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Figure 6. The effects of the overexpression of mutant forms of
Hck on viral infectivity. (A) The mutant forms of Hck used are shown
schematically. HckN lacks the kinase domain and the two intra-
molecular interactions present in the wild-type (WT) Hck. HckN-based
HckN-R151S and HckN-W93F have amino acid substitutions in their SH2
and SH3 domain, respectively. (B) The 293 cells were transfected with
the NL43 wild-type proviral plasmid or co-transected with the indicated
amount of plasmid (HckN, HckN-R151S, or HckN-W93F). The infectivity
of the viruses produced in the supernatants was determined using
TZM-bl cells as the target cells and is expressed as a percentage of the
value for the sample on the far left (bar graph). The amount of p24
inoculated was 8 ng/ml. Alternatively, the producer 293 cells were lysed
and analyzed for the expression of the mutant Hck proteins by Western
blotting (blot).

doi:10.1371/journal.pone.0027696.g006

underlined). On the other hand, molecular modeling also
identified several residues in Nef that are responsible for its
binding to Hck, such as P72, P75, R77, A83, F90, W113, His1 16,
and Y120 [38]. Among them, R77, A83, F90, and Y120 were also
found in the 2¢-Nef docking model (Fig. 9, underlined), supporting
the finding that 2¢ inhibits the binding of Hck to Nef or Nef PxxP
motif-derived peptides (Figs. 7C and 8B). In summary, the present
study revealed that the compound 2c¢ reduced the infectivity of
HIV-1 viruses and suggested that its inhibitory activity is mediated
by its direct binding to Nef.

It remains to be determined exactly how 2c reduces Nef-
mediated infectivity enhancement. Given that both 2¢ and the
Hck SH3 domain bind directly to overlapping domains of Nef and
reduce viral infectivity, we speculate that their inhibitory effects
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are due to the inhibition of the interaction of Nef with host
proteins (Fig. 10). One of the candidates for such a host protein is
p2l-activated kinase 2, PAK2, the association of which depends
on the Nef PxxP motif [39]. However, we did not observe any
inhibitory effect of 2¢c on the association of Nef with PAK?2 activity
or its downstream effector functions (data not shown), and the Nef-
PAKZ2 association is dispensable for the enhancement of infectivity
by the viral protein [40]. Another candidate is the GTPase
dynamin 2 whose interaction with Nef was implicated in
enhancing viral infectivity [41]. However, again, we did not
observe any significant inhibitory effect of 2¢ on the binding of Nef
to dynamin 2, which was assessed using a co-immunoprecipitation
assay (data not shown). Thus, the inhibitory activity of 2c observed
in this study appears to be independent of these host proteins. The
inhibitory compound 2c is a useful chemical probe for investigat-
ing the underlying molecular mechanism by which Nef enhances
the infectivity of HIV-1, and in particular, for identifying the host
proteins involved in the process.

Recently, a single-domain antibody (sdAb) that binds to Nef was
reported [42]. Although the binding domains in Nef remained
unclear, anti-Nef sdAb was also shown to reduce i vitro viral
infectivity [42]. Therefore, to clarify whether viral infectivity
enhancement by Nef accounts for the high & wvwo viral load
observed in the presence of Nef, it is necessary to test the effects of
2c¢, a more potent analog, and/or the anti-Nef sdAb in animal
models such as HIV-1-infected humanized mice.

Materials and Methods

The compound 2c preparation

Some of the 2¢ was prepared by Kyowa Hakko Kogyo (Takyo,
Japan), as described previously [43], whilst the rest (a large
quantity) was prepared by Sai Advantium Pharma (Hyderabad,
India). Both preparations were dissolved in DMSO and had an
equivalent inhibitory effect on HIV-1 infectivity (data not shown).

Proviral plasmids

The provial NI43 plasmid and its derivatives, which had
mutations in the Nef gene (ANef, R77A, K82A, D86A, FI0A, and
G119L), were prepared as described previously [35]. The Env-
defective mutant (pNL-Kp) and VSV-G expression plasmid were
prepared as described previously [44]. The proviral JRFL plasmid
was provided by Y. Koyanagi (Kyoto University, Kyoto, Japan)
[45]. We also prepared the proviral JRFL plasmid, in which the
Nef gene was disrupted (ANef) or replaced with the PxxP motif-
disrupted AxxA mutant [30].

Hck plasmids

The p56Hck cloned into the pcDNA3.1 vector (Invitrogen) was
prepared as described previously [18]. The mutant forms of Hck
cloned into the pCAGGS vector (HckN, Hck-R151S, and Hck-
WO3F; see Fig. 6A) were provided by M. Matsuda (Kyoto
University, Kyoto, Japan) [37].

GST fusion plasmids

The control GST and GST-Nef fusion plasmids (the wild-type
NL43, NL43 Nef-TR mutant, NL43 Nef-AxxA, and the wild-type
SF2; see Fig. 7) were prepared as described previously [30]. We also
prepared a GST-SF2 Nef-PxxP plasmid, which expressed a 20-mer
peptide derived from the PxxP motif of SF2 Nef (see Fig. 8). The
cDNA containing the motif was amplified by PCR using the
following primers (5'-GGATCCGTGGGTTTTCCAGT-3' and
5'-GTCGACCTATAAAGCTGCCT-3"), cloned into the pCR2.1
vector (Invitrogen), sequenced using the BigDye Terminator v3.1

November 2011 | Volume 6 | Issue 11 | 27696



165

Small Molecule Inhibition of HIV-1 Infectivity

A B

GST
NL43 Nef-WT PVIPQVALRE x -
143 Nef-W ~EV L O o x
o E E - <
1 376 79 82 20 H B oM = b o
SF2 Nef-WT  [_}-PVvRPQVPLRP-[ ] a £ A
= ,
1 69 72 75 7B 206 J"Qﬁm%é
NL43 Nef-TR -PVRPQVPLRP g Hok-WT |
1 63 72 75 78 Q Hek N
NL43 Nef-AxxA PVRAQVALRP--| Z
5 | HckN-R151S &
® 1 HokN-WoeF §
GST-Nef -
I+
control G3T -
GST-5F2 Nef GST-SEZ Nef GST-SF2 Nef
+ +
Hek F;sates Hek l;sates ccmpc;md 2¢
+ 2¢ wash
compound 2¢ compound 2c Hek lysates
2c{uM): 0 40 100 250 0 40 100 250 0 40 100 250
Hck

GST-Nef
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type (WT) SF2 and NL43 strain Nef, the NL43-TR mutant, which contained a T71R amino acid substitution, and another NL43 AxxA mutant, in which
the PxxP motif was disrupted (P72A and P75A substitutions), were used. (B) The resins to which the control GST or indicated GST-Nef fusion proteins
were bound were incubated with the lysates of 293 cells expressing the indicated Hck protein. The amount of Hck bound to the resins was
determined by Western blotting (pull-down assay). To confirm the equal expression of these Hck proteins in the 293 cells, equal amounts of each cell
lysate were analyzed (Input Hck). Moreover, the amounts of the GST and GST-Nef fusion proteins bound to the resins were verified by the elution
from the resins followed by SDS-PAGE/Coomassie brilliant blue (CBB) staining. (C) Three different competitive pull-down assays were performed. In
the experiment shown in the left panel, the resins to which the GST-S5F2 Nef fusion proteins were bound were incubated with the lysates obtained
from the 293 cells expressing the wild-type Hck for 3 h, and then 2c was added to the mixture at the indicated concentration. In the experiment
shown in the middle panel, the resins to which the GST-SF2 Nef fusion proteins were bound were incubated with the lysates of 293 cells expressing
the wild-type Hck and the indicated concentration of 2¢. In the experiment shown in the right panel, the resins to which the GST-SF2 Nef fusion
proteins were bound were first incubated with the indicated concentration of 2¢ for 4 h and then washed to remove unbound 2c. Then, the resins
were incubated with the lysates of 293 cells expressing the wild-type Hck. The amount of Hck bound to the resins was determined by Western
blotting (upper blots). The GST-Nef blot was used as a loading control (lower blots). Data shown are representative of two independent experiments
with similar results.

doi:10.1371/journal.pone.0027696.g007

Cycle Sequencing kit (Applied Biosystems) and the ABI PRISM
3100 Genetic Analyzer (Applied Biosystems), and cloned into the
pGEX-6P-1 bacterial expression vector (GE Healthcare).

