although previous
studies have documented the oligomerization status of Vif in vitro
(36, 37, 44, 45) and in cell culture by coimmunoprecipitation
(co-IP) and a mammalian two-hybrid system (37), to our knowl-
edge, the present study constitutes the first report in which Vif
oligomerization is directly visualized in living cells and a relation-
ship to its Pr55°“€ and A3G binding is established. To this end, we
generated wild-type and Vif AALA mutant proteins tagged at their
N termini with two FRET-compatible fluorophores, eGFP and
mCherry (Fig. 1). To gain insight into the oligomerization status
of these chimeric Vif proteins, we performed immunoprecipita-
tion and showed that eGFP-Vifis able to copurify with an HA-Vif
protein (Fig. 3B) and that an A3G mutant (D128K) that does not
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interact with Vif does not perturb this interaction (Fig. 3C). This
interaction was further validated by FLIM-based FRET analyses
(Fig. 6), where we observed an energy transfer of 12.2% between
eGFP- and mCherry-tagged Vif proteins. Interestingly, the FRET
efficiency was reduced to 6.6% when the PPLP motif of one or of
the two tagged Vif proteins was mutated, confirming the implica-
tion of the PPLP sequence in the oligomerization of Vif in living
cells. This result suggests that even if oligomerization is consider-
ably diminished (2-fold), it is not completely abolished and that
regions outside the PPLP domain are also involved in protein-
protein association. This interpretation would be consistent with
previous studies using purified Vif protein (45); however, it has to
be taken with caution as the residual FRET efficiency is rather
close to the significance limit (62). On one hand, a very recent
study also pointed out the involvement of domains such as the
HCCH motif, the BC box, and downstream residues (S165 and
V166) in the oligomerization property of Vif (58). This could
explain the interaction observed by co-IP between the eGFP-Vif
AALA mutant and wild-type HA-Vif (Fig. 3B). On the other hand,
FCS indicated that Vif AALA proteins behaved as a single popu-
lation of monomeric molecules (Fig. 7), reinforcing the observa-
tions that the PPLP motif is one of the key domains involved in
oligomerization. The origin of the discrepancy between FLIM and
FCS techniques regarding a potential residual oligomerization of
Vif AALA is still unclear. However, FCS experiments showed that
wild-type Vif could form at least two populations of particles in
the cell, a main population consisting of monomers and a second
one composed of a larger number of molecules (Fig. 7). The fact
that only 30% of the Vif population is multimeric may explain the
lower FRET efficiency measured in comparison to Vpr (46). The
heterogeneity of Vif oligomers is in agreement with biochemical
data showing that the oligomerization state of Vif could vary from
1to 9 (36, 45).

Although Vif protein oligomerizes in vitro (36, 37, 45) and in
cells (37; this study), the functional role of Vif oligomerization
remains elusive. Indeed, the coexpression of eGFP- and mCherry-
Vif proteins with unlabeled Pr55%€ clearly showed that Pr55%%
redistributes the fluorescently tagged Vif proteins to the cell mem-
brane (Fig. 8A). Moreover, Vif oligomerization still occurred at
this site, as indicated by the high FRET efficiency (13.4%) (Fig. 8B
and Table 2). It is likely that Vif follows the intracellular trafficking
of Pr559%, as its recruitment by Pr55?¢ was found to be indepen-
dent of the anchoring of Pr55%% to the plasma membrane (70),
emphasizing that Pr55%*8-mediated packaging of cofactors is not
the result of a simple colocalization at the plasma membrane, but
probably takes place at the site of their synthesis. Moreover, the
fact that Vif was not observed at the plasma membrane in the
absence of Pr55%% indicates that the C terminus of Vif (residues
171 to 192) is not a specific domain required for its targeting to the
plasma membrane through electrostatic interactions (71). We
showed that the redistribution of Vif to the plasma membrane is
independent of its multimerization state since the Vif AALA mu-
tant was also relocated at the membrane in the presence of Pr55%8
(Fig. 8B). Thus, even if the oligomerization domain is adjacent to
and overlaps the putative Pr55°¢ binding site (through the NC
domain), located around residues 157 to 179 (64), its mutation
does not seem to perturb its binding to Pr559%8, This suggests that
other motifs in Vif may interact with Pr55% protein.

