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Abstract

HIV-1 is strictly adapted to humans, and cause disease-inducing persistent infection only in humans. We have generated a series of macaque-
tropic HIV-1 (HIV-1mt) to establish non-human primate models for basic and clinical studies. HIV-1mt clones available to date grow poorly in
macaque cells relative to STVmac239. In this study, viral adaptive mutation in macaque cells, G114E in capsid (CA) helix 6 of HIV-1mt, that
enhances viral replication was identified. Computer-assisted structural analysis predicted that another Q110D mutation in CA helix 6 would also
increase viral growth potential. A new proviral construct MN4Rh-3 carrying CA-Q110D exhibited exquisitely enhanced growth property
specifically in macaque cells. Susceptibility of MN4Rh-3 to macaque TRIM5a/TRIMCyp proteins was examined by their expression systems.
HIV-1mt clones so far constructed already completely evaded TRIMCyp restriction, and further enhancement of TRIMCyp resistance by Q110D
was not observed. In addition, Q110D did not contribute to evasion from TRIMS5a restriction. However, the single-cycle infectivity of MN4Rh-3
in macaque cells was enhanced relative to the other HIV-1mt clones. Our results here indicate that CA-Q110D accelerates viral growth in
macaque cells irrelevant to TRIMS proteins restriction.
© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: HIV-1; HIV-1mt; Gag-CA; Macaque cells; Virus growth; Molecular modeling

1. Intreduction use, e.g. cynomolgus macaques (CyMs) and rhesus macaques

(RhMs), HIV-1 replication is completely inhibited by host

Mammalian cells express a variety of host restriction
factors to defend themselves against pathogens. Viruses have
evolved countermeasures to subvert their restriction and
replicate efficiently in cells [1,2]. HIV-1, a causative agent of
human AIDS, evades host restriction factors and replicates
well in human cells. However, in macaques for experimental

* Corresponding author. Tel.: +81 88 633 7078; fax: +81 88 633 7080.
E-mail address: adachi@basic.med.tokushima-u.ac.jp (A. Adachi).
! Masako Nomaguchi and Masaru Yokoyama contributed equally to this work.

restriction factors present in their cells [3]. Construction of
HIV-1 that overcomes species-barrier contributes much to
understand the interaction of HIV-1 and its host as well as the
establishment of HIV-1-infected macaque models [4,5].
Extensive molecular biological studies on the HIV-1/host
interaction conducted to date have revealed main mechanical
bases for the narrow host range exhibited by HIV-1. Macaque
cells contain potent antiviral factors that effectively restrict or
even abolish HIV-1 replication. These include APOBEC3
proteins (APOs), CyclophilinA (CypA), and TRIMSo/TRIMCyp

1286-4579/$ - see front matter © 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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(TRIMS proteins). HIV-1 can indeed counteract human proteins
corresponding to these restriction factors. APOs exhibit cytidine
deaminase activity, and introduce lethal mutations into HIV-1
genome. HIV-1 Vif is able to neutralize the antiviral activity of
human APOs, but not macaque APOs [6—8]. CypA acts on
incoming HIV-1 core to regulate infection positively in human

M. Nomaguchi et al. / Microbes and Infection 15 (2013) 56—65 57
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cells but negatively in macaque cells [9—11], though amino acid
sequences of CypA from human and macaque are identical.
Macaque TRIM5a recognizes and interacts with incoming HIV-
1 core, and restricts virus infection in a less-defined mechanism
[9—11]. Macaque TRIMS5a is polymorphic, and has sequence
variation in a C-terminal B30.2/SPRY domain important for
capsid (CA) binding. Sequence variation in this domain causes
modulation of host susceptibility to retrovirus infection [12,13].
Macaque TRIMCyp is a fusion protein resulted from replace-
ment of a B30.2/SPRY domain with CypA. Both CyM and RhM
cells express TRIMCyp, but affinity of these proteins to HIV-1
core is different due to amino acid substitutions in Cyp
domains. Thus, CyM TRIMCyp restricts HIV-1 replication, but
not RbM TRIMCyp [14,15].

Identification of host restriction factors in macaque cells
and their target proteins in HIV-1 has prompted us to generate
macaque-tropic HIV-1 (HIV-1mt) with a minimal modification
of HIV-1 genome. We successfully constructed prototype HIV-
1mt, NL-DTS5R, by replacing CypA binding region on a loop
between helices 4 and 5 (h4/5L) in gag-CA and entire vif
genes with the corresponding regions of pathogenic SIV-
mac239 (Fig. 1) [16]. But growth potential of NL-DT5R was
inferior to that of SIVmac239 both in vitro and in vivo [16,17].
These results indicated that genetic modifications in NL-DT5R
were insufficient to confer the ability on the virus to grow
efficiently in macaque cells [16—18]. In an attempt to improve
growth potential of NL-DTSR, we adapted NL-DT5R and its
R5-tropic version NL-DT562 to a CyM derived lymphocyte
cell line HSC-F, and found a number of genetic substitutions
in viral genomes of adapted viruses [19]. We introduced these
mutations and CA h6/7L from SIVmac239 into NL-DT5R,
and the resultant clone was designated MN4-5S (Fig. 1)
[19]. MN4-5S exhibited enhanced growth potential in CyM
both in vitro and in vivo compared to NL-DT5R [19]. But
growth ability of MN4-5S was still lower than that of
SIVmac239.

