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Abstract

Background: The Gag capsid (CA) is one of the most conserved proteins in highly-diversified human and simian
immunodeficiency viruses (HIV and SIV). Understanding the limitations imposed on amino acid sequences in CA
could provide valuable information for vaccine immunogen design or anti-HIV drug development. Here, by
comparing two pathogenic SIV strains, SIVmac239 and SIVsmE543-3, we found critical amino acid residues for
functional interaction between the N-terminal and the C-terminal domains in CA.

Results: We first examined the impact of Gag residue 205, aspartate (Gag205D) in SIVmac239 and glutamate
(Gag205E) in SIVsmE543-3, on viral replication; due to this difference, Gag206-216 (IINEEAADWDL) epitope-specific
cytotoxic T lymphocytes (CTLs) were previously shown to respond to SIVmac239 but not SIVsmE543-3 infection. A
mutant SIVmac239, SIVmac239Gag205E, whose Gag205D is replaced with Gag205E showed lower replicative ability.
Interestingly, however, SIVmac239Gag205E passaged in macaque T cell culture often resulted in selection of an
additional mutation at Gag residue 340, a change from SIVmac239 valine (Gag340V) to SIVsmE543-3 methionine
(Gag340M), with recovery of viral fitness. Structural modeling analysis suggested possible intermolecular interaction
between the Gag205 residue in the N-terminal domain and Gag340 in the C-terminal in CA hexamers. The
Gag205D-to-Gag205E substitution in SIVmac239 resulted in loss of in vitro core stability, which was recovered by
additional Gag340V-to-Gag340M substitution. Finally, selection of Gag205E plus Gag340M mutations, but not
Gag205E alone was observed in a chronically SIVmac239-infected rhesus macaque eliciting Gag206-216-specific CTL
responses.

Conclusions: These results present in vitro and in vivo evidence implicating the interaction between Gag residues
205 in CA NTD and 340 in CA CTD in SIV replication. Thus, this study indicates a structural constraint for functional
interaction between SIV CA NTD and CTD, providing insight into immunogen design to limit viral escape options.

Background
One of the characteristics of human immunodeficiency
virus (HIV) is to induce persistent viral replication
resulting in AIDS progression. HIV has enormous capa-
city to mutate and escape from host immune recogni-
tion, driving genetic diversification of the circulating
viruses [1-3]. The Gag capsid (CA), comprising the N-
terminal (NTD) and the C-terminal domains (CTD)

[4-6], is one of the most conserved proteins in highly-
diversified HIVs [7]. Understanding structural con-
straints in such viral proteins could provide valuable
information for immunogen design in AIDS vaccine
development.
Virus-specific cytotoxic T-lymphocyte (CTL)

responses play a central role in the control of immuno-
deficiency virus infection [7-12]. CTLs exerting strong
suppressive pressure on HIV replication select for viral
mutations resulting in escape from CTL recognition
[13-16]. Escape mutations in viral proteins with struc-
tural constraints are often selected with viral fitness
costs, possibly facilitating subsequent immune control
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[3,17-23]. Thus, conserved viral proteins such as CA can
be a promising antigen for vaccine-based CTL induction
toward HIV control.
We previously showed vaccine-based control of a

simian immunodeficiency virus mac239 (SIVmac239
[24]) challenge in a group of Burmese rhesus macaques
possessing the major histocompatibility complex class I
(MHC-I) haplotype 90-120-Ia [19,25]. Gag206-216
(IINEEAADWDL) epitope-specific CTL responses play
an important role in this control and select for a CTL
escape mutation, GagL216S, leading to a leucine (L)-to-
serine (S) substitution at the 216th amino acid (aa) in
Gag (CA) with the cost of viral fitness [26]. However,
90-120-Ia-positive vaccinees failed to control a challenge
with another pathogenic SIV strain, SIVsmE543-3 [27],
that has the same Gag206-216 epitope sequence with SIV-
mac239; Gag206-216-specific CTLs did not show
responses against SIVsmE543-3 infection due to an
aspartate (D)-to-glutamate (E) change, GagD205E, at
Gag residue 205 [28].
Thus, the GagD205E substitution in SIVmac239 could