Besides its interaction with Pr55%%, it has been shown that the
PPLP motif of Vif is necessary for binding to A3G (40, 57) and
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could influence the binding to proteins containing an SH3 do-
main, such as Hck (51). Interestingly, we found that A3G signifi-
cantly impaired Vif multimerization (Fig. 9). In contrast, an A3G
mutant (A3G D128K) that does not interact with Vif (Fig. 3C)
(67-69) has no effect, indicating that the inhibition of Vif multi-
merization by wild-type A3G is likely a consequence of the direct
interaction between these two proteins. Altogether, these results
demonstrate that the binding of A3G to the N terminus and/or the
PPLP motif of Vif affects the capacity of Vif to form oligomers. As
previously mentioned, this could be explained by the partial over-
lap of the A3G binding site and the PPLP motif of Vif (40, 41, 57).
Indeed, the Hck kinase significantly reduced the oligomerization
of Vif (Fig. 6D), strengthening the fact that the PPLP motif is
crucial for Vif multimerization. These data corroborate size exclu-
sion chromatography studies in which the addition of cullin 5 to
Vif results in the formation of monomeric complexes due the
occlusion of the PPLP dimerization site (44). However, as previ-
ously proposed by Walker et al. (57), it could be that substitution
of the PPLP motif instead imposes conformational constraints,
thus preventing proper folding of Vif and thereby indirectly pre-
cluding A3G interaction. This hypothesis is unlikely, as we showed
by circular dichroism that the PPLP-to-AALA substitution does
not perturb the overall conformation of the protein (45). Conse-
quently, the oligomerization of Vif may be functionally relevant
not only to allow its correct conformation but also to interact with
A3G and induce its degradation. Indeed, the Vif AALA mutant
does not interact with A3G anymore and is defective in inducing
its degradation (40, 57) (Fig. 2); this is likely to result in a higher
capacity for A3G to be incorporated into viral particles (40).

Although it is known that Vif and A3G interact with the same
domain of Pr55%° (70, 72—76), their relationship relative to Vif
multimerization has never been investigated. Here, we found that
in the presence of Pr55%%, A3G preserves its ability to affect the
multimerization of Vif (Fig. 9B), suggesting that Pr55%°€ and A3G
interact with different domains of Vif. However, this result may
reflect a direct competition between A3G and Vif and explain how
Vif might prevent the packaging of A3G into viral particles inde-
pendently of A3G degradation (77), in addition to a competitive
process resulting from the binding of Vif and A3G to a common
packaging signal on the viral genomic RNA (29, 32, 78, 79).

In conclusion, we used fluorescent approaches to show for the
first time that Vif oligomerizes in living cells. Our results con-
firmed the importance of the PPLP motif in Vif oligomerization,
and this property most probably facilitates A3G binding and deg-
radation. Moreover, A3G was able to impair the multimerization
of Vif, at a level similar to that of a mutant (Vif AALA) disrupting
Vif oligomerization. Finally, Pr55° relocated Vif oligomers to
the plasma membrane without preventing A3G from impairing
Vif oligomerization. Altogether, our results suggest that disrup-
tion of the Vif oligomer interface may affect the overall Vif/A3G
complexes (and their interactions), thus likely promoting an in-
crease in A3G packaging and reduced viral infectivity. Further
studies will be required to understand how A3G or other binding
partners affect the oligomerization state of Vif. Validation of these
conclusions awaits the determination of the tridimensional struc-
tures of Vif and Vif/A3G complexes.
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Article 5: Un facteur de transcription se fait complice du VIH-1 pour

détruire les défenses cellulaires
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Un facteur de transcription
se fait complice du VIH-1
pour détruire les défenses

cellulaires

Roland Marquet, Santiago Guerrero, Serena Bernacchi,
Sophie Pernot, Julien Batisse, Jean-Christophe Paillart