In this study, to further improve replication potential of
HIV-1mt, we adapted MN4-5S in macaque cells and identified
an adaptive mutation in CA that enhances growth ability in the
cells. In silico structural modeling of the adaptive mutation
predicted that Q110D mutation on helix 6 in CA (CA-Q110D)
would promote viral replication in macaque cells. Indeed,
a proviral clone carrying CA-Q110D, designated MN4Rh-3,
exhibited marked enhancement of growth potential in
macaque cells relative to all the other HIV-1mt clones we have
constructed (Fig. 1). CyM TRIMS5a/TRIMCyp susceptibility
assays revealed that MN4Rh-3 completely evades from
TRIMCyp restriction but not TRIMSa restriction as observed
for the other HIV-1mt clones. While CA-Q110D contributed
to neither endowment of further resistance to TRIMCyp nor
evasion from TRIMS5a restriction, CA-Q110D did lead to

mnass [IIL
mna-g [
mng-gs [

MN4Rh-3 [:]EZé_,"

MNG-108 [ g ;
5LTR pol

MNG-14s [ J—HL-1

MNBRh-3 [ Bl

Fig. 1. Proviral genome structure of various HIV-1mt clones used in this study.
HIV-1 NL4-3 [26] and SIVmac239 (GenBank: M33262) sequences are indi-
cated by white and black areas, respectively. Gray areas in MN5-108, MNS5-
14S and MNSRh-3 show sequences from NF462 [21]. Blue arrows and black
arrowheads show nucleotide substitutions that appeared in viral genomes of
NL-DT5R and NL-DT562 during adaptation in HSC-F cells. Among nucle-
otide substitutions, adaptive mutations that enhance viral growth potential are
indicated by blue arrows. Red arrows show the CA-Q110D mutation.

enhanced single-cycle infectivity to a macaque cell line
compared with the other HIV-1mt clones. Our results here
indicate that CA-Q110D accelerates viral growth in macaque
cells independently of TRIMS proteins restriction.

2. Materials and methods
2.1. Plasmid DNA

Construction of NL-DT5R, NL-DT562, NL-DT5RS, and
MN4-5S were described previously [16,19—21]. MN4-5S
carries all nucleotide substitutions that are present in adapted
NL-DT5R and NL-DT562 clones except for mutations in the
env gene of RS5-tropic viruses (MNS5-10S, MNS5-14S, and
MN5Rh-3 in Fig. 1) [19]. MN4-8S contains adaptive (growth-
enhancing) mutations in MN4-5S but not the other mutations.
MN4Rh-3 was constructed by introduction of the CA-Q110D
mutation into MN4-8S. To construct R5-tropic viruses, 3’
halves of viral genomes (EcoRI in vpr to Sphl at the 3’ end of
viral genome) of MN4-5S, MN4-8S, and MN4Rh-3 were
replaced with the corresponding regions of adapted-NL-DT562,
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and were designated MN5-10S, MNS5-14S, and MN5Rh-3,
respectively. For single-cycle infectivity assays to monitor
viral susceptibility to TRIMS proteins and to determine infec-
tivity for CyM cells, env-deficient HIV-1mt variants encoding
luciferase gene were constructed. NL-DTSR was cleaved with
Ndel and Nhel (both sites in env gene), blunt ended by T4 DNA
polymerase, and resealed by T4 DNA ligase. The resultant
clone was designated 5RAEnv. Luciferase gene was then
introduced into nef gene of SRAEnv as described previously
[22], and the resultant clone was designated SRAEnv + Luc. A
fragment containing the 3’ half genome was cut out from the
SRAEnv + Luc, and introduced into the corresponding region
in HIV-1mt variants (DT5R/4-3, NL-DT5RS, MN4-8, MN4-8S,
and MN4Rh-3) to generate SR/4-3AEnv 4 Luc,
5RSAEnv + Luc, 4-8AEnv + Luc, 4-8SAEnv + Luc, and 4Rh-
3AEnv + Luc, respectively.

2.2. Cell culture

A human monolayer cell line 293T [23], a feline kidney
cell line CRFK (ATCC CCL-94), and a CyM kidney cell line
MK.P3(F) (JCRB 0607) were maintained in Eagles’s minimal
essential medium (MEM) containing 10% heat-inactivated
fetal bovine serum (hiFBS). CRFK cells expressing
TRIM5a/TRIMCyp were maintained in MEM containing 10%
hiFBS and 400 pg/mL G418 (SIGMA). Macaque lymphocyte
cell lines, HSC-F [24] and HSR5.4 [25], were maintained in
RPMI-1640 medium containing 10% hiFBS. Recombinant
human IL-2 (AbD Serotec) was added to the medium
(50 units/mL) for maintenance of HSR5.4 cells. A human
lymphocyte cell line MT4/CCRS5 (MT4 cells stably expressing
CCR5) was maintained in RPMI-1640 medium containing
10% hiFBS and 200 ug/mL hyglomycine (SIGMA).

2.3. Virus replication assays

Virus stocks for infection were prepared from 293T cells
transfected with proviral clones as described previously
[16,19,26]. Virion-associated reverse transcriptase (RT)
activity was measured as described previously [16]. HSC-F
cells (10% were infected with equal RT units of viruses in
the presence of IL-2. For infection of MT4/CCRS5 cells (106),
the spinoculation method [27] was used. Viral growth was
monitored by RT activity released into the culture superna-
tants. We assessed the viral growth potential by the peak day
of virus production, and if the viral growth kinetics are similar,
by the production level on the peak day.

2.4. Generation and characterization of adapted
viral clones

MN4-5S and MNS5-10S viruses (Fig. 1) prepared from
transfected 293T cells were inoculated into HSR5.4 cells
3 x 10%) with an equal amount of viruses (5 x 107 RT units).
The cultures were maintained in the presence of IL-2, and
HSC-F cells were added on day 34 post-infection. The culture
supernatants (collected on day 18 post-cocultivation, the peak

day of virus production) were inoculated into fresh HSR5.4
cells, and total DNA was extracted from the cells on day 15
post-infection. Integrated proviruses were amplified from total
DNA as two overlapping fragments by the polymerase chain
reaction (PCR), and amplified products were cloned into

MNS5-10S as described previously [16]. Viruses were prepared

from 293T cells transfected with the resultant clones, and
inoculated into HSR5.4 cells. Only one clone exhibited a rapid
growth kinetics compared to MIN5-10S, and was designated
Ad clone-25. To identify an adaptive mutation that enhances
growth potential, each mutation found in the genome of Ad
clone-25 was introduced into MN5-14S by site-directed
mutagenesis (STRATAGENE). For screening, viruses
prepared from transfected 293T cells were inoculated into
HSC-F cells, and virus replication was monitored by RT
activity released into the culture supernatants.

