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and were designated MNS5-10S, MNS5-14S, and MNS5Rh-3,
respectively. For single-cycle infectivity assays to monitor
viral susceptibility to TRIMS5 proteins and to determine infec-
tivity for CyM cells, env-deficient HIV-1mt variants encoding
luciferase gene were constructed. NL-DT5R 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 SRAEnv. 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 5R/4-3AEnv 4+ Luc,
SRSAEnv + 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
TRIMSa/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/CCRS (MT4 cells stably expressing
CCRS5) was maintained in RPMI-1640 medium containing
10% hiFBS and 200 pg/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 (109,
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 MN5-10S 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
MN35-10S 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 MN5-10S, 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 MNS5-14S 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: IM9C [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
c¢DNA 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
SR/4-3AEnv + Luc, respectively. Assays using naive CRFK,
CRFK expressing CyM TRIM5a [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
TRIMS5a/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 TRIMSa/
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 HSR5.4. Virus adaptation was performed
by long-term culture of HSR5.4 cells infected with MN4-5S
(X4-tropic) or its R5-tropic version MN5-10S (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 MNS5-14S (Fig. 1).
MN5-14S 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-G114E 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. MN5-14S 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-1mt variants.
Structural models of CA NTD of HIV-Imt 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: 1M9C [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
G114E CA NTD.
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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-G114E mutation but its
enhancing effect is species-specific

To confirm our prediction described above, CA-Q110D
mutation was introduced into MNS5-14S  (designated
MN5Rh-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
MNS5Rh-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 TRIMS5a 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-QI10D 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/
CCRS5 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 TRIMS
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 TRIMS5a. 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 SR/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, 5RS 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
TRIMSe was similar to that of a negative control 5R/4-3.
However, higher infectivity was observed for SRS and 4-8S
relative to SR 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 TRIMS5a. restriction [20,36]. The sensitivity
of 4Rh-3 to TRIM5a was similar to that of SRS and 4-8S. This
indicates that CA-Q110D did not contribute to increase the
resistance to TRIM5a. 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 SR/
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 (MN5Rh-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/CCRS5 (Human) cells. Virus samples were prepared from 293T cells transfected
with the indicated proviral clones, and equal amounts (10° RT units) were inoculated into HSC-F cells (10°). For spinoculation of MT4/CCRS cells (10°),
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(—)TRIMS5
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 TRIMS5S« and TRIMCyp
expressing cells. STVmac239 exhibited similar growth kinetics
in SPRY(—)TRIMS, TRIMSa 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 TRIMS5a expressing MT4 cells. These
results indicate that HIV-Imt variants do not evade from
TRIMSa restriction as effectively as SIVmac239.