> Les éléments génétiques mobiles
représentent une fraction considérable
de notre génome et les mammiferes ont
développé plusieurs facteurs cellulaires
restreignant I’expansion des trans-
posons, rétrotransposons et rétrovi-
rus. Plusieurs facteurs de restriction
inhibant la réplication des rétrovirus,
dont les virus de I'immunodéficience
humaine de types 1 et 2 (VIH-1, VIH-2),
ont ainsi été identifiés : TRIM5ou (tri-
partite motif-containing protein 5a),
la téthérine, SAMHD1 (SAM domain and
HD domain 1), et plusieurs membres de
la famille des cytidines désaminases
APOBEC-3 (apolipoprotein B mRNA-
editing, enzyme-catalytic, polypep-
tide-like 3) [1-3]. Parmi ces derniers,
A-3G et A-3F, qui sont exprimés dans
les cellules cibles naturelles des VIH-1
et VIH-2, sont les plus importants
[1, 3]. Les rétrovirus ont cependant
acquis la capacité de contourner ces
facteurs de restriction. Certains ont
développé des protéines dites acces-
soires dans ce seul but : c’est le cas du
facteur d’infectiosité viral (Vif) et de
la protéine virale U (Vpu) des VIH-1 et
VIH-2, ainsi que de la protéine virale
X (Vpx) du VIH-2, qui contrecarrent
respectivement A-3C/3DE/3F/3G/3H
[1, 3], la téthérine [1] et SAMHD1 [2].
La neutralisation des facteurs de res-
triction par les rétrovirus implique trés
souvent le détournement de la voie de
dégradation des protéines cellulaires
par le protéasome en réponse a leur
polyubiquitination.

m/s n° 4, vol. 28, avril 2012
DO/ : 10.1051/medsci/2012284007

Ubiquitinylation des facteurs

de restriction par la protéine virale Vif
L'ubiquitinylation des protéines euca-
ryotes fait tout d’abord intervenir une
des deux enzymes activatrices, €1,
qui transfere I'ubiquitine a I'une des
enzymes de conjugaison, €2 ; enfin, une
ubiquitine ligase (€3, il en existe plu-
sieurs centaines), transfére 'ubiquitine
aux substrats spécifiques. Trois pro-
téines accessoires du VIH-1, Vif, Vpu et
Vpr sont connues pour détourner trois
ubiquitine ligases €3 différentes appar-
tenant a la famille des cullin-RING €3
ligases. La protéine Vif du VIH-1 possede
en son centre un motif HCCH liant le
zinc et une bofte culline qui permettent
le recrutement de la culline 5 (Cul-5),
Cul-5 étant capable de lier Rbx-2, une
protéine possédant un domaine RING.
Vif posséde en outre dans sa région
carboxy-terminale un motif appelé
SOCS (suppressor of cytokine signaling)
box qui recrute Iélongine C (€Elo-C) qui
forme un hétérodimere avec I’élongine
B (€lo-B) (Figure 1, voie B). Le complexe
Cul-5/Rbx2/€lo-B/€Elo-C ainsi recruté
par la protéine Vif permet Iubiquiti-
nylation d’A-3G/A-3F, orientant ainsi
ces protéines vers la dégradation par le
protéasome (Figure 1, voie B).

CBF-P : un nouveau ligand de Vif
impliqué dans Pinfectiosité

des VIH/VIS chez les primates

Deux articles publiés récemment dans
la revue Nature [4, 5] ont identifié un
nouveau ligand de Vif impliqué dans la
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dégradation d’A-3G, qui fait également
I’objet d’une publication récente dans
Journal of Virology [6]. €n effet, Krogan
et al. [7] ont entrepris I'identifica-
tion systématique des ligands des pro-
téines du VIH-1, dont Vif, en combinant
purification d’affinité et spectrométrie
de masse. Chacune des protéines du
VIH-1 a été exprimée avec deux éti-
quettes différentes (Strep ou Flag) soit
par transfection transitoire de cellules
humaines d’épithélium rénal embryon-
naire (HEK-293), soit par expression
stable et inductible a partir de cellules
lymphoides Jurkat. Les auteurs se sont
focalisés sur les protéines identifiées
indépendamment du type cellulaire et
de I’étiquette utilisée pour la purifi-
cation [5, 7]. Par cette approche, sept
protéines humaines ont été identifiées
comme des ligands directs ou indirects
de Vif dans les deux types cellulaires :
I'une intervient dans I'autophagie
(MARAL), cing sont les constituants de
I’ubiquitine ligase €3 (Elo-B, €lo-C, Cul-
5, Rbx-2, et Cul-2 qui interagit avec Cul-
5) et la derniére est CBF-3 (core binding
factor-P3). Zhang et al. [4] ont, quant
a eux, employé Vif munie d’une éti-
quette HA (hémaglutinine) pour immu-
noprécipiter ses partenaires dans les
cellules HY, une lignée cellulaire T. Ils
ont ensuite identifié par spectrométrie
de masse Cul-5, €lo-B, Elo-C et CBF-P.
Uinteraction entre Vif et CBF- a été
validée par des études de colocalisation
et de transfert d’énergie de fluores-
cence (FRET) dans des cellules HEK 293T
transfectées [4].
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Figure 1. Mécanismes d’action de Vif. Vif contrecarre le facteur de restriction A3-G par au moins trois mécanismes distincts : (1) compétition avec