2.5. Molecular modeling of HIV CA N-terminal
domain (NTD)

The crystal structure of HIV-1 CA NTD at a resolution of
2.00 A (PDB code: 1M9C [28]) was taken from the RCSB
Protein Data Bank [29]. The three-dimensional (3-D) models
of HIV-1 CA NTD were constructed by the homology
modeling technique using ‘MOE-Align’ and ‘MOE-
Homology’ in the Molecular Operating Environment (MOE)
(Chemical Computing Group Inc., Quebec, Canada) as
described [30—32]. We obtained 25 intermediate models per
one homology modeling in MOE, and selected the 3-D models
which were the intermediate models with best scores accord-
ing to the generalized Born/volume integral methodology [33].
The final 3-D models were thermodynamically optimized by
energy minimization using an AMBER99 force field [34]
combined with the generalized Born model of aqueous
solvation implemented in MOE [35]. Physically unacceptable
local structures of the optimized 3-D models were further
refined on the basis of evaluation by the Ramachandran plot
using MOE.

2.6. Single-cycle infectivity assays

To generate CRFK cells expressing CyM TRIMCyp, the
cDNA was isolated from HSC-F cells, and expression vector of
FLAG-tagged CyM TRIMCyp was constructed as described
previously [18]. The sequence of TRIMCyp from HSC-F cells
was identical with Mafa TRIMCyp2 (GenBank: FJ609415).
CRFK cell lines expressing CyM TRIMCyp were selected by
G418 as described previously [18]. Expression and inhibitory
effect of the selected cell clones were verified by Western
blotting with anti-FLAG antibody (SIGMA) and by infection
with vesicular stomatitis virus G protein (VSV-G) pseudotyped
5R/4-3AEnv + Luc, respectively. Assays using naive CRFK,
CRFK expressing CyM TRIMS5a [18] or CyM TRIMCyp, and
MK.P3(F) cells were similarly performed as described previ-
ously [36]. VSV-G pseudotyped virus stocks were prepared
from 293T cells transfected with individual HIV-
ImtAEnv + Luc clones and pCMV-G (GenBank: AJ318514)
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at a molar ratio of 1:1. Naive CRFK, CRFK expressing
TRIMS5o/TRIMCyp and MK.P3(F) cells were infected with an
equal titer of viruses (to generate approximately 107 relative
luminescence (RLU) for naive CRFK cells), and on day 2
post-infection, cells were analyzed for luciferase activity.
Assays using recombinant Sendai virus (SeV)-CyM TRIMS5a/
TRIMCyp expression system were performed as described
previously [31].

3. Results

3.1. An adaptive mutation G114E on helix 6 in CA (CA-
G114E) enhances viral growth potential in macaque cells

An HIV-1mt variant MN4-5S replicated more slowly than
SIVmac239 in macaque cells. In order to improve its growth
potential, we carried out virus adaptation in a macaque
lymphocyte cell line HSRS5.4. Virus adaptation was performed
by long-term culture of HSR5.4 cells infected with MN4-5S
(X4-tropic) or its R5-tropic version MNS5-10S (Fig. 1).
- Construction of proviral clones from adapted viruses was
described in Materials and methods. We obtained only one
clone (Ad clone-25) with enhanced growth potential from 100
proviral clones constructed and tested. We sequenced the
entire genome of Ad clone-25, and found three non-
synonymous mutations in CA (S33N, G114E, and T147A in
Fig. 2A) and one synonymous mutation in integrase
(IN)(a4943c in Fig. 2A). To identify an adaptive mutation that
enhances growth potential, each mutation found in Ad clone-
25 was introduced into a parental clone MN5-14S (Fig. 1).
MNS5-148 carries only growth-promoting mutations in MN5-
10S, and the two clones exhibit similar growth potential in
macaque cells. Viruses were prepared from 293T cells trans-
fected with MN5-14S, Ad clone-25, or clones carrying indi-
vidual mutations, and inoculated into HSC-F cells (Fig. 2A).
Only one clone carrying CA-G114E exhibited similar growth
kinetics to that of Ad clone-25 but not the others. This result
indicates that CA-G114E is an adaptive mutation enhancing
growth potential of HIV-1mt in macaque cells. This mutation
is exactly the same as the previously found adaptive mutation,
which enhanced growth of NL-4/5S6/7SvifS virus in human
CEM-SS cells [37]. NL-4/5S6/7SvifS virus is a prototype
HIV-1mt bearing the same CA with that of MN4-5S.