Virus preparation

HEK293 cells (Invitrogen) were maintained in DME medium
supplemented with 10% FCS and used as viral producer cells. The
293 cells were seeded onto 12-well tissue culture plates at a density
of 1.8x10° cells/well and transfected with 1.6 pg/well of various
proviral HIV-1 plasmids using 4 pl/well Lipofectamine 2000
reagent (Invitrogen). To prepare VSV-G-pseudotyped viruses (see
Fig. 2C), cells were transfected with 0.5 pg/well Env-defective
mutant plasmid (pNL-Kp) and 1.0 pg/well VSV-G expression
plasmid. In a selected experiment (sce Fig. 6B), the cells were co-
transfected with 0.8 pg/well pNL43 plasmid and 0.2, 0.4, or
0.8 pg/well of one of the mutant forms of Hck (HckN, HckN-
R1518, or HckN-WI3F). The total amount (1.6 pg/well) of the
plasmid was normalized using the pCAGGS empty vector. After
6 h of transfection, the culture medium was replaced with fresh
medium, and the cells were cultured for an additional 48 h in the
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presence or absence of 2¢ at the indicated concentrations. In a
selected experiment (see Fig. 2B), 2¢ was added to the culture 24 h
after transfection. Then, the supernatants containing the viruses
were clarified by brief centrifugation, and viral production was
assessed by measuring the concentration of p24 Gag protein in the
supernatants using the RETROtek p24 Antigen ELISA kit
(ZeptoMetrix). Viral production was also assessed by analyzing
the expression of viral proteins in the cells by Western blotting.
The preparation of the total cell lysates and Western blotting were
performed essentially as described previously [17,18,30]. Briefly,
the cells were lysed on ice with Nonidet P-40 lysis buffer (1%
Nonidet P-40, 50 mM Tris, and 150 mM NaCl) containing
protease inhibitors (1 mM EDTA, 1pM PMSF, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin). Total cell
lysates were then subjected to Western blotting. The antibodies
used were as follows: anti-Gag (#65-004; BioAcademia, Osaka,
Japan), anti-Nef (#2949; NIH AIDS Research & Reference
Program), anti-Vif (#319; NIH AIDS Research & Reference
Program), and anti-actin (#C-2; Santa Cruz). The detection was
performed with HRP-labeled secondary antibodies (GE Health-
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Figure 8. The effect of 2c on the binding between Nef PxxP
motif-containing peptides and Hck. (A) The Nef peptide fused to
GST is shown schematically. The 20 amino acid peptide derived from the
PxxP motif of SF2 Nef was used (the proline residues are underlined). The
resins to which the control GST, GST-SF2 Nef-PxxP peptides (SF2-PxxP), or
GST-intact SF2 Nef (SF2-WT) fusion proteins were bound were incubated
with the lysates of 293 cells expressing the indicated Hck protein. The
amount of Hck bound to each resin was determined by Western blotting
(Pull-down). To verify the equal expression of these Hck proteins in the
293 cells, equal amounts of each cell lysate were analyzed (Input Hck).
Moreover, the amounts of the GST and GST-Nef fusion proteins bound to
the resins were verified by eluting from the resins followed by SDS-PAGE/
Coomassie brilliant blue (CBB) staining. (B) Two different competitive
pull-down assays were performed. In the experiment shown in the left
panel, the resins to which the GST-SF2 Nef-PxxP peptides were bound
were incubated with the lysates of 293 cells expressing the wild-type Hck
and the indicated concentration of 2¢. In the experiment shown in the
right panel, the resins to which the GST-SF2 Nef-PxxP peptides were
bound were incubated with the indicated concentrations of 2c for 4 h
and then washed to remove unbound 2c. Then, the resins were
incubated with the lysates of 293 cells expressing the wild-type Hck. The
amount of Hck bound to the resins was determined by Western blotting
(upper blots). The GST-Nef blot was used as a loading control (lower
blots). Data shown are representative of two independent experiments
with similar results.

doi:10.1371/journal.pone.0027696.g008

care), the Immunostar LD Western blotting detection reagent
(Wako, Osaka, Japan), and an image analyzer (ImageQuant LAS
4000; GE Healthcare).
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Infectivity assay

TZM-bl cells (NTH AIDS Research & Reference Program) were
maintained in DME medium supplemented with 10% FCS and
used as viral target cells. TZM-bl cells were seeded onto 96-well
tissue culture plates at a density of 6 x10% cells/well and challenged
with serially diluted viruses normalized for the concentration of
p24 Gag protein. The supernatant of the proviral plasmid-
transfected 293 cells was used as a viral stock and diluted with
DME medium containing 10% FCS and 20 pg/ml DEAE-
dextran (MP Biomedicals, Solon, OH). The diluted viruses were
then added to the target cells (150 ul/well) overnight, and the
culture medium was replaced with fresh DME medium containing
10% FCS and incubated for 48 h. In a selected experiment (sce
Fig. 2A), 2c was added to TZM-D] cells together with the diluted
viruses. Viral infectivity was assessed by measuring the HIV-1 Tat-
mediated induction of B-galactosidase activity in the target cells
using a B-Galactosidase Enzyme Assay System (Promega). The
absorbance of the wells was measured at 420 nm using a
Multiskan microplate reader (Thermo Electron).

Replication assay

The replication assay with macrophages was performed essen-
tially as described previously [46]. Heparinized venous blood was
collected from healthy donors, after informed consent was obtained
in accordance with the Declaration of Helsinki. The approval for
this study was obtained from the Kumamoto University Medical
Ethical Committee. Mononuclear cells obtained using LSM reagent
(MP Biomedicals) were suspended into RPMI1640 medium-1%
FCS at 1x10° cells/ml and seeded into 24-well plates. Monocytes
were enriched by adherence to plates for 1 h at 37°C, and non-
adherent cells were removed by extensive washing with PBS. Then,
the adherent monocytes were differentiated into macrophages by
culturing with RPMI1640-10% FCS containing 100 ng/ml rhM-
CSF (a gift from Morinaga Milk Industry, Kanagawa, Japan). After
3 days, the cultures were replaced with fresh complete media and
incubated for another 3 days. The purity of the day 6-macrophages
prepared by this method was routinely more than 95% when
assessed by the expression of CDI4 (data not shown). Then,
macrophages were incubated with 250 ul of the 293 cell
supernatants containing JRFL HIV-1 viruses for 2 h at 37°C.
Either 2c or DMSO was added to the incubation together with the
diluted viruses. AZ'T (NIH AIDS Research & Reference Program)
was used as a positive control. The cells were washed twice with PBS
to remove unbound viruses and cultured with RPMI1640-10% FCS
containing rhM-CSF in the presence or absence of 2c or AZT. One-
half of the culture media was replaced with the complete media
every 3 days. The culture supernatants collected at day 6, 9 and 12
were analyzed for the concentration of p24 Gag proteins by ELISA
to monitor viral replication.

Jurkat cells were also used in this study. The cell pellet (1x10°
cells) were incubated with 500 pl of the 293 cell supernatants
containing NL43 viruses for 2 h at 37°C. Either 2c or DMSO was
added to the incubation together with the diluted viruses. AZT
was used as a positive control. The cells were washed twice with
PBS, resuspended into 1 ml of RPMI1640-10% FCS, and
cultured for 3 days in the presence or absence of 2¢c or AZT.
Then, the culture were diluted (1/5) with RPMI1640-10% FCS,
and cultured for another 2 days in the presence or absence of 2c or
AZT. The concentration of p24 in the culture supernatants of day
5, 7 and 9 was analyzed as above.