A-3G lors de I'assemblage viral (voie A), (2) induction de sa dégradation par le protéasome (voie B), et (3) inhibition de sa traduction (voie C).

CBF-B est un cofacteur de transcrip-
tion impliqué dans le développement
et la différenciation de plusieurs types
cellulaires, dont les lymphocytes T. Il ne
lie pas ’ADN mais interagit avec les pro-
téines de la famille RUNX (Runt-related
transcription factor 1), dont il module
le repliement et les propriétés de fixa-
tion a ’ADN (Figure 1). Zhang et al. ont
déterminé que la région amino-termi-
nale de Vif est cruciale pour sa liaison
a CBF-P3 et que cette liaison n’entre
pas en compétition avec le recrutement
des protéines RUNX dont Vif n’affecte
pas Iactivité transcriptionnelle [4]. Les
deux publications parues dans Nature
[4, 5] démontrent que CBF-P fait par-
tie du complexe €3 ubiquitine ligase
comprenant la Cul-5, Rbx2, €lo-C et
€lo-B. Cependant, la fixation de CBF-f &
ce complexe requiert Vif, ce qui indique
que CBF-P n’est pas un constituant

m/s n° 4, vol. 28, avril 2012

général des Cul-5 €3 ubiquitine ligases
[4, 5]. Vif forme un complexe soluble
et monodisperse avec CBF-f3, €lo-B et
€lo-C qui lie A-3G et s’associe a Cul-5/
Rxb-2 [5], CBF-P facilitant le recrute-
ment de Cul-5 [4]. La réciproque n’est
cependant pas vraie : Cul-5 n’influence
pas la fixation de CBF-P a Vif [4]. €n
outre, Jager et al. ont démontré que le
complexe Cul-5/Rxb-2/€lo-B/€lo-C/Vif/
CBF-PB reconstitué in vitro a partir de
protéines recombinantes est capable de
polyubiquitiner A-3G [5].

Les deux études [4, 5] ont démontré
également que lorsque I'expression de
CBF-3 est diminuée par I'utilisation de
siARN ou de shARN, la concentration
intracellulaire d’A-3G et son incor-
poration dans les particules virales -
nécessaire a son activité de restriction
- augmentent, tandis que I'infectiosité
du VIH-1 diminue. Comme attendu,
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CBF-P n’affecte pas I'infectiosité
virale en I"absence d’A-3G. L’étude de
Hulquist et al. étend la portée de ces
résultats, puisqu’elle les généralise
aux deux isoformes de CBF-f3, @ un
grand nombre d’isolats du VIH-1 de
sous-types différents et a I’ensemble
des cytidines désaminases de la famille
APOBEC-3 sensibles a la dégradation
induite par Vif (A-3C/3DE/3F/3G/3H)
[6]. De facon similaire, CBF-P lie la
protéine Vif du virus d’immunodéfi-
cience des macaques rhésus (VISmac),
favorisant la dégradation des APO-
BEC-3 sensibles a Vif chez cet ani-
mal et leur exclusion des particules
virales dont elle augmente I'infectio-
sité [4-6]. Cependant, la dégradation
de I'unique protéine APOBEC-3 bovine
induite par Vif du virus de I'immu-
nodéficience bovine (VIB) n’est pas
affectée par CBF-3 [4], suggérant que
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Ilimplication de cette protéine dans la
dégradation des protéines de la famille
APOBEC-3 se limite aux primates.