result in viral escape from Gag206-216-specific CTL
recognition. However, in our previous analyses of 90-
120-Ia-positive animals eliciting Gag206-216-specific CTL
responses for one or two years postchallenge, we
observed selection of GagL216S, but not GagD205E
mutation in SIVmac239 infection, suggesting a possibi-
lity that the GagD205E substitution results in larger
reduction of viral replicative ability than GagL216S. In
the present study, we first constructed a mutant SIV-
mac239, SIVmac239Gag205E, with the GagD205E sub-
stitution and examined its replication ability in vitro.
We found that this amino acid change in the CA NTD
results in loss of viral fitness, which can be recovered by
an additional amino acid change in the CA CTD.
Further analyses presented in vitro and in vivo evidence
for a structural constraint in the functional interaction
between SIV CA NTD and CTD.

Results
Compensation for loss of viral fitness in
SIVmac239Gag205E by additional GagV340M substitution
We first constructed a mutant SIVmac239 molecular
clone DNA with a mutation of a D-to-E substitution at
the 205th aa in Gag (CA NTD) to obtain the mutant
virus, SIVmac239Gag205E (Figure 1). Analysis of viral
replication kinetics on HSC-F, a macaque T cell line,
revealed delayed peak of the mutant SIVmac239-
Gag205E replication, indicating its lower replicative abil-
ity compared to the wild-type SIVmac239 (Figure 2).
We further followed up SIVmac239Gag205E replica-

tion on HSC-F cells and explored a possibility of viral
reversion or additional mutations (Figure 3). No addi-
tional gag mutation became dominant on day 10 after

SIVmac239Gag205E infection. Interestingly, however, in
the second culture after passage of the first culture
supernatants on day 10 into uninfected HSC-F cells, an
additional mutation, GagV340M, resulting in a valine
(V)-to-methionine (M) substitution at the 340th aa in
Gag (CA CTD), became dominant in two of four sets of
experiments; SIVmac239 has V while SIVsmE543-3 has
M at the Gag residue 340. The GagD205E mutation
remained dominant, and no other mutations were
detected in the CA-coding region even in the second
culture.
We then constructed a mutant SIVmac239 molecular

clone DNA by introducing the GagV340M mutation
into the SIVmac239Gag205E CA-coding region to
obtain SIVmac239Gag205E340M (Figure 1). This
mutant SIV showed similar replication kinetics on HSC-
F cells with the wild-type SIVmac239, indicating com-
pensation for loss of viral fitness in SIVmac239Gag205E
by addition of the GagV340M substitution (Figure 2).
These results imply that SIV CA with Gag205D-340V or
Gag205E-340M combination is functional whereas the
CA with Gag205E-340V is less functional.

Possible interaction between Gag residues 205 and 340 in
SIV CA hexamers
Recovery of viral fitness of SIVmac239Gag205E by the
GagV340M substitution suggests a possibility of interac-
tion between Gag residues 205 in the NTD and 340 in
the CTD. Modeling of CA monomer structure, however,
showed that the Gag 205th residue is located in the
helix 4 of CA NTD, while the 340th is in the loop
between helices 10 and 11 of CTD, which does not sup-
port a possibility of intramolecular contact between Gag
residues 205 and 340 (data not shown).
CA molecules are known to form hexamer lattice in

mature virions [29-33]. Modeling of CA hexamer struc-
ture revealed that the Gag 205th residue in the NTD is
located in close proximity to the 340th in the CTD of
the adjacent CA molecule (Figure 4). These observations
support a possibility of intermolecular interaction
between Gag residues 205 and 340 in CA hexamers.
In addition, the 312th residue in the loop between