GST pull-down assay

The control GST and GST-Nef fusion proteins cloned in
the pGEX-6P-1 vector were expressed in E. coli BL21 cells
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Amino acid position: NL43 strain (SF2 strain)

Underline: Overlap with Hek-binding sites

Figure 9. The 2c¢-Nef docking model. The amino acids that are predicted to be involved in the interaction between Nef and 2c are indicated. The
positions of these amino acids in the NL43 strain and SF2 strain are shown. The amino acids predicted to interact with the Hek SH3 domain are

underlined [38].
doi:10.1371/journal.pone.0027696.g009

(GE Healthcare). The cells were grown in LB medium containing
50 pug/ml ampicillin, before being induced with 1 uM IPTG
(Sigma). The expression-induced cells were harvested and lysed
with BugBuster Protein Extraction Reagent containing 1 U/ml
rLysozyme and 25 U/ml Benzonase Nuclease (all from Novagen).
The cleared lysates were then incubated with GST-Bind Resin
(Novagen). After extensive washing with GST Bind/Wash Buffer
(Novagen), the resin was incubated with the total cell lysate of the
293 cells transfected with the expression plasmid for Hck for 12 h.
In the competitive pull-down assay, we employed the following 3
protocols: (1) the concurrent addition of 2¢ and Hck-containing
lysates to the GST-Nef-bound resin, (2) the addition of Hck-
containing lysates for 3 h followed by the addition of 2c, (3) the
addition of 2c at the indicated concentrations for 4 h followed by
the addition of the Hck-containing lysates. The incubation of the
above mixtures was carried out at 4°C in Nonidet P-40 lysis buffer
(1% Nonidet P-40, 50 mM Tris, and 150 mM NaCl) containing
protease inhibitors (1 mM EDTA, 1 puM PMSF, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin). After
extensive re-washing with complete Nonidet P-40 lysis buffer,

Infectivity enhancement }

the resin was boiled with SDS-PAGE sample buffer, and the
eluates were analyzed for the presence of Hek by Western blotting
with anti-Hck antibodies (clone 18; Transduction Laboratories).

The 2c-Nef docking model

We predicted the complex structures of Nef and 2c by
homology modeling and docking simulation using the Molecular
Operating Environment (MOE) ver. 2007.09. (Chemical Com-
puting Group, Canada). First, homology modeling [47-49] was
used to construct the model structure of HIV-1 Nef SF2 strain
using its NMR structure (PDB code: 2NEF) [50] as a template.
During the modeling, energy calculations were performed with the
AMBER {99 force field [51] and the GB/VI implicit solvent
energy function [52]. Next, docking simulation of 2c¢ with the
homology model of Nef was achieved with the ASEDock module
[53]. The initial structure of 2c was generated with the Molecular
Builder module. Then, we searched for the binding site of 2¢ with
the Site-Finder module. During the simulation, the energy
calculations were performed with the MMFF94x force field
[54,55] and the GB/VI implicit solvent energy function [52].

CHOQ
HO OH

Un-identified cellular proteins

MeQ

Hck SH3
domain

HIV-1 Nef

L 23\11\/

Figure 10. A model of the inhibitory effect of 2c. Both 2c and the Hck SH3 domain bind directly to Nef and reduce viral infectivity, probably by

inhibiting the interaction of Nef with an unidentified cellular protein(s).
doi:10.1371/journal.pone.0027696.g010
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During the docking simulation, movement of the main chain
atoms around 4.5 A of the ligand binding site in Nef was
restrained with a harmonic potential of 100 kcal/mol/A?, while
the atoms in compound 2c¢ were not constrained. In this study, the
structure with the lowest score was selected for the model.

Statistical analysis

The statistical significance of differences between assay groups
was determined using Mann-Whitney U test. p values less than
0.05 were considered significant.
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Retroviruses can cause diseases such as AIDS, leukemia, and tumors, but are also used
as vectors for human gene therapy. All retroviruses, except foamy viruses, package two
copies of unspliced genomic RNA into their progeny viruses. Understanding the molecular
mechanisms of retroviral genome packaging will aid the design of new anti-retroviral drugs
targeting the packaging process and improve the efficacy of retroviral vectors. Retroviral
genomes have to be specifically recognized by the cognate nucleocapsid domain of the Gag
polyprotein from among an excess of cellular and spliced viral mRNA. Extensive virological
and structural studies have revealed how retroviral genomic RNA is selectively packaged
into the viral particles. The genomic area responsible for the packaging is generally located
in the 5’ untranslated region (5’ UTR), and contains dimerization site(s). Recent studies have
shown that retroviral genome packaging is modulated by structural changes of RNA at the
5" UTR accompanied by the dimerization. In this review, we focus on three representative
retroviruses, Moloney murine leukemia virus, human immunodeficiency virus type 1 and
2, and describe the molecular mechanism of retroviral genome packaging.

Keywords: retrovirus, genome, RNA, NC, structure, dimerization, packaging

INTRODUCTION

Retroviruses belong to a diverse family of RNA viruses caus-
ing various diseases, such as leukemia, tumors, demyelinization
disease, and AIDS. One unique feature of retroviruses is their
integration of reverse transcribed genome into the host chromo-
some as a provirus. Some retroviruses have been engineered to
function as vectors for the delivery of corrective human genes,
and vectors derived from the Moloney murine leukemia virus
(MoMLV) have been used for the treatment of severe combined
immunodeficiency (Nelson et al., 2003). An understanding of
the molecular mechanism of retroviral replication is needed for
the development of anti-retroviral therapies as well as retroviral
vectors.

All retroviruses, except foamy viruses, package two copies of
full-length genomic RNA into progeny viruses, the genomic RNA
having to be specifically selected from among a large amount of
spliced viral and cellular RNA (Figure 1; Berkowitz et al., 1996).
Virological and genetic studies have shown that the specific pack-
aging of retroviral genomic RNA is mediated via interaction with
the nucleocapsid (NC) domain of the Gag polyprotein (Rein,
1994; Berkowitz et al., 1996; Jewell and Mansky, 2000; Greatores,
2004; Paillart et al., 2004b; Russell et al.,, 2004). Retroviral NC
domains are generally highly basic and contain one or two zinc
knuckle motifs composed of C~-C-H-C arrays (Henderson et al.,
1981; Summers et al.,, 1990; Kodera et al., 1998; ID’Souza and
Summers, 2004; Matsui et al., 2007). The zinc knuckles form a
metal-coordinating “reverse turn” stabilized by NH-S hydrogen
bonds. Most retroviral zinc knuckles contain a hydrophobic cleft
on the surface of the mini globular domain, recognizing spe-
cific structures of RNA or DNA. The basic N- and C-terminal

tails of NC domains are conformationally labile (Summers et al.,
1992).

Retroviral genomes are known to be non-covalently dimer-
ized in progeny virions (Rizvi and Panganiban, 1993). The region
responsible for retroviral genome packaging is generally located
between the splice donor (SD) site and the gag start codon in
the 5’ leader region (Watanabe and Temin, 1982; Mann and Balti-
more, 1985; Lever et al., 1989; Mansky et al,, 1995; Kaye and Lever,
1999; Browning et al., 2003; Mustafa et al., 2004). Interestingly, the
packaging signal generally overlaps with the site of dimerization
(Paillart et al., 1996, 2004a; Greatorex, 2004; Hibbert et al,, 2004),
implying that the packaging event is coupled with genome dimer-
ization (Russell et al., 2004). Inhibition of genome dimerization
by deletion or insertion mutations at dimer initiation sites (DIS)
causes a drastic reduction in genome packaging (Berkhout, 1996;
Paillart et al., 1996; Laughrea et al,, 1997; McBride and Pangani-
ban, 1997). Moreover, studies with mutant viruses containing two
5’ untranslated region (UTR) packaged monomeric genome, indi-
cate that genome packaging is achieved by the interaction of two
5’ UTRs (Sakuragi et al., 2001, 2002). Experiments with MoMLV
have indicated that the conformational change induced by genome
dimerization causes the exposure of NC-binding sites (I>’Souza
and Summers, 2004). A recent study also indicated that human
immunodeficiency virus type 1 (HIV-1) employs a similar strat-
egy for genome packaging (Lut et al., 2011a). In addition, several
structures have been determined among complexes of NC and
RNA fragments functioning in genome packaging, which provide
the molecular mechanism for retroviral genome recognition of
NC at the atomic level. In this review, we describe the molecular
mechanisms of retroviral genome packaging.
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FIGURE 1 | lllustration showing retroviral genome packaging events. The
retroviral genomic RNA is exported from the nucleus to cytoplasm and used
as the mRNA for ribosomal synthesis of the Gag and Gag-Pol polyproteins.
(A) The retroviral genomic RNA promotes conversion of the dimeric form of
genomic RNA via the NC domain of Gag. (B) The Gag and retroviral genomic

RNA complex is transported to the plasma membrane, where further
assembly and budding occur, mediated by the myristoylated MA domain of
Gag. (€} In contrast, spliced viral RNA or cellular RNA is not bound to the NC
domain of Gag or may be bound to a small number of Gag polyproteins
insufficient for trafficking to the plasrma membrane.