Results obtained by our two assay systems with respect to
the susceptibility of HIV-Imt 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, TRIM5« is expressed at
much higher level than that in transduced CRFK cells,
masking the increase of resistance to TRIM5a. detectable by
the transduced CRFK system (Fig. 4B). Indeed, the growth
enhancement of SRS 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 TRIMS5a. 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 TRIMS5a
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 SR&4-8). Modification
of h6/7L in addition to h4/5L further augmented viral infec-
tivity (compare 5SR&4-8 and 5SRS&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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Fig. 4. Effect of CA modification in HIV-1mt variants on viral infectivity. (A) CA structure of viral clones used in TRIM5a/TRIMCyp susceptibility assays. Blue
and white areas show helices and loops from HIV-1 NL4-3 CA, respectively. Sequences from SIVmac239 are indicated by black areas. (B and C) Susceptibility of
HIV-1mt variants to CyM TRIMS proteins as examined by CRFK system. Results for CyM TRIMS5« (B) and for CyM TRIMCyp (TCyp) (C) are shown. VSV-G
pseudotyped viruses were prepared from transfected 293T cells as input samples. Viruses generating 10’ RLU in CRFK-naive cells were inoculated into CRFK
cells that express CyM TRIM5a. 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 TRIMS5z,
TRIMCyp. or SPRY (—) TRIMS. Nine hours after infection, cells were super-infected with 20 ng (Gag-p24) of HIV-1 NL4-3, various HIV-1mt clones, or 20 ng
(Gag-p27) of SIVmac239. Virus replication was monitored by the amount of Gag-p24 from NL4-3 and HIV-1mt clones or Gag-p27 from SIVmac239 in the culture
supernatants. Error bars show actual fluctuations between duplicate samples. Data from one representative of three independent experiments are shown.
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Fig. 5A 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 TRIM5«. 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-Imt growth in
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Fig. 5. Replication ability of various viruses in CyM cells. (A) Single-cycle
infectivity of various HIV-Imt 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-Imt viruses in CyM lymphocyte HSC-F cells. Virus samples were
prepared from 293T cells transfected with the indicated proviral clones, and
equal amounts (10* 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
TRIMS5ea. 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-Imt genome
resulted from replacement of HIV-1 CA h4/5L and h6/7L with
those of SIVmac239. However, this is highly unlikely because
the enhancing effect is macaque cell-dependent (Fig. 3). Most
feasible explanation is that CA-Q110D 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: IM9C [28]), and the binding
energies, Eyning, 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/SL (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-DT5RS: —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;,g in NL-DT5R
is consistent with the result that the h4/5L region directly
interacts with CypA [28]. Notably. the Ey;,q for the NL-
DTSRS 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-
DT5RS 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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NL4-3 NL-DT5R NL-DTSRS MN4Rh-3
CypA
s,
her7L C hé/7L her7L her7L
harsL ha/sL ha/sL ha/sL
CA
NL4-3 NL-DT5R NL-DT5RS MN4Rh-3
h4/5L and h6/7L
h4/5L from h4/5L and h6/7L
CA HIV-1 CA from SIVmac239
SVmac238 from SIVmac239 and Q110D
Binding energy
(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: IM9C [28]). The binding energies, Epiyq (kcal/mol), of the complex were calculated using MOE as
described previously [42,43]. The formula Eying = Ecomplex — (Eca + Ecypa) Was used for the Eying calculation, where Ecompley 15 the energy of the CA/CypA
complex models, Ecy is the energy of the CA monomer model, and Ecypa is the energy of the CypA monomer model.

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 TRIMSa) 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-TRIM5a
interaction and antiviral mechanism of TRIMS5e. 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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The APOBEC3C crystal structure and the interface for

HIV-1 Vif binding

Shingo Kitamural>2, Hirotaka Ode!, Masaaki Nakashimal*2, Mayumi Imahashi®>3, Yuriko Naganawa!,
Teppei Kurosawal>2, Yoshiyuki Yokomaku!, Takashi Yamane?, Nobuhisa Watanabe?*, Atsuo Suzuki?,

Wataru Sugiural® & Yasumasa Iwatanil>?

The human apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3 (APOBECS3, referred to as A3) proteins are
cellular cytidine deaminases that potently restrict retrovirus replication. However, HIV-1 viral infectivity factor (Vif) counteracts
the antiviral activity of most A3 proteins by targeting them for proteasomal degradation. To date, the structure of an A3 protein
containing a Vif-binding interface has not been solved. Here, we report a high-resolution crystal structure of APOBEC3C

and identify the HIV-1 Vif-interaction interface. Extensive structure-guided mutagenesis revealed the role of a shallow cavity
composed of hydrophobic or negatively charged residues between the o2 and «3 helices. This region is distant from the

DPD motif (residues 128-130) of APOBEC3G that participates in HIV-1 Vif interaction. These findings provide insight into
Vif-A3 interactions and could lead to the development of new pharmacologic anti-HIV-1 compounds.