Perspectives thérapeutiques
antivirales

Lidentification d’un facteur humain
intervenant spécifiquement dans la
dégradation des protéines de la famille
APOBEC-3 ouvre la voie a de nouvelles
stratégies antivirales dirigées contre
les VIH-1 et 2. €n effet, des molécules
perturbant I'interaction entre Vif et
CBF-B devraient inhiber la dégrada-
tion de ces facteurs de résistance sans
perturber la fonction des autres ubi-
quitine ligases. La mise en évidence
du complexe stable et soluble CBF-f
/Vif/€lo-C/€Elo-B et la reconstitution
in vitro d’un complexe €3 ubiquitine
ligase actif [5] permettent d’envisager

le criblage a haut flux d’inhibiteurs
ou leur conception rationnelle lorsque
la structure cristallographique de
ces complexes aura été obtenue. La
dégradation d’A-3G par la voie du pro-
téasome n’est pas le seul mécanisme
par lequel Vif contrecarre ce facteur
de restriction : Vif réduit également
I’expression d’A-3G en inhibant sa tra-
duction [8] (Figure 1, voie C) et agit de
fagon directe pour inhiber son incorpo-
ration dans les particules virales, sans
doute par compétition [3] (Figure I,
voie A). Ces deux derniers mécanismes
restent encore mal connus et pour-
raient, eux-aussi, déboucher sur de
nouvelles stratégies d’inhibition du
VIH-1. ¢

A transcription factor acts as

a HIV-1 accomplice to destroy

the cellular defences

NOUVELLE

Role des fibrilles amyloides

dans la transmission du VIH

Nadia R. Roan, Marielle Cavrois, Warner C. Greene

> Comme en témoignent les 34 millions
de personnes infectées en 2010, le VIH/
Sida demeure un probléeme de santé
publique majeur [1]. Une grande partie
des infections mondiales se concentrent
en Afrique sub-saharienne ou la trans-
mission lors de rapports hétérosexuels
est le mode de propagation le plus cou-
rant. Comme cette transmission se pro-
duit quasiment toujours en présence de
sperme, il est essentiel d’élucider I'effet
du sperme sur la transmission du virus.

Le sperme, un facteur facilitateur

de I’infection VIH

Loin d’étre un véhicule passif pour le VIH,
le sperme peut grandement augmen-
ter I'infection par le VIH in vitro. Plu-
sieurs groupes ont publié que la présence
de sperme augmente dramatiquement

m/s n° 4, vol. 28, avril 2012
DO/ : 10.1051/medsci/2012284008
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I’infection de lignées cellulaires et de
cellules primaires par le VIH [2-6]. Quels
sont les facteurs présents dans le sperme
responsables de cet effet ? Un certain
nombre de composants du liquide sémi-
nal, dont la fonction physiologique est
de protéger les spermatozoides lors de
leur voyage vers I'ovule, peuvent proté-
ger également les virions. C’est le cas des
amines basiques comme la spermine, la
spermidine, putrescine, cadavérine, etc.,
qui évitent la dénaturation des sper-
matozoides dans I’environnement acide
de I’appareil vaginal et qui, malheureu-
sement, empéchent aussi I'inactivation
du virus [7-9]. D’autres composants du
sperme, plus récemment identifiés par
Munch et al. forment des fibrilles amy-
loides capables d’augmenter I'infectivité
du VIH [2]. Ces fibrilles ont été nommées
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SEVI pour semen-derived enhancer of
viral infection. 'augmentation du pou-
voir infectieux du VIH conférée par SEVI
est plus marquée lorsque I'inoculum viral
est limité, une situation qui semble sur-
venir lors de la transmission du VIH.
Des expériences de dilution limite du
virus ont montré que les fibrilles de SEVI
peuvent augmenter 'infection par un
facteur de 100 000 [2]. Une dose de VIH
qui serait donc insuffisante pour étre
infectieuse pourrait devenir, dans ce
contexte, hautement infectieuse.

Les fibrilles amyloides du sperme

Les fibrilles amyloides sont des poly-
meres de feuillets B et ont été déja
associées a des maladies neurologiques,
maladies d’Alzheimer et de Huntington
par exemple. SEVI est constitué de
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Importance of the 5’-Untranslated Region in the Translational Regulation of APOBEC3G mRNA
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Background: The HIV-1 viral infectivity factor is a small basic protein essential for
viral fitness and pathogenicity. Vif targets cellular cytosine deaminases, APOBEC3G
(hA3G) and hA3F, which inhibit HIV-1 replication by inducing extensive mutation (G to A)
n (-) strand DNA during reverse transcription and by reducing the efficiency of reverse
transcription and integration. Vif counteracts hA3G/3F (1) by inducing its degradation
through the ubiquitin-proteasome pathway, (2) by preventing its incorporation into viral
particles and (3) by repressing its translation at the mRNA level.