MOLONEY MURINE LEUKEMIA VIRUS

Moloney murine leukemia virus is a simple prototypical retro-
virus, with a single splicing event producing a spliced RNA for
synthesizing Env during its life cycle. MoMLYV is one of the most
extensively studied retroviruses. Nucleotides 215-565 of the 5’
UTR have been identified as a responsible site for genome pack-
aging (W-site; Mann et al., 1983). The secondary structure of the
5 UTR was determined by RNase protection assays using cross-
linking reagents combined with computational analyses such as
phylogenetic and free-energy calculations (Tounekti et al., 1992;
Mougel et al., 1993). The monomeric W-site is composed of a
series of RNA stem-loops. Differences in RNase protection pat-
terns were observed for the dimeric W-site (Tounekti et al., 1992;
Mougel et al., 19935 D'Sauza and Summers, 2005), It was reported
that a dimerized RNA fragment containing the entire W-site was
bound to a significant number of NCs (Mivazaki et al., 2010a).
Meanwhile, a mutant RNA fragment that inhibited dimerization
was bound to a few NCs. Thus, dimerization-dependent genome
packaging is strongly indicated in MoMLV.

The minimum region sufficient for genome packaging is
referred to as the core encapsidation signal (WCES), though a
virus containing only WCES exhibits less efficient packaging than
a virus containing the entire W-site (Bender et al., 1987; Adam
and Miller, 1988; Murphy and Goff, 1989; Mougel and Barklis,

1997; Yu et al,, 2000). WCES consists of three RNA stem- loops
(DIS-2,SL-C, and SL-D, see Figures 2A,B). DIS-2 harbors a palin-
dromic sequence and is able to convert heterologous extended
dimers. The structure of NC in a complex with a mutant RNA of
WCES mimicking the dimer-like conformation was determined by
nuclear magnetic resonance (NMR) spectroscopy (Figures 2C,D;
D’Souza and Summers, 2004). UAUCUG residues sequestered by

base-pairing in the monomeric conformation are exposed as a
linker by dimerization. NC recognizes the UCUG sequence. NC is
a highly basic protein, consisting of a zinc knuckle motif and labile
tails in both the N- and C-terminus. Biophysical study indicated
that NC specifically recognizes RNA fragments including a Py (C
or U) — Py-Py-G sequence (Dey et al., 2005). The interface of NC—
UCUG is complementary in both shape and charge (1’Souza and
Summers, 20045 Dey et al, 2005). The guanosine base attaches to
the deep hydrophobic pocket of the zinc knuckle via hydropho-
bic and hydrogen bonds. The three upstream nucleotides make
contact with hydrophobic residues on the surface of the zinc
knuckle.
SL-C and SL-D, which are part of WCES, promote genome
packaging (Mougel et al., 1996; Mougel and Barklis, 1997; Fisher
and Goff, 1998). Both are highly conserved among gamma-
retroviruses and contain GACG loops (Konings et al., 1992; Kim
and Tinoco, 20005 IVSouza et al,, 2001). A stem loop RNA frag-
ment containing the GACG tetra- loop has a unique property (Kinv
and Tinoco, 2000). The C and G (3') residues of the loop undergo
intermolecular base-pairing (kissing interactions). This property
of the stem loop containing GACG has led to speculation that SL-
C and SL-D function in genome dimerization (Kin and Tinoco,
20005 D’Souza et al,, 20015 Hibbert et al,, 2004). Interestingly,
the RNA fragment of SL-C forms two alternatlve conformations
(one containing the GACG tetra-loop and the other, a CGAGU
loop; Mivazaki et al., 2010b). NMR data showed that SL-CD was
in a state of equlhbnum between kissing and non-kissing inter-
actions even at a high sample concentration and physiological
ion-strength. The two alternative conformations of SL-C may reg-
ulate genome dimerization though the biological meaning of this
is not yet clear.
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FIGURE 2 | {A) Genomic organization of MoMLV. (B) Secondary structure of
the core encapsidation signal (W°). Dimerization of DIS-2 induces a frame
shift, exposing a UCUG element as a linker. {C) Secondary structure of
mutant WS that mimics the dimerlike conformation. (D) The complex of NC
and mutant W°S, {E) Hypothetical mechanism for the genome packaging of
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MoMuLV. Upon dimerization, SI=CD exhibits a cross-kissing interaction,
promoting the proximity of NC-binding sites. The SI=-CD dimer functions as a
scaffold that facilitates the Gag—Gag interaction. The ribonucleoprotein
complex is transported to the plasma membrane. Reprinted with permission
from [(A-D): D'Souza and Summers, 2004; (E). Miyazaki et al., 2010b].

The tertiary structure of a RNA fragment of a SL-CD mutant
locking to form a single conformation containing the GACG terra-
loop was determined by NMR spectroscopy and confirmed by
Cryo-electron tomography (Miyazaki et al., 2010b). The struc-
ture revealed that SL-CD is dimerized by intermolecular cross-
kissing (SL-C to SL-D’ and SL-D to SL-C’). These intermolecular
cross-kissing interactions were also proposed based on selective
2'-Hydroxyl acylation analyzed by primer extension (SHAPE;
Gherghe and Weeks, 2006; Gherghe et al,, 2010). In addition, SL-C
and SL-D stack end to end. Consequently, the two residues at the
5'-end of the SL-CD dimer are separated by ~20 A. There are two
UCUG sequences just upstream of SL-C. The intermolecular kiss-
ing interactions of SL-C and SL-D induce the proximity of four

of the NC-binding sites. The genomic RNA has been suggested to
promote the retroviral Gag/Gaginteraction (DDawson and Yu, 1998;
Burniston et al., 1999; Campbell and Rein, 1999; Cimarelli et al,,
2000; Sandefur et al,, 2000; Khorchid er al., 2002; Huseby et al,,
2005). Both the DIS DIS-1 and DIS-2 are followed by two UCUG
elements. The abundance and proximity of exposed UCUG and
related elements within the dimeric 5’ UTR may facilitate Gag-Gag
interactions (Figure 2E).

Of note, a totally different monomeric structure for a por-
tion of the W-site (nucleotides 205-374) was proposed based on
SHAPE (Gherghe and Weeks, 2006), where the RNA region span-
ning nucleotides 231-315 forms a large stem-loop structure, which
contains residues corresponding to DIS-2. SL-C also differed from
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the structure previously reported, where the bottom of the stem is
unstructured. It is suggested that the intermolecular kissing inter-
actions of SL-C and SL-D induce the conformational change of
SL-C and promote the dimerization of DIS-2. The difference in
RNA structures may be due to the difference of RNA fragments
used in those studies.