The A3 family of cytidine deaminases consists of cellular proteins
that prevent the mobilization of diverse retroviruses, retrotrans-
posons and other viral pathogens (reviewed in ref. 1). In humans,
seven members of this protein family, A3A, A3B, A3C, A3DE, A3F,
A3G and A3H, are encoded in a tandem array on chromosome 22
(ref. 2). The A3 proteins are characterized by the presence of one or
two conserved zinc-coordinating domains (Z domains) consisting of
HXE(X),3_,3CXXC motifs (reviewed in ref. 3). On the basis of phylo-
genetic analyses, the Z domains fall into three types: Z1 (A3A and the
C-terminal domains (CTDs) of A3B and A3G), Z2 (A3C, both halves
of A3DE and A3F, and the N-terminal domains (NTDs) of A3B and
A3G)and Z3 (A3H)2. The Z2 domain can be further subdivided into
three subgroups on the basis of amino acid sequences: the A3F NTD
(the NTDs of A3B, A3DE and A3F), the A3G NTD and the A3F CTD
(A3C and the CTDs of A3DE and A3F) subgroups.

HIV-1 Vif protein overcomes the antiviral activity of A3 proteins
in infected cells by forming an E3 ubiquitin ligase complex, with cul-
lin 5, elongin B (EloB) and elongin C (EloC) in collaboration with
core-binding factor B (CBF-B)*®, which subsequently leads to A3
degradation through the ubiquitin-proteasome pathway®-8. Thus, the
elimination of A3 in cells during virus production prevents its encap-
sidation into progeny HIV-1 viruses. A3 degradation specificity is
determined by the ability of Vif to bind to the target. HIV-1 Vif binds
A3C, A3DE, A3F, A3G and A3H but not A3A and A3B. Among the
Z domains, only Z3 (A3H haplotype II) and Z2 (the A3G NTD and
the A3F CTD subgroups) contain a critical interface that interacts
with HIV-1 Vif°-11,

One specific residue of the human A3G NTD responsible for the Vif
interaction, Asp128, was primarily identified by comparative studies
of species-specific A3G-Vif interactions!?>~!5. Subsequently, extensive
mutational analyses of amino acids adjacent to Asp128 revealed that
the 128-Asp-Pro-Asp-130 (DPD) motif of A3G, located at loop 7
between B4 and 04, is crucial for the direct interaction with Vif!®,
These critical residues in the A3G NTD have been mapped to a vari-
able-loop structure in close proximity to the nucleic acid-binding
surface. In contrast, two independent studies have reported that two
residues that are critical for the Vif interaction, Glu289 and Glu324
of the A3F CTD, are situated in the o3 and 04 helices, respec-
tively, which are located distally from the DPD motif'%!7. Despite
our knowledge of these critical A3 residues, the structural features
underlying the Vif-interaction interface on A3 proteins have not been
previously elucidated.

To date, the three-dimensional structure of only the A3G CTD
has been determined by NMR!®!? or X-ray crystallography?®21. The
structures of full-length A3 or the domain involved in the HIV-1 Vif-
binding interface have not been previously solved. Here, we present
the first report, to our knowledge, of the crystal structure of full-
length human A3C. We used extensive structure-guided mutagenesis
to explore the residues that form the HIV-1 Vif-binding interface.
Our results demonstrate that ten residues of A3C are critical for the
formation of the Vif-interaction interface, which mapped to a differ-
ent region from loop 7 that corresponds to an area of the DPD motif
in the A3G NTD. Furthermore, our data indicate that the responsi-
ble interface provides a shallow cavity composed of hydrophobic or
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negatively charged residues. In addition, we found that the structural
features of the Vif-binding interfaces are conserved in the homologous
Z2-type A3C, A3F and A3DE proteins but not in the A3G protein.
These results will deepen our understanding of A3-Vif interactions
and aid in the development of new strategies using potential endo-
genous inhibitors against HIV-1.

RESULTS

High-resolution crystal structure of full-length A3C

Initially, human A3C was expressed in Escherichia coli as an
N-terminal GST-tagged recombinant protein to increase its solu-
bility. The tag was subsequently removed. We further purified the
full-length A3C protein (residues 1-190) and solved its structure at
2.15 A (Fig. 1a and Table 1). The A3C structure has a core platform
composed of six o-helices (0.1-0:6) and five B-strands (B1-[5), with
a coordinated zinc ion that is well conserved in the cytidine deami-
nase superfamily?2. The superimposition of the A3C core onto that of
the A3G CTD crystal structure (PDB 31R2) for 86% of the backbone
atoms exhibited a Cot r.m.s. deviation of 1.36 A, thereby indicating
the structural conservation of the core platform.