helices 8 and 9 of CTD is located in close proximity to the
205th in the NTD of the adjacent CA molecule. Because
SIVmac239 and SIVsmE543-3 have different amino acids
at this residue 312, alanine (A) in the former and proline
(P) in the latter, we also constructed a mutant SIVmac239
molecular clone DNA by introducing the GagA312P
mutation resulting in A-to-P substitution at the 312th aa
in Gag into the SIVmac239Gag205E CA-coding region to
obtain SIVmac239Gag205E312P (Figure 1). Analysis of
replication kinetics on HSC-F cells indicated recovery of
viral fitness by the additional GagA312P substitution in
SIVmac239Gag205E (Figure 2).
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Full recovery of viral fitness in SIVmac239Gag205E340M
We then focused on analyzing the possibility of func-
tional interaction between Gag residues 205 in CA NTD
and 312/340 in CA CTD. To confirm differences in viral
fitness among SIVmac239, SIVmac239Gag205E, SIV-
mac239Gag205E312P, and SIVmac239Gag205E340M,
we compared their replicative ability by viral competi-
tion assay (Table 1). The competitions confirmed lower
viral fitness of SIVmac239Gag205E compared to wild-
type SIVmac239, SIVmac239Gag205E312P, and SIV-
mac239Gag340M. SIVmac239Gag205E312P showed
lower viral fitness than SIVmac239, whereas replication
ability of SIVmac239Gag205E340M was no less than the
wild-type. These results indicate that the GagD205E
substitution in SIVmac239 reduced viral fitness, which
was recovered partially by an additional GagA312P and
fully by an additional GagV340M substitution. The com-
petition between SIVmac239 and SIVmac239Ga-
g205E340M at the ratio of 1:1 resulted in selection of
the latter, suggesting that SIV CA with Gag205E-340M
combination observed in SIVsmE543-3 may be slightly
more functional than that with Gag205D-340V in
SIVmac239.

Inhibition of the early phase of SIVmac239Gag205E
replication
We examined whether the GagD205E substitution
affects the early or late phase of SIVmac239 replication.
On LuSIV cells, SIVmac239Gag205E infection showed
significantly lower luciferase activity compared to wild-
type SIVmac239, SIVmac239Gag205E312P, or SIV-
mac239Gag205E340M, indicating suppression of the
early phase of SIVmac239GagD205E replication (Figure
5). In contrast, we did not find a significant difference
in viral production among SIVmac239, SIVmac239-
Gag205E, SIVmac239Gag205E312P, and SIVmac239Ga-
g205E340M (Figure 6). These results indicate that the
loss of viral fitness by the GagD205E substitution is
mainly due to inhibition of the early phase of viral
replication.

Loss of in vitro core stability in SIVmac239Gag205E
If the GagD205E substitution disturbs intermolecular
CA interaction for hexamer formation, it may affect SIV
core stability. To assess the core stability in vitro [34],
concentrated viruses were separated into three fractions
by ultracentrifugation under gradient sucrose

Figure 1 SIV CA amino acid sequences. (A) Comparison of SIVmac239 amino acid sequences in CA, Gag residues 136-364, with SIVsmE543-3
(GenBank accession number U72748). (B) Schema indicating the amino acid substitutions in mutant SIV CA.
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concentrations in the presence of Triton X-100 and
each fraction was subjected to Western blot analysis to
detect CA p27 proteins (Figure 7). In the absence of
Triton X-100, CA proteins were detected in the bottom
fraction, whereas those in the presence of 1% Triton X-
100 were sensitive to the detergent and detected not in
the bottom but only in the top fraction (data not

shown). We compared the in vitro viral core stability
between SIVmac239 and SIVmac239Gag205E in the
presence of 0.6%, 0.9%, and 1.35% Triton X-100, respec-
tively, and found a difference in the presence of 0.6%
Triton X-100. Additional experiments revealed that SIV-
mac239Gag205E core was more sensitive to 0.6% Triton
X-100 treatment than SIVmac239, SIVmac239Ga-
g205E312P, and SIVmac239Gag205E340M (Figure 7).
These results suggest that viral core stability may be
reduced by GagD205E substitution but can be recovered
by additional GagA312P or GagV340M substitution.