3.2. Molecular modeling of the CA NTD of HIV-1mt
variants suggests that CA-GI14E and CA-Q110D
mutations have a similar positive effect on viral replication

The amino acid at position 114 is located in CA NTD. To
obtain structural insights into impacts of the G114E substitu-
tion in order to improve growth capability of HIV-1mt variants
in macaque cells, we conducted computer-assisted structural
study: we constructed 3-D models of CA NTD of three HIV-
Imt variants, CA-G114E, CA-G114Q, and MN4-5S, using
homology-modeling technique (see Materials and methods).
Main chain folds of the three models were indistinguishable,
suggesting that 3-D position and type of side chain are critical
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Fig. 2. Mutations in Gag-CA. (A) Identification of an adaptive mutation that
enhances viral growth. Nucleotide substitutions found in the genome of Ad
clone-25 are indicated at the bottom. Virus samples were prepared from 293T
cells transfected with the indicated proviral clones, and equal RT units were
inoculated into HSC-F cells. MNS5-14S and Ad clone-25 served as controls.
Virus replication was monitored by RT activity released into the culture
supernatants. (B) 3-D structural models for CA NTD of HIV-1Imt variants.
Structural models of CA NTD of HIV-1mt variants were constructed by
homology-modeling using “MOE-Align” and “MOE-Homology” in MOE as
described previously [30—32]. Crystal structure of HIV-1 CA NTD at a reso-
lution of 2.00 A (PDB code: 1IM9C [28]) was used as template for homology
modeling. Main chain folds were indistinguishable among the models, and
only the model of G114E CA is shown as a representative. Magenta and red
sticks: side chains of 110th and 114th amino acid residues, respectively, of the
GI114E CA NTD.



288 T 24 FE BEEFHENFNHAEMEE D ARKMRESE

60 M. Nomaguchi et al. / Microbes and Infection 15 (2013) 56—65

for the phenotypic change. The modeling study revealed that
114th residue of G114E CA NTD is located on helix 6 in CA
NTD such that its side chain protrudes into the exposed
surface of CA (Fig. 2B). A charged amino acid residue on
a protein surface participates in determining physicochemical
properties of interaction surface of the protein and thus
influences its structural and functional properties. Therefore,
we assumed that the protrusion of a negatively charged side
chain from helix 6 into exposed surface could have somehow
a positive effect on growth capability of the HIV-1mt variants
in macaque cells. In this regard, especially worth noting is that
110th amino acid residue on helix 6 of the HIV-1mt variant
CAs was positioned on the same helical face with 114th amino
acid residue (Fig. 2B). Therefore, we predicted that substitu-
tion of glutamine (Q) at position 110 by acidic amino acid
such as aspartic acid (D) and glutamic acid (E) may also have
a positive effect on growth capability of the HIV-1mt variants
in macaque cells as G114E does. SIVmac239 has aspartic acid
and glutamine at the positions 110 and 114, respectively.

3.3. CA-Q110D promotes viral growth more efficiently in
macaque cells than CA-GI114E mutation but its
enhancing effect is species-specific

To confirm our prediction described above, CA-Q110D
mutation was introduced into MN5-14S (designated
MNS5RhA-3), and the growth property in HSC-F cells of
MNS5Rh-3 and a viral clone carrying G114E (CA-G114E in
Fig. 2A) was compared. As shown in Fig. 3A, MN5Rh-3 grew
better than CA-G114E, indicating that CA-Q110D further
accelerates HIV-1mt replication in macaque cells compared
with an adaptive CA-G114E mutation. We next constructed an
X4-tropic proviral clone carrying the CA-Q110D (designated
MN4Rh-3) (Fig. 1), and compared its growth property with
MNS5RE-3 in HSC-F cells (Fig. 3B). MN4Rh-3 was found to
exhibit higher growth ability than MN5Rh-3, and was there-
fore used for infection experiments hereafter.

While CypA and TRIMS5a have inhibitory effect on HIV-1
replication in macaque cells, CypA promotes HIV-1 infection
in human cells and human TRIM5e only weakly inhibits HIV-1
replication [38—40]. Since the CA-Q110D mutation (acquisi-
tion of negatively charged side chain), as predicted by structural
modeling, could impact on the interaction of HIV-1 CA and its
binding factor(s) by altering physicochemical properties of CA
binding surface, it can be speculated that CA-Q110D may
promote viral replication specifically in macaque cells. Thus,
we analyzed the effect of CA-Q110D on viral growth in
macaque and human cells. In this experiment, we used HIV-1mt
variants (MN4-8, MN4-8S, and MN4Rh-3) that have distinct
CA structures (Fig. 1). Viruses prepared from transfected 293T
cells were inoculated into macaque HSC-F and human MT4/
CCRS cells, and examined for growth property (Fig. 3C). The
introduction of SIVmac239 CA h6/7L (MN4-8S) resulted in
enhanced and reduced viral growth in macaque and human
cells, respectively, relative to MN4-8. MN4Rh-3 grew clearly
better in macaque cells relative to MN4-8 and MN4-8S, but
more poorly in human cells than the other twos. These results

demonstrate that the CA-Q110D mutation enhances viral
replication in a host cell species-specific manner.

3.4. CA-Q110D does not contribute to evasion from
CyM TRIMS proteins restriction

We predicted that the growth enhancement by CA-Q110D
may come from the increased resistance to CyM TRIMS5
proteins, and therefore examined the susceptibility of HIV-1mt
variants to them by two independent assays.