Methods: To address the role of Vif in the translational regulation of hA3G, we first cha-
racterized Vif binding sites on the full-length hA3G mRNA and on fragments correspon-
ding to its coding or untranslated regions (UTRs) using RNase footprinting. Secondly, we
analyzed the effect of Vif on hA3G translation in an in vitro transcription/translation assay
and in HEK 293T cells using different hA3G mRNA constructs containing or not the UTRs.
In order to discriminate between the proteasome degradation pathway and translational
inhibition, we used proteasome inhibitors (MG132 and ALLN) as well as a dominant-nega-
tive mutant form of Cullin 5. Finally, to determine the motifs of the 5-UTR involved in the
translational ion of hA3G by Vif, we performed the same experiments using different
hA3G 5-UTR mutants according to our previously published structural model of the
5-UTR.

Results: RNase footprinting revealed 3 to 4 Vif binding sites in the 5-UTR and 3 to 6 Vif
binding sites in the 3-UTR. Vif binding affinity is higher for the 3"-UTR than for the 5-UTR,
even though 5-UTR contains at least one high affinity Vif binding site (Kd = 2746 nM). In
itro transcripti 1slation assays and cc jions in HEK 293T using different
hA3G mRNA constructs identified the 5'-UTR as a major element for the translational inhi
bition by inary results using different hA3G 5-UTR mutants show that the entire
5"-UTR structure is require for this repression and no specific motif is necessary.

Conclusions: Experiments are in progress to determine, with precision the Vif protein
domains involved in translational regulation of A3G and to clarify the impact of this transla-
tional repression in viral infectivity.

BACKGROUND

The genome of HIV-1 encodes several auxiliary proteins that are
generally not found in other retroviruses. Among them, Vif (Viral
Infectivity Factor) is essential in the formation of infectious viral
particles in cells named "non-permissives” (T lymphocytes, mono-
cytes, macrophages), whereas AVif viruses efficiently replicate in
T cell lines termed "permissive" (Jurkat, CEM-SS...). Non-permis-
sive cells specifically express APOBEC3G (A3G) and A3F pro-
teins, two cytidine deaminases that act on the (-) strand DNA
during reverse transcription of the viral genomic RNA. In response
to this mechanism of defense, HIV-1 co-evolved by expressing the
Vif protein. Vif strongly reduces expression level of A3G by (1)
recruiting an E3 ubiquitin ligase, Vif induces A3G degradation by
the proteasome, (2) Vif negatively reduces A3G mRNA translation
by an unknown mechanism and (3) by direct competition with A3G
packaging sites on HIV-1 genomic RNA and NC domain of
Pr55Gag.
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CONCLUSIONS

In parallel to its effect on proteasomal degradation of hA3G, Vif inhibits hA3G translation by binding to its mRNA and particularly to its 5'UTR. Within
the 5'UTR, no specific motif is necessary in Vif regulation. Experiments are in progress to determine, with precision the Vif protein domains involved
in translational regulation of A3G and to clarify the impact of this translational repression in viral infectivity. Comprehension of these processes is of
importance for therapeutic because its inhibition would allow an increase of A3G packaging and a strong decrease of virus infectivity.
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- Cotransfections in HEK 293T using different hA3G mRNA constructs identified
the 5'-UTR as a major element for the translational inhibition by Vif.
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- Cotransfections in HEK 293T using different different hA3G 5'-UTR mutants
show that the entire 5-UTR structure is require for this repression and no specific

motif is necessary.
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INTRODUCTION