HUMAN IMMUNODEFICIENCY VIRUS TYPE 1

Virological studies have indicated the HIV-1 5’ leader region
including the entire 5 UTR and a portion of the gag coding
region to be involved in genome packaging (Lever et al., 1989;
Aldovini and Young, 1990; Clavel and Orenstein, 1990; Poznansky
etal,, 19915 Buchschacher and Panganiban, 1992; Kim et al,, 1094;
Luban and Goft, 1994; Parolin et al., 1994; Berkowitz et al., 1995;
McBride and Panganiban, 1996, 1997; McBride et al., 1997; Harri-
son et al,, 1998; Helga-Maria et al,, 1999; Clever et al., 2002; Russell
et al,, 2002; Sakuragi et al., 2003, 2007). The 5 leader RNA con-
sists of a series of RNA stem-loops referred to as the transacting
responsive element (TAR), primer-binding site (PBS), polyadeny-
lation signal [poly(A)], DIS, SD, and residues spanning the gag
start codon (AUG; Figure 3; Hayashi et al, 1992, 1993; Baudin
et al., 1993; Skripkin et al., 1994; Clever et al., 1995; McBride and
Panganiban, 1996, 1997; Clever and Parslow, 1997; Harrison et al.,
19985 Damgaard et al, 2004; Wilkinson et al., 2008; Watts et al,,
2009). It has been suggested that an RNA fragment of the 5’ leader
RNA has two alternative conformations, whose secondary struc-
ture has been determined by chemical probing assays (Berlkhout
and van Wainel, 2000), One conformation is referred to as the long
distance interaction (LDI) structure, in which the residues of DIS
are base-paired with those of poly(A) and SD. The other confor-
mation is referred to as the branched multiple hairpin structure
(BMH), in which the residues of DIS, SD, and W form a stem-loop
structure as indicated before (Huthoff and Berkhout, 2001). In
addition, the residues of AUG form base-pairs with the residues
of the unique 5’ region (U5). Of note, it has been proposed a lot
of secondary structural models for the 5" leader (Lu ¢t al., 2011b).
NC catalyzes LDI to BMH. DIS is exposed as a stem-loop in BMH,
which promotes the kissing dimer conformation and following the
genome packaging event. However, the BMH structure is mostly
observed in HIV-1-infected cells, but the LDI structure fails to be
detected (Paillart et al., 2004a). Thus, the biological significance of
the BMH/LDI riboswitch model remains to be elucidated.

RNA fragments of DIS, SD, W, and AUG have been studied
extensively since the region from DIS to AUG was initially identi-
fied as a W-site (Lever et al,, 1989; Aldovini and Young, 1990; Clavel
and Orenstein, 1990; Poznansky et al., 1991; Harrison and Lever,
1992; Kim et al., 1994; McBride and Panganiban, 1996, 1997; Har-
rison et al., 1998). The RNA fragments of SD and ¥ are bound
to NC with high affinity (Clever et ul,, 1995; Amarasinghe et al.,
2000a,b), whereas the RNA fragments of DIS and AUG are bound
to NC with relatively low affinity (Darlix et al., 1990; Amaras-
inghe et al,, 2001; Lawrence et al., 2003). The RNA fragment of ¥
is bound to NC with the highest affinity (K4 = 100nM) among
these four RNA fragments (Amarasinghe et al., 2000b). Deletion
or destabilization of the stem of W results in a significant reduc-
tion in genome packaging efficiency (Clever and Parslow, 1997;
MeBride and Panganiban, 1997). This indicates that the stem-loop

FIGURE 3 | (A} Genomic organization of HiV-1. (B) The latest mode! for
HIV-1 genome packaging. Conformational change of RNA in the &' leader
region regulates genome dimerization and genome packaging. The
stem-loop structure of AUG causes sequestering of DIS via long range
interaction with the residues of U5, resulting in the inhibition of HIV-1
genome dimerization (left). In this conformation of the 5 leader RNA, a
small number of NCs are capable of binding the 5’ leader RNA. In contrast,
the interaction of AUG with U5 residues promotes genome dimerization via
exposure of DIS (center). In this conformation of the &' leader RNA, a
greater number of NCs are capable of binding the 5’ leader RNA. The
different RNA elements in the & leader region are color coded: DIS (red),
SD (blue), ¥ {orange), and AUG (green).

structure of W is important for genome packaging. W consists of a
GGAG tetra-loop and a stem. The structure of the ribonucleopro-
tein complex NC-W has been determined by NMR spectroscopy.
Guanosine residues of the GGAG tetra-loop are inserted into the
hydrophobic clefts of both the N- and C-terminal zinc knuckles
(De Guzman et al,, 1998). The adenosine residue of the loop packs
against the N-terminal zinc knuckle and an N-terminal alpha-helix
domain binds to the major groove of the RNA stem. Thus, over-
all, NC residues are involved in binding with ¥ RNA, by which
the tight binding of NC~¥ is achieved. In addition, the intra-
molecular interaction of two zinc knuckles may help to stabilize
the complex of NC and ¥ RNA.

The RNA fragment of SD is also bound to NC with high affinity
though the binding is slightly weaker than that of ¥ (Amarasinghe
et al., 2000a). SD RNA contains a GGUG tetra-loop and a stem
containing a characteristic AUA triple base-pairing structure. All
guanosine residues of the loop inserted into the hydrophobic clefts
of zinc knuckles as observed in the complex of NC and W RNA.
A major structural difference between the NC and SD RNA com-
plex and the NC and W RNA complex is the orientation of the
N-terminal alpha-helix domain of NC. The domain does not stick
into SD RNA and is exposed outside of SD RNA. The N-terminal
zinc knuckle interacts with an AUA triple base-pairing motif in
the minor groove of the SD RNA stem. A mutant virus with a
disrupted lower stem structure of SD exhibited a 20% reduction
in genome packaging compared with the wild-type virus, despite
the robust binding of ¥ RNA and NC (McBride and Panganiban,
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1997). Further study will be needed to clarify the link between the
tight binding of SD RNA with NC and its biological relevance.

Dimer initiation site contains a GC-rich palindromic sequence
and an inner bulge (G-AGG) in the middle of the stem. This inner
bulge is recognized by NC. As described above, guanosine residues
not in base-pairs possibly play an important role in the binding to
NC (Mihailescu and Marino, 2004). However, the binding affin-
ity of NC-DIS is relatively weak (approximately five times weaker
than that of NC-SD/ W; Lawrence et al., 2003). NC catalyzes the
conversion of DIS from a kissing dimer to a more stable extended
duplex conformation (Darlix et al., 1990; Feng et al., 1996). Viro-
logical studies have suggested that interaction between the two
5" UTR is required for genome packaging (Sakuragi et al., 2001,
2002). A very recent study indicated that genome dimerization is
controlled by a unique strategy (Figure 3B). RNA containing the
entire 5’ UTR and the first 21 residues of the gag coding region
forms two alternative conformations (Lu et al., 20114). In one con-
formation, DIS is sequestered via a long range interaction with U5,
which inhibits genome dimerization. In the other conformation,
DIS is exposed by release from the interaction with U5, which
promotes genome dimerization.

AUG was believed to form a stem-loop structure, consisting
of a GAGA tetra-loop and an unstable short stem containing two
wobble G-U base-pairs (Amarasinghe et al., 2001). The GAGA
tetra-loop is a type of GNRA (N is A, C, G, or U; R is A or G)
tetra-loop, which is frequently observed in ribosomal RNA. GNRA
tetra-loop helps fold stem-loops, and one Watson—Crick base-pair
is enough to close off the RNA fragment. However, it has been
suggested that AUG does not form a stem-loop structure and a
portion of the residues of AUG may have a long range interaction
with the residues of U5 as indicated in the BMH structure (Abbink
and Berkhout, 2003; Damgaard et al., 2004; Spriggs et al., 2008;
Wilkinson et al., 2008; Waits et al., 2009). Studies using deletion
mutants indicate that the entire 5 UTR and gag coding regions
are important for genome packaging (Buchschacher and Pangani-
ban, 1992; Luban and Goff, 1994; Parolin et al,, 1994; Clever et al.,
20025 Russell et al., 2002). Evidence of the importance of long
range interactions for genome packaging was reported recently
(Figure 3B; Lu et al., 201 1a). It shows that AUG regulates genome
dimerization. AUG forms two alternative conformations. One is
a stem-loop conformation as initially suggested. The other is a
complex with the residues of U5. The interaction of AUG with
U5 leads to the exposure of DIS, promoting genome dimerization.
Of note, when the residues of AUG form a stem-loop structure,
in which the dimerization of the 5’ leader RNA is inhibited, a
small number of NCs can bind the 5 leader RNA (Figure 3B).
On the other hand, when the residues of AUG interact with the
residues of U5, a greater number of NCs can bind the 5 leader
RNA. Thus, AUG has a critical role in genome dimerization and
genome packaging. In addition, it is suggested that the residues
ranging from the end of W to the start of AUG form base-pairing
with the residues of the 3’ terminus of PBS. That is also proposed
by earlier work Lu et al. (2011b). In fact, Sakuragi et al. (2003,
2007) indicate these residues are indispensable both for genome
dimerization and genome packaging in vivo.