First, assays were performed in feline kidney CRFK cells
expressing TRIMS5ea or TRIMCyp by using VSV-G pseudo-
typed viruses encoding the luciferase gene (Fig. 4A—C). The
sequence differences between HIV-1mt variants reside only in
CA and IN (Figs. 1 and 4). Since adaptive mutations in IN
contribute to enhancement of virion production but not early
replication phase (manuscript in preparation), only the
difference in CA affects the relative single cycle infectivity in
this assay. A pseudotyped virus 5R/4-3 carries HIV-1 (NL4-3)
CA without any modifications and served as negative control.
While 5R and 4-8 have an identical CA structure carrying h4/
SL from SIVmac239, SRS and 4-8S have both h4/5L and h6/
7L from SIVmac239 CA. 4Rh-3 carries CA-Q110D mutation
in addition to h4/5L and h6/7L from SIVmac239 CA. Viral
infectivity was measured by luciferase activity in infected cells
and presented as RLU. Naive CRFK and CRFK cells
expressing TRIM5a were infected with an equal amount of
viruses generating 10’ RLU in naive cells. As shown in
Fig. 4B, the infectivity of 5R and 4-8 for cells expressing CyM
TRIMS5a was similar to that of a negative control 5R/4-3.
However, higher infectivity was observed for SRS and 4-8S
relative to 5R and 4-8. These results were consistent with
previous reports that h4/5L and h6/7L in HIV-1 CA are a part
of determinant for TRIM5a restriction [20,36]. The sensitivity
of 4Rh-3 to TRIMS5a was similar to that of SRS and 4-8S. This
indicates that CA-Q110D did not contribute to increase the
resistance to TRIMSa. It has been reported that CyM TRIM-
Cyp has the ability to restrict HIV-1 replication [15]. To
examine the susceptibility of HIV-1mt variants to TRIMCyp,
we generated feline CRFK cells expressing TRIMCyp, and the
cells were infected with pseudotyped viruses as described
above. As shown in Fig. 4C, all the clones tested were more
resistant to a similar extent to TRIMCyp than the control 5R/
4-3. In agreement with a previous study showing that elimi-
nation of alanine at position 88 within h4/5L of HIV-1 CA
confers the resistance on the virus to TRIMCyp [15], our
results indicate that the replacement of HIV-1 CA h4/5L with
that of SIVmac239 is sufficient for HIV-1mt to evade from the
TRIMCyp restriction. Second, we performed another suscep-
tibility assay using the recombinant SeV expression system.
This system assures a very high expression level of target
proteins in cells infected with the recombinant SeV. Therefore,
the ability of viruses to completely counteract the restriction
effect of TRIMS proteins could be determined by MT4/SeV-
TRIMS expression system. Human MT4 cells were infected
with recombinant SeV expressing CyM TRIM5a, TRIMCyp,
or SPRY(—)TRIMS, and then super-infected with HIV-1
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Fig. 3. Effect of CA modification on viral growth in macaque and human lymphocyte cell lines. (A and B) Growth kinetics of HIV-1mt clones carrying CA-G114E
or CA-Q110D (MNS5Rh-3 and MN4Rh-3) in CyM HSC-F cells. Virus samples were prepared from 293T cells transfected with the indicated proviral clones, and
equal amounts (5 x 10° RT units) were inoculated into HSC-F cells (10%). Virus replication was monitored by RT activity released into the culture supernatants. (C)
Growth kinetics of MN4-8, MN4-8S, and MN4Rh-3 in HSC-F (Macaque) and MT4/CCRS (Human) cells. Virus samples were prepared from 293T cells transfected
with the indicated proviral clones, and equal amounts (106 RT units) were inoculated into HSC-F cells (106). For spinoculation of MT4/CCRS5 cells (105),
6 x 10° RT units were used as inocula. Virus replication was monitored by RT activity released into the culture supernatants.

(NL4-3), SIVmac239, or HIV-1mt variants. SPRY(—)TRIMS
which can not bind to viral CA served as control. NL4-3 and
SIVmac239 also served as controls for viral replication. As
shown in Fig. 4D, NL4-3 replicated in cells expressing
SPRY(—)TRIMS, but not in TRIMS5a and TRIMCyp
expressing cells. SIVmac239 exhibited similar growth kinetics
in SPRY(—)TRIMS, TRIMS5a and TRIMCyp expressing cells.
All HIV-1mt variants replicated in TRIMCyp expressing cells
similarly well in SPRY(—)TRIMS cells. Together with assays
in CRFK cells, these results showed that all HIV-1mt variants
except for 5SR/4-3 completely evade from TRIMCyp restric-
tion. In contrast, the growth of all HIV-Imt variants was
inhibited in CyM TRIMSa expressing MT4 cells. These
results indicate that HIV-1mt variants do not evade from
TRIMS5a restriction as effectively as SIVmac239.

Results obtained by our two assay systems with respect to
the susceptibility of HIV-1mt variants to CyM TRIMS5a were
apparently different (Fig. 4B and D), but this difference is
most likely to be due to the TRIMS5a expression level. In MT4
cells infected with recombinant SeV, TRIMSa is expressed at
much higher level than that in transduced CRFK cells,
masking the increase of resistance to TRIMS5a. detectable by
the transduced CRFK system (Fig. 4B). Indeed, the growth
enhancement of 5RS relative to 5R [20] can be explained by

the results in Fig. 4B but not those in Fig. 4D. The apparent
discrepancy of the sensitivity depending on TRIM5a expres-
sion level was also observed between B-LCL cells and
transduced CRFK cells [41]. In sum, we can conclude here
that MN4Rh-3 exhibits a partial resistance to TRIM5a insuf-
ficient for complete evasion as SRS and 4-8S do, and that the
CA-Q110D mutation is irrelevant to this property.

3.5. CA-Q110D enhances viral infectivity for macaque cells

Results so far showed that CA-Q110D does not contribute
to evasion from TRIMS proteins restriction in rather artificial
systems using feline and human cells (Fig. 4). To investigate
further how CA-Q110D enhances viral replication, we
examined single-cycle viral infectivity in macaque cells. CyM
kidney MK.P3(F) cells, which have heterozygote for TRIM5a
and TRIMCyp, were infected with various VSV-G pseudovi-
ruses and analyzed for their infectivity as described above. As
shown in Fig. 5A, viral infectivity was increased by modifi-
cation of h4/5L (compare 5R/4-3 and 5R&4-8). Modification
of h6/7L in addition to h4/5L further augmented viral infec-
tivity (compare 5SR&4-8 and SRS&4-8S). Introduction of the
CA-Q110D mutation into 4-8S clone gave the highest infec-
tivity among the viruses tested (see 4Rh-3). The results in
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cells that express CyM TRIMS5a or CyM TCyp. On day 2 post-infection, cells were analyzed for luciferase activity by a luminometer. (D) Susceptibility of HIV-
Imt variants to CyM TRIMS proteins as examined by SeV system. Human MT4 cells (10°) were infected with recombinant SeV expressing CyM TRIM5a,
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supernatants. Error bars show actual fluctuations between duplicate samples. Data from one representative of three independent experiments are shown.
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Fig. SA show that CA-Q110D uniquely increases viral infec-
tivity in macaque cells not observed in the other experimental
systems (Fig. 4), and suggest that some factor(s) in CyM cells
other than TRIMS5a and TRIMCyp proteins is associated with
this enhancement.