In contrast to the high conservation of the core structures, the loop
regions, particularly loops 1, 3, 4 and 7 of the A3C and A3G CTD
structures, are distinct (Fig. 1b,c and Supplementary Fig. 1a,b).
Nevertheless, the positions of certain residues in the loops exhibit
structural similarity. Arg30, Asn57, His66, Trp94, Argl22 and Tyr124
in A3C (Fig. 1b) are similar to Arg215, Asn244, His257, Trp285,
Arg313 and Tyr315 in the A3G CTD (Fig. 1c). These residues prima-
rily have critical roles in maintaining the conformation of the catalytic
center and the groove involved in substrate binding!®20, which are
functionally conserved features among A3 proteins. In contrast, dif-
ferences in the HIV-1 Vif interaction are attributable to unique con-
formational differences between the A3C and A3G CTD structures.

Notably, the A3C structure exhibits a continuous well-ordered
B2-strand that is remarkably different from that of the A3G CTD
(PDB 3IR2) (Fig. 1 and Supplementary Fig. la,b). Molecular
dynamics (MD) simulations support the high stability of the A3C B2

Figure 1 The X-ray crystal structure of full-length A3C. (a) Two views of
the A3C structure, rotated by 90°, are shown. The o-helices (a.1-a6)
and B-strands (B1-B5) are colored in red and yellow, respectively.

A coordinated zinc ion is represented as a blue sphere. (b,c) Structural
comparison around the catalytic groove of A3C (b) and A3G CTD (c).
Amino acid side chains of the conserved residues in loop 1 (magenta),
loop 3 (yellow), loop 5 (orange) and loop 7 (cyan) are labeled with the
residue numbers.

(Supplementary Fig. 1c—f), which is also observed in the APOBEC2
(A2) crystal structure??. In the A2 structure, a continuous 32 strand
mediates dimerization through a B2 of another molecule. However,
we did not detect any intermolecular contacts through the $2-B2
interaction within the 20 largest contacts in the crystal packing
(Supplementary Fig. 2a). In addition, our dynamic light-scattering
experiments indicated both monomodal and bimodal distributions
of A3C proteins in solution (Supplementary Fig. 2b), although our
gel-filtration data indicated that most of the protein was distributed
in the monomer size fraction (Supplementary Fig. 2c). These results
suggest that dynamic A3C dimerization might occur but not through
their B2 strands. This effect might be partly owing to 13 amino acids
of the N-terminal region, which reside on the B2 strand, that sterically
hinder the B2-B2 associations. Recently, a similar observation with a
full-length A2 structure has also been reported®*.

Ten A3C residues are critical for HIV-1 Vif binding

To determine the interface for HIV-1 Vif recognition of A3C, extensive
structure-guided mutagenesis experiments were performed by using
an approach analogous to that previously described for A3G?°. A single

Table 1 Data collection and refinement statistics

APOBEC3C
Data collection
Space group PE;
Cell dimensions
a b c(h) 105.04, 105.04, 70.05
a, Byl 90, 90, 120
Resolution (A) 105-2.15 (2.19-2.15)
Rrverge 5.4 (33.8)
1l ol 94.5 (13.3)
Completeness (%) 99.9 (100)
Redundancy 22.3 (22.6)
Refinement
Resolution (A) 91-2.15
No. reflections 22,783
Roin! Rrose 21.47/26.3
No. atoms 3,281
Protein 3,188
Ligand/ion 3
Water 90
B factors 45.56
Protein 45.69
Ligand/ion 45.50
Water 40.90
R.m.s. deviations
Bond lengths (A) 0.012
Bond angles (°) 1.390

A single crystal was used for solving the structure. Values in parentheses are for
highest-resolution shell.
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