It is suggested that the HIV-1 genome’s dimerization and
packaging are controlled by dynamic changes of the 5 leader’s

conformation as indicated in MoMLV (ID’Souza and Summers,
2004; Miyazaki et al., 2010a; Lu et al,, 2011a). ¥ is indicated to
be important for genome packaging, however, it is not clear how
W works in the model suggested by Lu et al. (2011a). This will
be the next question to answer for a better understanding of the
molecular mechanism of HIV-1 genome packaging.

HUMAN IMMUNODEFICIENCY VIRUS TYPE 2

Human immunodeficiency virus type 2 (HIV-2) is one of two
human lentiviruses that can cause AIDS. HIV-1 and HIV-2 exhibit
approximately 55% nucleotide sequence identity. However, they
differ significantly in their 5 UTR. For example, the 5 UTR of
HIV-2 (HIV-2rop) consists of 535 nucleotides, whereas that of
HIV-1 (HIV-1n1432) consists of 335 nucleotides. The 5" leader
RNA of HIV-2 contains three unique RNA elements referred to as
W-1, ¥-2, and W-3 in addition to a series of RNA stem-loops, TAR,
poly(A), PBS, DIS, SD, and AUG, those are commonly observed
in the 5’ leader of HIV-1 (Figure 4; Berkhout, 1996). The struc-
ture of HIV-2 NC also exhibits some different features. A major
difference in NC between HIV-2 and HIV-1 is the structure of the
N-terminal flanking domain (Berkhout, 1996; Jewell and Mansky,
2000; Matsui et al., 2009). The N-terminal domain of HIV-1 NC
forms an alpha-helix, whereas that of HIV-2 NC is too short to
do so. Another difference is the intra-molecular interaction of two
zinc knuckles of HIV-2 NC, by which HIV-2 NC forms a more
globular structure than HIV-1 NC. These structural differences of
NCs between HIV-1 and HIV-2 may affect RNA recognition.

It has been suggested that W-3 can be bound to NC (Tsuka-
hara et al., 1996; Damgaard et al, 1998). A study using RNase
protection assays suggested that the NC~W¥-3 ribonucleoprotein
exhibited strong protection at the loop of W-3. This was supported
by NMR experiments. The guanosine residue of the UUAGAC
loop is inserted into the hydrophobic cleft of the C-terminal zinc
knuckle (Matsui et al., 2009). The N-terminal zinc knuckle does
not bind the RNA fragment of W-3. However, virological study has
suggested that W-3 is not essential for either genome dimerization
or genome packaging (McCann and Lever, 1997). In agreement
with that, a recent study showed that NC binds the RNA fragment
of W-3 with 100 times lower affinity than HIV-1 NC binds the
RNA fragment of HIV-1 W (Purzycka et al,, 2011).

The RNA fragment of DIS is bound to NC with high affinity
(K4 = 100 nM), equivalent to the affinity of HIV-1 W RNA and the
cognate NC (Purzycka et al,, 2011). HIV-2 NC recognizes the inner
bulge of DIS, and does not bind to the loop. HIV-1 DIS is weakly
bound to the cognate NC (Lawrence et al., 2003; Andersen et al.,
2004). Interestingly, HIV-2 TAR and poly(A) is bound to the NCs
with relatively high affinity (TAR-NC Kd =450 nM, poly(A) —
NC Kd = 550 nM). All the tight NC-binding sites [DIS, TAR, and
poly(A)] are located upstream of SD. The regions responsible
for the genome packaging of retroviruses are generally located
downstream of SD, by which the genomic RNA is selectively
packaged from an excess amount of spliced viral RNA. It is sug-
gested that HIV-2 genome packaging is primarily mediated by cis
packaging mechanism (Kaye and Lever, 1999; Griffin et al., 2001;
L'Hernault et al., 2007). The Gag packages genomic RNA from
which it is translated. Therefore, the HIV-2 Gag is not required
to distinguish the genomic RNA from viral spliced RNAs. Recent
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FIGURE 4 | (A) Genomic organization of HIV-2. (B) Representative secondary
structures predicted for the 5 UTR of HIV-2. Variations among recent
predictions for AUG {green) are shown. The residues of AUG have been
suggested to form a stem-loop structure and show long range interaction
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with the residues of U5. It has been suggested that HIV-2 genome's
dimerization is employed the same mechanism as HIV-1. However, it remains
to be clear whether NC preferentially binds the 5 leader RNA containing the
UB-AUG interaction.

studies, however, indicated that HIV-2 genome packaging is pri-
marily mediated by trans packaging mechanism (Ni et al., 2011).
TAR contains a palindromic sequence and has been suggested
to form a dimer (Berkhout et al., 1993; Andersen et al., 2004).
The dimerization of TAR may also function for efficient genome
packaging. Further study will be needed to determine how the
RNA elements located upstream of SD are involved in genome
packaging.

Despite significant differences in the recognition of NC by the
5’ leader RNA, HIV-1, and HIV-2 may employ similar mecha-
nisms for genome packaging. Dirac et al. (2002) observed that the
RNA fragment of the 5’ leader region forms two alternative con-
formations as observed for the HIV-1 RNA fragments of the 5’
leader region. The long range interaction of U5~AUG is observed
for the BMH conformation though it is not clear whether the
LDI/BMH riboswitch mechanism is utilized for genome packag-
ing in vivo. Recent study also indicated the U5—AUG interaction
by SHAPE analysis (Purzycka et al., 2011). Of note, it is sug-
gested that the U5~AUG interaction regulates the HIV-2 genome
dimerization as indicated in HIV-1 (Baig et al., 2008). Lu et al.
(2011a) suggest that the 5’ leader RNA containing the U5-AUG
interaction of HIV-1 is preferentially bound to the cognate NC.
A major question is whether the U5-AUG interaction of HIV-2
also promotes the NC-binding to the 5 leader RNA (Figure 4B).
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PERSPECTIVES

It has been indicated that the MoMLV NC domain of Gag binds
predominantly to dimeric genomes (I’Souza and Summers, 2004;
Miyazaki et al., 2010a). HIV-1 was indicated to have a similar
system (Lu et al., 2011a). MoMLV showed proximal NC-binding
motifs in WCES, implying that Gag-Gag multimerization is initi-
ated by genomic RNA (Miyazaki et al,, 2010b). A major question
is whether the proximity of NC-binding motifs is observed for
other retroviruses such as HIV-1 and HIV-2. In addition, is the
proximity of NC-binding motifs essential for retroviral genome
packaging? Further study for these questions will lead to a better
understanding for the molecular mechanism underlying retroviral
genome packaging.
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Abstract