As shown in Fig. 5B, MN4Rh-3 displayed slower growth
kinetics relative to those of SIVmac239 (note the peak day
of virus production), although it grew better than the other
HIV-1mt clones in CyM HSC-F cells. Approximately 100-fold
more input virus (RT units) compared to SIVmac239 was
required for MN4Rh-3 to exhibit similar growth kinetics with
SIVmac239 (data not shown). These results have shown that
even MN4Rh-3 grows more poorly in macaque cells than
a standard SIVmac clone pathogenic for macaque monkeys.

4. Discussion

In this study, we have demonstrated that a single CA
mutation (Q110D) greatly promotes HIV-1lmt growth in

h -
e
o3
o©

[ naive
B MK.P3E)

e
o
™

Infectivity (RLLU)
2

e

<

T
¥

104 5 . N
5R#4-3 BR 5RS 4-8 4-88 4Rh-3
B
16000 ~E- MAZZON
- == MN4RB-3
e
-8 .
2 12000} MN5RR-3
0
5
L 8000
z
E
- 4000
o
0

3 6 g iz 158
Days postinfection

Fig. 5. Replication ability of various viruses in CyM cells. (A) Single-cycle
infectivity of various HIV-1mt clones in CyM kidney MK.P3(F) cells. VSV-
G pseudotyped viruses indicated were prepared from transfected 293T cells.
MK.P3(F) cells were infected with an equal titer of viruses giving 10’ RLU in
CRFK-naive cells. On day 2 post-infection, cells were analyzed for luciferase
activity by a luminometer. (B) Multi-cycle growth kinetics of SIVmac and
HIV-1mt viruses in CyM lymphocyte HSC-F cells. Virus samples were
prepared from 293T cells transfected with the indicated proviral clones, and
equal amounts (104 RT units) were inoculated into HSC-F cells (10°). Virus
replication was monitored by RT activity released into the culture superna-
tants. MA239N, an infectious clone of SIVmac239 with nef-open.

macaque cells (Fig. 3). This enhancing effect was afforded
independently of TRIMS proteins restriction. The virus carrying
the CA-Q110D mutation (MN4Rh-3) certainly overcame the
anti-viral action of CyM TRIMCyp but not completely CyM
TRIM5a. However, the mutation itself (Fig. 1) did not influence
anti-TRIMCyp/TRIMSa activity of MN4Rh-3 reported here
(Fig. 4). Notably, this mutation exquisitely enhanced viral
growth in macaque cells (Fig. 3) by augmenting viral single-
cycle infectivity (Fig. 5). The viral growth enhancement re-
ported here is well reproduced in CyM peripheral blood
mononuclear cells and in CyMs (manuscript in preparation).
Regarding the mechanism for enhancement of viral growth
by CA-Q110D, we initially thought a possibility that CA-
Q110D compensates the disadvantage in HIV-1mt genome
resulted from replacement of HIV-1 CA h4/5L and h6/7L with
those of STVmac239. However, this is highly unlikely because
the enhancing effect is macaque cell-dependent (Fig. 3). Most
feasible explanation is that CA-QI110D contributes to evade
from a negative factor(s) in macaque cells such as CypA.
Because HIV-1mt CA was designed not to bind to CypA, and
the interaction between the two molecules was indeed unde-
tectable by monitoring CypA virion-incorporation [18,20], we
analyzed the binding by computer-assisted structural
modeling. Homology modeling of the CA-CypA complexes
was performed based on the crystal structure of HIV-1 CA
NTD bound to CypA (PDB code: 1M9C [28]), and the binding
energies, FEping, were calculated using MOE as described
previously [42,43]. As shown in Fig. 6, HIV-1 (NL4-3) CA
was predicted to interact with CypA via its h4/5L (binding
energy: —64.4 kcal/mol). The binding energy of CA and CypA
was decreased by CA modifications, such as h4/5L replace-
ment (NL-DT5R: —31.0 kcal/mol), h4/5L and h6/7L
replacement (NL-DTS5RS: —36.1 kcal/mol), and Q110D
substitution in addition to h4/5L and h6/7L replacement
(MN4Rh-3: —30.1 kcal/mol). Decrease in Ey;,q in NL-DT5R
is consistent with the result that the h4/SL region directly
interacts with CypA [28]. Notably, the Ey;,q for the NL-
DT5RS CA was greater than that of the NL-DT5R and
MN4Rh-3 CAs. These results suggest that not only h6/7L
replacement but also Q110D substitution can influence struc-
ture of CypA binding surface of CA. The Q110D substitution
is located on the exposed surface of helix 6 connecting to the
h6/7L. (Fig. 2B). CA helix 6 has been reported to interact with
CypA binding region on h4/5L through hydrogen bonding
[44,45]. Thereby it is reasonable that the local electrostatic
change on the helix 6 by the Q110D substitution influenced
structures of h4/5L via changes in fluctuation and conforma-
tion of h6/7L. This in turn could lead to reduction in stability
of the MN4Rh-3 CA-CypA complex compared with NL-
DTS5RS CA-CypA complex, as predicted in Fig. 6. Our
computer-assisted structural study suggests that the Q110D
substitution can induce electrostatic modulation of the overall
CA surface structure including h4/5L and h6/7L. Similar
modulation mechanism of binding surface structures via
charged amino acid substitution at distant site from the
binding surface has been reported for Cyp domain of CyM
TRIMCyp [15] and CD4 binding site of HIV-1 gp120 outer
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NL-DTSR