Le génome du VIH-1 code pour plusieurs protéines dites « auxiliaires » qui ne sont pas retrouvées chez les rétrovirus simples. Initialement considé-
rées comme accessoires, ces protéines sont essentielles a la propagation de l'infection et au développement de la pathogenése in vivo. Parmi elles,
Vif (Viral Infectivity Factor), est essentielle a la formation de particules virales infectieuses dans les cellules dites « non-permissives » (lymphocytes
T CD4+, monocytes, macrophages), alors que des virus qui ne contiennent pas la protéine Vif se répliquent efficacement dans des lignées cellulai-
res T dites « permissives » (Jurkat, CEM-SS...). Les travaux récents de plusieurs laboratoires ont montré que les cellules non-permissives expri-
ment de fagon spécifique les protéines APOBEC3G (A3G) et A3F, deux cytidine désaminases dont I'action hypermutatrice lors de la synthése du
brin (-) d’ADN est létale pour le virus. En réponse & ce mécanisme de défense, le VIH-1 a co-évolué en exprimant la protéine Vif qui contrecarre
l'activité du facteur antiviral APOBEC3G en induisant sa dégradation par le protéasome et en inhibant sa traduction. Vif régule négativement la tra-
duction de TARNm d’A3G par un mécanisme encore inconnu, mais il est vraisemblable qu’il implique les propriétés de fixation aux ARN de Vif.
L'objetif de ce projet est de caractériser les mécanismes d'inhibition traductionnelle d’A3G par Vif.

1- Vif se fixe aux régions non traduites de I'ARNm d'A3G et inhibe sa traduction

A3G possede une action hypermutatrice

Empreintes enzymatiques de Vif sur 'ARNm Traduction d’A3G dans des cellules HEK293T
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W Les expériences d’empreintes enzymatiques révelent plusieurs sites de fixation de Vif sur les régions 5'UTR et 3'UTR de 'ARNm d’A3G
# La traduction d’A3G dans les cellules HEK293 en présence ou en absence d’ALLN, un inhibiteur du proteasome, révéle L'importance de la région 5'UTR dans l'inhibition de la traduction

PERSPECTIVES
1- Interaction entre Vif et PARNm d’A3G 2- Infectivité virale

# Identification des domaines de la région 5’'UTR de 'ARNm d’A3G impliquées # Co-transfection avec pNL4-3 ou pNL4-3Avif et les différents constructions d’A3G
dans la régulation par Vif
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Les expériences d’empreinte enzymatique ainsi que la traduction d’A3G dans des cellules HEK293T ont permis

d’identifier la région 5UTR comme un élément majeur dans la régulation traductionnelle d’A3G par Vif. Des expériences sont en cours pour déterminer avec
précision les motifs de la 5'-UTR impliqués dans I'inhibition traductionnelle d'A3G et clarifier I'impact de cette répression traductionnelle dans le cycle de ré-
plication virale. La compréhension de ces différents processus est importante d’'un point de vue thérapeutique car leur inhibition permettrait une encapsida-
tion accrue des protéines A3G/3F et une baisse importante de l'infectivité virale.
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HIV-1 Vif binds to APOBEC3G mRNA and inhibits its translation
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INTRODUCTION

The HIV-1 viral infectivity factor (Vif) is a small basic protein that is essential to viral fithess and pathogenicity. Vif allows productive infection
of non-permissive cells (including most natural HIV-1 targets) by counteracting the cellular cytosine deaminases APOBEC3G (hA3G) and
hA3F. The Vif-induced degradation of these restriction factors by the proteasome has been extensively studied, but little is known about the
translational repression of hA3G and hA3F by Vif, which has also been proposed to participate in Vif function.

RESULTS
1- Vif binds to the A3G mRNA unstranslated regions (UTRs) and inhibits its translation

In vitro probing and footprint assays

r Translation of hA3G in HEK293 T cells
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* 5' & 3'-UTRs of A3G fold into three structured domains separated by single-stranded junctions.

# RNase footprinting revealed 3-4 and 3-6 Vif binding sites in the 5'UTR and in the 3'UTR, respectively.

# The 5'UTR is 1 y to allow Vif- ion of hA3G.
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PERSPECTIVES

1- Vif-A3G mRNA interaction

# Identification of A3G mRNA 5'UTR regions involved in Vif regulation

2- Viral infectivity
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CONCLUSIONS

In parallel to its effect on proteasomal degradation of hA3G, Vif inhibits hA3G translation by binding to its mMRNA
and particularly to its 5'UTR. However, we did not see any correlation between the relative binding affinity of Vif to the 5' and 3'UTRs and their role in
Vif-mediated translational repression. Experiments are in progress to determine with precision the motifs of the 5-UTR involved in the translational

inhibition of hA3G and clarify the impact of this translational repression in the viral replication cycle.
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Roéle de la protéine Vif dans la réplication du VIH-1 : régulation traductionnelle
du facteur de restriction APOBEC3G et activité chaperonnes d'ARN