We previously reported that human immunodeficiency virus type 2 (HIV-2) carrying alanine or glutamine but not proline at
position 120 of the capsid protein (CA) could grow in the presence of anti-viral factor TRIM5¢. of cynomolgus monkey (CM).
To elucidate details of the interaction between the CA and TRIM50, we generated mutant HIV-2 viruses, each carrying one
of the remaining 17 possible amino acid residues, and examined their sensitivity to CM TRIM50-mediated restriction. Results
showed that hydrophobic residues or those with ring structures were associated with sensitivity, while those with small side
chains or amide groups conferred resistance. Molecular dynamics simulation study revealed a structural basis for the
differential TRIM5a sensitivities. The mutations at position 120 in the loop between helices 6 and 7 (L6/7) affected
conformation of the neighboring loop between helices 4 and 5 (L4/5), and sensitive viruses had a common L4/5
conformation. In addition, the common L4/5 structures of the sensitive viruses were associated with a decreased probability
of hydrogen bond formation between the 97th aspartic acid in L4/5 and the 119th arginine in L6/7. When we introduced
aspartic acid-to-alanine substitution at position 97 {D97A) of the resistant virus carrying glutamine at position 120 to disrupt
hydrogen bond formation, the resultant virus became moderately sensitive. Interestingly, the virus carrying glutamic acid at
position 120 showed resistance, while its predicted L4/5 conformation was similar to those of sensitive viruses. The D97A
substitution failed to alter the resistance of this particular virus, indicating that the 120th amino acid residue itself is also
involved in sensitivity regardless of the L4/5 conformation. These results suggested that a hydrogen bond between the L4/5
and L6/7 modulates the overall structure of the exposed surface of the CA, but the amino acid residue at position 120 is also
directly involved in CM TRIM5« recognition.
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Introduction Details of the molecular mechanism of retrovirus restriction by
TRIMbSo have been gradually elucidated by several groups.
TRIM50 associates with the N-MLV capsid in detergent-stripped

virions [13] or with an artificially constituted core structure

Human immunodeficiency virus type 1 (HIV-1) infects humans
and chimpanzees but not Old World Monkeys (OWM) such as

Rhesus monkey (Rh) and cynomolgus monkey (CM). This is
attributed to a barrier in the host cell. In 2004, the screening of a Rh
cDNA library identified TRIM5a as one of cellular antiviral factors
[1]. TRIM5 is a member of the tripartite motif family containing
RING, B-box and coiled-coil domains [2]. The alpha isoform of
TRIMS has an additional C-terminal PRYSPRY (B30.2) domain.
Several studies have shown that sequence variation in variable
regions of the PRYSPRY domain among different monkey species
affects species-specific retrovirus infection [3-11].

Rh and CM TRIMS5as restrict HIV-1 but not simian
immunodeficiency virus isolated from macaque (SIVmac) [1,5],
whereas African green monkey (AGM) TRIMb50o inhibits both
HIV-1 and SIVmac [5,12]. Human TRIM5o only weakly restricts
HIV-1, but potently restricts N-tropic murine leukemia virus (N-
MLV) [11,12].

@ PLoS ONE | www.plosone.org

composed of an HIV-1 capsid-nucleocapsid (CA-NC) fusion
protein in a PRYSPRY domain-dependent manner [14], indicat-
ing that the target of TRIMba is multimerized capsids. In
addition, it was demonstrated that engagement of a restriction-
sensitive retroviral core results in TRIMSo degradation by a
proteasome-dependent pathway [15]. In the presence of protea-
some inhibitors, virions complete reverse transcription and form
functional pre-integration complexes, but 2-long terminal repeat
circle formation and gene expression remain impaired [16,17].
Recently, we have reported that AGM TRIM5a restricted
SIVmac mainly via the proteasome-dependent pathway, whereas
HIV-1 and HIV-2 restricion by AGM TRIM5a was both
proteasome-dependent and proteasome-independent [18].

HIV-2 and SIVmac have very similar genomes [19], but vary in
their ability to grow in the presence of TRIMb5a from various

July 2011 | Volume 6 | Issue 7 | e22779
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Figure 1. Growth of GH123 and its mutant viruses in the presence of CM TRIM5a. MT4 cells were infected with CM-TRIM50-SeV (black
circles) or CM-SPRY(~)-SeV (white circles) then superinfected with GH123 mutant viruses. Culture supernatants were periodically assayed for levels of
virus capsid. Error bars show actual fluctuations between measurements of capsid in duplicate samples. A representative of two independent
experiments is shown.

doi:10.1371/journal.pone.0022779.g001
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Figure 2. Western blot analysis of the CA in particles of GH123
and its mutant viruses. The viral particles of GH123 wild type and its
mutant viruses were purified by ultracentrifugation through a 20%
sucrose cushion. p25 capsid protein was visualized by western blotting
(WB) using SiV-infected monkey serum.
doi:10.1371/journal.pone.0022779.g002

species. SIVmac239 is resistant to Rh and CM TRIM5as [1,5,8],
whereas HIV-2 strains GH123 and ROD are sensitive to these
TRIMbos [5,8,20,21]. We previously investigated the growth of
eight different HIV-2 isolates in the presence of CM and human
TRIMb5ws and demonstrated that the growth of HIV-2 isolates
carrying proline (P) at the 119th or 120th position of the capsid
protein (CA) was inhibited by CM and human TRIM50s, whereas
the growth of those with either alanine (A) or glutamine (Q) was
not affected by these TRIMSos [20]. In a Caio cohort study in
west Africa, it was demonstrated that subjects with a lower viral
load more frequently carried a P at the 119th position of the CA,
which corresponds to the 120th position of the GH123 CA, while
non-proline residues at this position were more frequently
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observed in subjects with a high viral load [22], suggesting that
TRIM50 controls viral replication in HIV-2-infected individuals.

The 120th amino acid is located in the loop between helices 6
and 7 (L6/7) [20]. Recently, we have succeeded in improving the
replication of simian-tropic HIV-1 in CM cells by introducing the
SIVmac L6/7 CA sequence [23]. In the present study, we
generated mutant HIV-2 viruses each carrying one of the
remaining 17 possible amino acid residues at the 120th position,
and examined their susceptibilities to TRIM5a-mediated restric-
tion in order to clucidate details of the interaction between HIV-2
CA and TRIMS50. Computer-assisted structural study showed that
the mutations at position 120 in L6/7 affected conformation of the
neighboring loop between helices 4 and 5 (L4/5).

Results

Amino acid residues at the 120th position of HIV-2
GH123 CA and viral susceptibility to CM TRIM5«.

In a previous study, we reported that HIV-2 isolates carrying P
at the 120th position of the CA were sensitive to CM and human
TRIMS5as, whereas those with either A or Q were not [20]. In the
Los Alamos sequence database, the amino acid residue at the
119th or 120th position of almost all HIV-2 CAs is P, A, Q or
glycine (G). Therefore, we first generated mutant HIV-2 GH123
viruses carrying G at the 120th position (GH123/G) to investigate
its effect on TRIMSa susceptibility.

Equal amounts of p25 of mutant and wild type viruses were
inoculated into the human T cell line MT4 expressing CM
TRIM50, and culture supernatants were periodically assayed for
CA production. In agreement with the results of the previous
study, wild type GH123 carrying P at the 120th position (GH123/
P) was sensitive to CM TRIMbo since this virus failed to grow in
the presence of CM TRIM5a. On the other hand, GH123/G as
well as GH123/Q (glutamine) and GHI123/A (alanine) were
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Figure 3. Growth of SIVmac239 and its mutant viruses in the presence of CM TRIM5a. MT4 cells were infected with CM-TRIM5a-SeV (black
circles) or CM-SPRY(-)-SeV (white circles) then superinfected with SIVmac239 mutant viruses. Culture supernatants were periodically assayed for levels
of virus capsid. Error bars show actual fluctuations between measurements of capsid in duplicate samples. A representative of three independent

experiments is shown.
doi:10.1371/journal.pone.0022779.g003
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Figure 4. Structural models of the HIV-2 capsid N-terminal domain. Models were constructed by homology modeling and molecular
dynamics simulations with the high-resolution X-ray crystal structure of the HIV-2 capsid N-terminal domain (PDB code: 2WLV [29]) as the starting
structure. Averaged conformations of the overall structure of the N-terminal domain during 5-20 nanoseconds of MD simulations (A and B) and a
close-up view around the L4/5 loop (C and D) are indicated. N and C indicate the amino termini and carboxyl termini, respectively; and the seven
color-coded a-helices are labeled. Red and blue cartoons indicate the N-terminal loop, L4/5, and L6/7 of CM TRIM5a-sensitive (GH123/P, GH123/F,
GH123/H and GH123/l) and CM TRIM5a-resistant (GH123/Q, GH123/A and GH123/N) viruses, respectively. Gray cartoons indicate the N-terminal loop,
L4/5 and L6/7 of GH123/E in which the structures and biologic phenotypes are inconsistent. Models from two different angles are shown.

doi:10.1371/journal.pone.0022779.g004

resistant to CM TRIMbo, since these viruses could grow in the
presence of CM TRIMb5a (Figure 1A).