Selection of GagD205E plus GagV340M mutations in a
SIVmac239-infected macaque
The GagD205E substitution results in viral escape from
Gag206-216-specific CTL recognition. Finally, we exam-
ined whether this substitution can be selected in the
chronic phase of SIVmac239 infection in 90-120-Ia-posi-
tive macaques eliciting Gag206-216-specific CTL
responses using plasma samples obtained in our pre-
vious experiments [35,36]. SIVmac239-infected 90-120-
Ia-positive macaques select the GagL216S mutation
resulting in viral escape from Gag206-216-specific CTL
recognition, but we found selection of both GagD205E
and GagV340M mutations in viral genomes in one ani-
mal, R01-007 (Table 2). In this animal, GagD205E and
GagV340M mutations were undetectable at week 123
after SIVmac239 challenge, but both became detectable
at week 137 and were dominant at week 150. In con-
trast, the GagL216S mutation dominant at week 123
was not detected at week 150. These results present in
vivo evidence indicating functional interaction between
the Gag 205th residue in NTD and the 340th in CTD of
SIV CA.

Figure 2 Wild-type and mutant SIV replication kinetics in HSC-
F cells. HSC-F cells were infected with SIVmac239 (WT, open
circles), SIVmac239Gag205E (205E, closed diamonds),
SIVmac239Gag205E312P (205E312P, asterisk), or
SIVmac239Gag205E340M (205E340M, open triangles). Virus
production was monitored by measuring RT activity in the culture
supernatants. A representative result from five sets of experiments is
shown.

Figure 3 Passage of SIVmac239Gag205E culture supernatants. HSC-F cells were infected with SIVmac239Gag205E. The culture supernatant
on day 10 was added to fresh HSC-F cells to start the second culture. Viral RNAs were extracted from the first culture supernatant on day 10
and the second culture supernatant on day 16 after the initial infection and subjected to sequence analyses. Dominant amino acid at the 340th
residue remained V on day 10 in all cases but was M on day 16 in two of four sets of experiments (Gag340M was detectable on day 10 in these
two sets of experiments). No other amino acid change was observed in the CA-coding region.
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Discussion
The Gag CA which is one of the most conserved pro-
teins in HIV and SIV may be a promising immunogen
for CTL-based AIDS vaccines. However, the limitations
imposed on amino acid sequences in CA are not fully
understood. In the present study, we found that the
GagD205E substitution in SIVmac239 CA NTD reduces
viral fitness, which is recovered by additional GagA312P

or GagV340M substitution in the CTD. SIVmac239-
Gag205E passaged in cell culture often resulted in selec-
tion of an additional GagV340M mutation. Furthermore,
selection of Gag205E plus Gag340M mutations, but not
Gag205E alone, was observed in a chronically SIV-
mac239-infected rhesus macaques. These results provide
evidence indicating a functional interaction between
Gag residues 205 in CA NTD and 340 in CA CTD,

Figure 4 Structural models of SIVmac239 CA hexamer. The hexameric SIVmac239 CA models were constructed by homology-modeling
using a crystal structure of the hexameric HIV-1 CA at a resolution of 1.90 Å (PDB code: 3H47[33]) as a modeling template. “MOE-Align” and
“MOE-Homology” in MOE version 2008.1002 were used for the modeling. The side chains of the 205th, 312th, and 340th aa in Gag are shown as
orange sticks. (A) Overall structure of SIVmac239 CA hexamer. (B) The hexameric structures near positions 205, 312, and 340 of wild-type and
mutant SIVmac239 CAs.
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presenting a structural constraint for functional interac-
tion between SIV CA NTD and CTD.
HIV and SIV Gag proteins are expressed as unpro-

cessed polyproteins, which are assembled and incorpo-
rated into the virions. Concomitant with viral budding,
incorporated Gag polyproteins are proteolytically
cleaved by viral protease into processed proteins includ-
ing MA (matrix), CA, and NC (nucleocapsid), participat-
ing in mature infectious virion formation [37,38]. Recent
structural analyses [31-33,39-41] indicated that CA pro-
teins form hexamer lattice in matured virions; in the
mature CA core, the intermolecular NTD-NTD and
NTD-CTD interfaces are involved in the formation of