NL-DT5RS MN4Rh-3

NL4-3 NL-DTSR NL-DTSRS MiN4RR-3
h4/5L and h6/7L
ha/5L from h4/5L and h6/7L
CA HIV-1 CA from SVmac238
SVmac239  from SlVmac239 ""_ Vo1 iop
Binding energy . ) ) R
(kealimol) 64.447 31.012 36.071 30.051

Fig. 6. Structural models of HIV CA NTD bound to CypA. The model of CA NTD bound to CypA was constructed by homology modeling using the crystal
structure of HIV-1 CA NTD and CypA complex (PDB code: 1M9C [28]). The binding energies, Ey;,q (kcal/mol), of the complex were calculated using MOE as

described previously [42,43]. The formula Epina = Ecomplex —

(Eca + Ecypa) was used for the Epyq calculation, where Ecomplex is the energy of the CA/CypA

complex models, Ec4 is the energy of the CA monomer model, and Ecypa is the energy of the CypA monomer mode]. :

domain [46]. Thus, it is not unreasonable to assume that the
replication of MN4Rh-3 carrying CA-Q110D is enhanced in
macaque cells but reduced in human cells by augmenting its
dissociation from CypA (Fig. 6). However, it was found to be
difficult to experimentally confirm this structural insight by
determining the effect of cyclosporine A or of siRNA against
CypA on viral infectivity because interaction between
the HIV-Imt CA and CypA was so weak. Alternatively,
CA-Q110D may contribute to the alteration of the affinity to
unknown anti-CA factor(s) other than CypA and TRIMS
proteins. In this case, it is speculated that the factor(s) might
act negatively on HIV-1 replication in macaque cells but
positively in human cells, and vice versa. Further study is
required to elucidate the mechanism for enhancement of viral
growth potential by CA-Q110D.

In conclusion, further modification of the HIV-1mt genome
is necessary to overcome unconquered replication block(s)
present in macaque cells and obtain viral clones similarly
replication-competent in macaque cells and pathogenic for
animals with SIVmac (Fig. 5). Considering the genome struc-
ture of MN4Rh-3 and the results presented here, major targets
for modification now are gag-CA (against TRIMS«) and vpu
(against tetherin). Gag-CA is one of the two principal viral
determinants (CA and Vif) for the HIV-1 species-tropism.
Construction of HIV-1 CA that evades from TRIM5a restriction
is also useful for elucidation of the less-defined CA-TRIMS5a
interaction and antiviral mechanism of TRIMS5«. Tetherin,
identified as anti-virion release factor, is antagonized by Vpu
[47,48], but macaque tetherin was not counteracted by HIV-1
Vpu [49]. Construction of HIV-1 Vpu that down-modulate
macaque tetherin may enhance viral replication in vivo as
well as in vitro [50]. Through these approaches, we may be able
to precisely analyze HIV-1 replication and pathogenesis in vivo
and provide new strategies against HIV-1/AIDS.
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is strictly adapted
to humans, and cause disease-inducing persistent infection only
in humans (Nomaguchi etal., 2008). This property is unique
among primate immunodeficiency viruses, and represent one of
the most evident and important viral characteristics to under-
stand the biology/molecular biology of HIV-1. Of numerous
primate immunodeficiency viruses so far identified (Kirchhoff,
2009; Sharp and Hahn, 2011), HIV-1 with an extremely lim-
ited host range exhibits exceptionally high replication ability,
transmissibility, and pathogenicity in sensitive host humans. For
basic HIV-1 researchers, it would be final goal to realize the
basis/mechanism underlying these properties by experimental
approaches.

Primate immunodeficiency viruses can be divided into three
groups based on their genome structure in the central regions
(Kirchhoff, 2009; Fujita et al., 2010; Sharp and Hahn, 2011). While
viruses of HIV-1 type contain vpr and vpu genes, viruses of HIV-2
type carry vpx and vpr genes in tandem (Figure 1). The other
simian immunodeficiency viruses (SIVs), the prototype virus,
have only the vpr gene in the corresponding genomic region.
HIV-1 is believed to emerge from the prototype virus via SIV-
mon/mus/gsn (isolated from the mona, mustached, and greater
spot-nosed monkeys), SIVcpz (isolated from the chimpanzees),
and SIVgor (isolated from the gorilla) through mutational and
recombinational events. SIVmon/mus/gsn is known to recombine
with SIVrem (isolated from the red-capped mangabey mon-
key) to generate SIVcpz (for genome structures, see, Figure 1).
SIVcpz served as parental virus for HIV-1 (M and N) and SIVgor
(and finally for HIV-1 P).

The biological and molecular biological bases for species
tropism of HIV-1 should reside in the above outlined evolutional

Human immunodeficiency virus type 1 (HIV-1) is tropic and pathogenic only for humans,
and does not replicate in macague monkeys routinely used for experimental infections. This
specially narrow host range (species tropism) has impeded much the progress of HIV-1/
acquired immunodeficiency syndrome (AIDS) basic research. Extensive studies on the
underlying mechanism have revealed that Vif, one of viral accessory proteins, is critical
for the HIV-1 species tropism in addition to Gag-capsid protein. Another auxiliary protein
Vpu also has been demonstrated to affect this HIV-1 property. In this review, we focus on
functional interactions of these HIV-1 proteins and species specific-restriction factors. In
addition, we describe an evolutional viewpoint that is relevant to the species tropism of
HIV-1 controlled by the accessory proteins.