To determine whether amino acid residues other than P, Q, A
and G can occupy the 120th position of HIV-2 GH123 CA, and to
elucidate further details of the interaction between the CA and
TRIM>50, we generated 16 mutant GH123 viruses each carrying
one of the remaining possible amino acid residues at the 120th
position. As shown in Figure 1B, viruses with amino acid residues
bearing a ring structure including aromatic groups, namely,
histidine (GH123/H), phenylalanine (GHI123/F), tyrosine
(GH123/Y), tryptophan (GH123/W) and GHI123/P were all
sensitive to CM TRIMS50. Hydrophobic valine (GH123/V),
leucine (GH123/L), and isoleucine (GH123/1) viruses as well as
sulfated methionine (GH123/M) and cysteine (GH123/C) viruses
were also sensitive.

In contrast, viruses with amino acid residues bearing hydroxyl
or amide groups, namely, serine (GH123/8), threonine (GH123/
T), glutamine (GHI123/Q) and asparagine (GHI123/N) were
resistant to CM TRIMb5a. Acidic aspartic acid (GH123/D) and
glutamic acid (GHI123/E) viruses were also resistant, although
they grew to slightly lower titers than wild type GH123/P in the
absence of CM TRIMb5a. The replication of viruses with basic
arginine (GH123/R) and lysine (GH123/K) was severely impaired

@ PLoS ONE | www.plosone.org

and it was impossible to evaluate the effects of these residues on
susceptibility to TRIMb5a.. Almost identical results were obtained
when we inoculated equal amounts of reverse transcriptase of
mutant and wild type GH123 (data not shown). Thus, the nature
of the 120th amino acid residue greatly affects viral sensitivity to
CM TRIMb5a.

CA processing is not affected by the 120th mutation

To understand why GHI23/R and GHI23/K failed to
replicate even in the absence of TRIMb5a, we examined the Gag
processing of mutant and wild type HIV-2 GH123 viruses using
western blot analysis of viral particles. As shown in Figure 2, all
mutant HIV-2 GHI123 viruses produced viral particles with
processed Gag proteins similar to the wild type virus. These results
clearly exclude the possibility that the impaired replication of
GHI23/K and GHI123/R viruses were due to inefficient
processing of Gag precursors.

The 118th position of SIVmac239 CA and viral
susceptibility to CM TRIM5a.

HIV-2, simian immunodeficiency virus isolated from sooty
mangabey (SIVsm), and SIVmac have similar genomes [19].
SIVmac239 can replicate in the presence of CM TRIMS5a [5] and

July 2011 | Volume 6 | Issue 7 | 22779
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Figure 5. Hydrogen bond formation among L4/5, L6/7 and
helix 6 of the HIV-2 CA. Close-up views of averaged structures of the
N-terminal domain of the GH123/P CA during 5-20 nanoseconds of MD
simulations are shown. Red, blue, purple, orange and green wireframes
denote side chains of arginine at the 96th (96R), aspartic acid at the
97th (97D), glutamic acid at the 112th (112E), tryptophan at the 116th
(116W) and arginine at the 119th (119R) positions, respectively. Dotted
lines indicate hydrogen bonds visualized with MOE 2009. Models from
two different angles are shown.
doi:10.1371/journal.pone.0022779.g005

contains Q at the 118th position, which corresponds to the 120th
position of the GH123 CA. In our previous study, we reported that
mutant STVmac239 carrying P at the 118th position (SIVmac239/
P) became sensitive to CM and human TRIMbas [20]. In the
present study, we examined whether other amino acid residues
that conferred resistance (A, G) or sensitivity (valine, V) to CM
TRIM>5o. or abolished viral replicative ability (arginine, R) on a
GH123 background showed similar effects on viral sensitivity to
CM TRIM50a on an SIVmac239 background.

As shown in Figure 3, CM TRIMb5a did not affect the
replication of wild type SIVmac239 but inhibited SITVmac239/P,

@ PLoS ONE | www.plosone.org
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which is in agreement with the results of the previous study [20]. It
should be noted, however, that the inhibitory effect of CM
TRIM50. on SIVmac239/P was smaller than that on GH123/P,
since SIVmac239/P demonstrated some growth even in the
presence of CM TRIM5¢. Newly generated SIVmac239 carrying
alanine (SIVmac239/A) or glycine (SIVmac239/G) at the 118th
position were unaffected by CM TRIM5a (Figure 3).

On the other hand, the mutant SIVmac239 carrying valine
(SIVmac239/V) was only weakly inhibited by CM TRIM5q
(Figure 3) to a lesser degree than the GH123/V. As shown in
Figure 1, the inhibitory effect on GH123/V was also smaller than
that on GHI123/P even on a GH123 background. These results
clearly indicate that single amino acid substitutions at the 118th
position of the SIVmac239 CA had similar effects to those at the
120th position of GH123, although their impact was smaller in
SIVmac239 than in the GH123 CA. Nevertheless, replication of
mutant SIVmac239 carrying arginine (SIVmac239/R) was
severely impaired, as with GH123/R.

Molecular modeling and molecular dynamics (MD)
simulations of the HIV-2 capsid N-terminal domain

The amino acid at position 120 is located in the 1.6/7 of the N-
terminal domain of the CA. To obtain structural insights into the
mechanisms by which this amino acid controls viral sensitivity to
TRIMb5o-mediated restriction, we conducted computer-assisted
structural study of the N-terminal domain of the CA. With
homology modeling and molecular dynamics (MD) simulation
techniques, we constructed a series of initial structural models of
the N-terminal half of the CA from CM TRIM5a-sensitive
(GH123/P, GHI123/F, GHI23/H, and GHI123/I) and CM
TRIM5o-resistant  (GH123/Q, GHI123/A, GHI23/N, and
GHI123/E) viruses. The initial models were then subjected to
the MD simulation to analyze structural dynamics of the N-
terminal domain of the CA in water environment. Average
structures of individual CA mutants were obtained with 60,000
trajectories during 5-20 nanoseconds of MD simulations.

Comparisons of the average structures revealed that amino acid
substitutions at position 120 could significantly influence the
overall conformation of the exposed surface of the HIV-2 CA
(Figure 4). Notably, the L4/5 of the mutant CAs are classified into
two subgroups on the basis of their conformational similarities.
These subgroups are primarily coincident with the two phenotypic
subgroups based on viral sensitivities to CM TRIM5a, with the
exception of mutant GHI23/E (Figure 4, cartoon models
indicated by gray). TRIMb5o-sensitive viruses GHI123/P,
GHI123/F, GH123/H and GHI123/1 showed almost identical
L4/5 conformation (Figure 4, red models), while 14/5 of
TRIMb5a-resistant viruses GH123/Q, GHI123/A and GH123/N
were more variable (Figure 4, blue models). To confirm this, we
performed additional modeling of TRIM5o-resistant viruses
GHI123/T and GHI123/S. The results showed that L4/5 of
GHI123/T and GH123/S were also variable (data not shown).

Furthermore, the MD simulation study revealed that the
common L4/5 structures of the TRIM5o-sensitive viruses were
associated with a reduced probability of hydrogen bond formation
between the 97th aspartic acid (D) in L4/5 and the 119th arginine
(R) in L6/7 compared with those of TRIMS5a-resistant viruses
except for GH123/E (Figure 5A and Table 1). We, therefore,
hypothesized that the presence of the hydrogen bond hetween the
97th D in L4/5 and the 119th R in L6/7 disrupted the 14/5
conformation required for recognition by TRIM5e. To examine
whether hydrogen bond formation between the 97th D and 119th
R indeed affects the viral sensitivity to CM TRIM50-mediated
restriction, we introduced an alanine substitution at the 97th
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