Vif (Viral Infectivity Factor) est une protéine auxiliaire qui augmente le «fithess» viral
dans I'héte infecté. Vif est essentielle a la formation de particules virales infectieuses
dans les cellules dites «non-permissivesy, alors que des virus AVif se répliquent
efficacement dans des lignées cellulaires T dites « permissives ». Les cellules non-
permissives expriment les facteurs de restriction APOBEC3G (APOlipoprotein B
mRNA-Editing enzyme Catalytic polypeptide 3G ou A3G) et A3F, deux cytidine
désaminases dont I'action hypermutatrice est |étale pour le virus. Vif réduit de fagon
considérable le taux d’expression des protéines A3G/3F par deux mécanismes
principaux : (1) en recrutant une E3 ubiquitine ligase, Vif induit la dégradation d’A3G
par le protéasome et (2) en se fixant sur TARNm, Vif régulant négativement la
traduction d’A3G par un mécanisme dépendent de la région 5-UTR. L'objectif de
mon projet a été de déterminer le réle et le mécanisme de la régulation
traductionnelle du facteur de restriction A3G par la protéine Vif du VIH-1 ex vivo. En
paralléle, nous nous sommes intéressés a déterminer les domaines de la protéine
Vif impliqués dans I'activité chaperonne d'ARN. Par I'analyse des « westerns blots »
issus de co-transfections de différents vecteurs d’expression d’A3G en présence ou
absence de Vif et d’'un dominant négative de la Cullin 5, nous avons démontré ex
vivo que Vif requiert les tiges boucles 2 et 3 de la région 5UTR (de fagon
simultanée) pour inhiber la traduction d’A3G. La régulation traductionnelle d’A3G par
Vif cause 50% de la réduction total d’A3G en présence de Vif. Ensuite, nous avons
observé qu’une une petite UORF (Upstream Open Reading Frame), contenue entre
ces deux tiges-boucles est nécessaire pour I'inhibition d’A3G par Vif. Les uORFs,
présents dans 50 % des génes eucaryotes, interviennent principalement dans des
mécanismes de régulation traductionnelle. Ainsi, nous avons observé in vitro et ex
vivo que 'uORF régule négativement la traduction de 'ORF majeure d’A3G. Par
'analyse de I'expression de différents mutants de 'uUORF, nous avons démontré ex
vivo que 60% des complexes d’initiation de la traduction synthétisent A3G par
« leaky scanning » et 40 % sont recrutés dans la traduction de 'uORF, en inhibant
ainsi I'expression d’A3G. A partir de ces résultats nous proposons un modele de
l'inhibition d’A3G par Vif. Dans ce modele, Vif pourrais inhiber I'étape de terminaison
de la traduction de 'uORF en causant un « stalling » des ribosomes en empéchant
ainsi a des nouveaux complexes d’initiation d’attendre 'ORF majeur. Nous avons
aussi déterminé l'impact de la régulation traductionnelle d’A3G par Vif sur
l'incorporation d’A3G dans les particules virales et sur I'infectivité virale. Nous avons
alors observé que l'inhibition traductionnel d’A3G par Vif réduit I'incorporation d’A3G
dans les particules virales avec un profil de diminution d’A3G similaire a celui
observé dans les cellules. En utilisant des cellules indicatrices TZM-bl, nous avons
ensuite observé que linhibition traductionnelle d’A3G par Vif augmente l'infectivité
virale de 50%. Finalement, nous avons déterminé les domaines de la protéine Vif
impliqués dans [lactivité chaperonnes d'ARN. En utilisant des essaies de
dimerisation des fragments d’ARN du VIH-1, nous avons pu mettre en évidence que
le domaine C-terminal de la protéine Vif était impliqué dans cette activité. Ces
résultats nous ont permis de mieux comprendre ce phénoméne de restriction
cellulaire et pourraient étre importants dans le développement de nouvelles
stratégies d’inhibition de la réplication virale qui ciblerait spécifiquement l'interaction
de Vif avec TARNm d’A3G.