Keywords: HIV-1, species tropism, accessory protein, Vif, Vpu

processes. In particular, the so-called accessory proteins encoded
by extra genes are important. Each virus group has a unique set
of the accessory proteins in terms of their combinations and of
their activities. Therefore, studies on viral accessory proteins are
also meaningful for understanding viral evolution by cross-species
transmission.

VIRAL AND CELLULAR DETERMINANTS FOR

HIV-1 SPECIES TROPISM

Our early studies have already suggested the possible viral deter-
minants and viral replication stage involved in the HIV-1 species
tropism described above (Shibata etal., 1991, 1995; Shibata
and Adachi, 1992). By the use of numerous chimeric molec-
ular clones between HIV-1 and dual-tropic (tropic for human
and monkey cells) SIVmac (isolated from the macaque mon-
key), we have claimed in essence, together with a work on
the cyclophilin A (CypA; Dorfman and Gottlinger, 1996), that
Gag-capsid (CA) and a viral protein(s) encoded by the central
genomic region of HIV-1 are the determinants. We also have
showed that HIV-1 is replication-incompetent in monkey cells
because a certain replication step(s) before/during reverse tran-
scription, other than the viral entry into cells, does not proceed
normally. Subsequent extensive studies by us and others have
clearly indicated that the interactions of Gag-CA/CypA, Gag-
CA/tripartite motif (TRIM) proteins, and Vif/apolipoprotein B
mRNA-editing enzyme-catalytic (APOBEC) proteins are major
determinants for the HIV-1 species tropism (Nomaguchi etal.,
2008, 2011; Nakayama and Shioda, 2012; Sakuma and Takeuchi,
2012) as summarized in Table 1. Gag-CA, CypA, and TRIM pro-
teins have been described in detail in two articles in the Research
Topic of this journal (Nakayama and Shioda, 2012; Sakuma and
Takeuchi, 2012).
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FIGURE 1 | Genome organization of primate immunodeficiency viruses. originated from that of SIVrcm. In addition, as shown by colored boxes, HIV-1
Various proviral genomes are schematically shown. As indicated by colored nef gene is similar to but distinct from SIVcpz nef gene. HIV-1 nef gene is
boxes, the vpr and vpu genes of SIVepz/HIV-1 came from those of SIVrem different from those of SIVmon/mus/gsn, SIVrem, and HIV-2 as indicated.
and SIVmon/mus/gsn, respectively. Also, the vif genes of SiVepz/HIV-1 For virus designations, see text.

Table 1 | Major viral and cellular determinants for HIV-1 species
tropism.

Virus Cell Viral replication step affected

Gag-CA CypA

Gag-CA TRIMB5a Uncoating (early phase)

Gag-CA TRIMCyp Uncoating (early phase)

Vif APOBEC3G Reverse transcription (early phase)
APOBEC3F Reverse transcription (early phase)

Vpu Tetherin/BST-2 Virion release (late phase)

For details, see references (Nakayama and Shioda, 2012; Sakuma and Takeuchi,

2012) for Gag-CA, and Figures 3 and 4 for Vif/Vpu.

ACCESSORY PROTEINS OF PRIMATE

IMMUNDDEFICIENCY VIRUSES

All primate immunodeficiency viruses encode a number of extra
proteins (Vif, Vpx, Vpr, Vpu, and Nef) in addition to regula-
tory (Tat and Rev) and structural (Gag, Pol, and Env) proteins

(Figure 1). Structural proteins are common to all retroviruses,
but the regulatory and accessory proteins are unique to the
complex primate lentiviruses and not found in the other sim-
ple mammalian retroviruses. Regulatory Tat and Rev proteins
are trans-activators for transcription and for the expression of
late viral proteins, respectively. While the regulatory and struc-
tural proteins are essential for viral replication, the extra proteins,
unfairly generically called “accessory;,” are dispensable under cer-
tain circumstances. However, in some cells, some of them are
essential and the others are quite critical/important for optimal
viral replication as illustrated for AVif and AVpu viruses (viruses
that lack Vif or Vpu) in Figure 2. Another point to be men-
tioned here is relating to Vpr/Vpx proteins. Although Vpr and
Vpx are genetically very similar (Khamsri etal., 2006), some pri-
mate immunodeficiency viruses bear two of them as described
above (Fujita etal.,, 2010). Furthermore, the other viruses have
Vpr only. What about the functional relationship of the two
proteins? At present, the function of Vpr/Vpx is least well under-
stood relative to that of the other accessory proteins (Malim
and Emerman, 2008; Fujita etal,, 2010). Table 2 summarizes
the important information regarding these accessory proteins so

Frontiers in Microbiology | Virology
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FIGURE 2 | A schema of replication kinetics by HIV-1 wild-type and

mutant viruses. Viral growth properties in cells are illustrated based on
numerous infection experiments in our laboratory. WT, wild-type.

Table 2 | Accessory proteins of primate immunodeficiency viruses.

Viral Proteins Major functions for viral replication reported so far

Vif Neutralize APOBEC3G/F. Essential for viral replication
in natural target cells.

Vpx Degrade SAMHD1/APOBEC3A. Critical for viral replication
in natural target cells.

Vpr Important for viral replication in macrophages (HIV-1).

Vpu Down-regulate Tetherin/BST-2. Important for viral
replication in CD4-positive cells.

Nef Down-regulate cell surface molecules {CD4, MHC-l etc.).

far reported. In total, it is fairly reasonable to believe that the
accessory proteins are regulators to optimize viral replication and
persistence in vivo thereby enhancing viral transmission between
individuals.
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FIGURE 3 | HIV-1 replication and APOBEC3G. On the basis of results
reported so far, the action mechanism of Vif is depicted. Replication
process for wild-type (WT) and AVif mutant viruses are schematically shown

on the basis of previously reported review articles (Holmes etal., 2007;
Huthoff and Towers, 2008, Strebel etal., 2009). A3G, APOBEC3G; IN, viral
integrase protein.
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