CA hexamers, while the intermolecular CTD-CTD
interface connects neighboring hexamers. Our modeling
analyses did not support a possibility of intramolecular
interaction but indicated possible intermolecular interac-
tion between Gag205 in CA NTD and Gag312/340 in
CA CTD, which may affect CA hexamer formation dur-
ing viral maturation. This is consistent with our results
in Figure 5 indicating that the GagD205E substitution
results in inhibition of the early phase of SIVmac239
replication, which can be overcome by additional
GagA312P or GagV340M substitution. This possibility is
supported also by our results on viral core stability in
vitro, although it remains unclear how much extent the

Table 1 Competition between SIV mutantsa

SIVs in competition Ratio of inoc. titersb Exp. no. Dominant aa sequencesc

day 6 day 18

4:1 #1 205D 205D

#2 205D 205D

SIVmac239 & SIVmac239Gag205E 1:1 #1 205D 205D

#2 205D 205D

1:4 #1 205D 205D

#2 205D 205D

4:1 #1 205D 312A 205D 312A

#2 205D 312A 205D 312A

SIVmac239 & SIVmac239Gag205E312P 1:1 #1 205D 312A 205D 312A

#2 205D 312A 205D 312A

1:4 #1 205D 312A 205D 312A

#2 205D 312A 205D 312A

4:1 #1 205D 340V 205D 340V

#2 205D 340V 205D 340V

SIVmac239 & SIVmac239Gag205E340M 1:1 #1 205D/E 340V/M 205E 340M

#2 205D/E 340V/M 205E 340M

1:4 #1 205E 340M 205E 340M

#2 205E 340M 205E 340M

4:1 #1 205E 312P 205E 312P

#2 205E 312P 205E 312P

SIVmac239Gag205E & SIVmac239Gag205E312P 1:1 #1 205E 312P 205E 312P

#2 205E 312P 205E 312P

1:4 #1 205E 312P 205E 312P

#2 205E 312P 205E 312P

4:1 #1 205E 340M 205E 340M

#2 205E 340M 205E 340M

SIVmac239Gag205E & SIVmac239Gag205E340M 1:1 #1 205E 340M 205E 340M

#2 205E 340M 205E 340M

1:4 #1 205E 340M 205E 340M

#2 205E 340M 205E 340M
aHSC-F cells were coinfected with two kinds of SIVs indicated. Viral gag fragments were amplified by RT-PCR from viral RNAs from the culture supernatants on
days 6 and 18 postinfection and then sequenced. Results from two sets of experiments (Exp. #1 and #2) are shown.
bThe ratio of the dose (RT activity) of the virus indicated at the top to that at the bottom at coinfection.
cDominant amino acid sequences at the positions where mutations were included in the inoculums are shown. 205D/E, D and E were detected equally at the
205th aa in Gag; 340 V/M, V and M were detected equally at the 340th aa in Gag.
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core stability in vitro can reflect the one in vivo [42].
There has been no report suggesting the influence of
the Gag 205 residue on SIV sensitivity to tripartite inter-
action motif 5a (TRIM5a). A previous report on HIV
CA lattice [31,43] indicated a potential interaction
between the helix 4 of NTD and the loop connecting
helices 10 and 11 of CTD in the adjacent molecule. Our
results suggest the possible involvement of Gag205 and
Gag340 residues in this intermolecular NTD-CTD inter-
action in CA hexamers.
The molecular model of CA hexamers incorporating

the GagD205E substitution suggested shortening of the
distance between Gag205 and Gag340 residues, which
looked to be compensated by GagV340M substitution
(Figure 4). The modeling can draw a hydrophobic
pocket between Gag205 and Gag340 residues in

SIVmac239Gag205E340M as well as SIVmac239, but
not in SIVmac239Gag205E CA hexamers. Thus, this
pocket may be a target candidate for anti-viral drugs.
Both GagL216S and GagD205E mutations can result

in escape from Gag206-216-specific CTL recognition
[19,28], but the former is usually selected in SIV-
mac239-infected 90-120-Ia-positive macaques probably

Figure 5 Mutant SIV infection. LuSIV cells were infected with
SIVmac239 (WT), SIVmac239Gag205E (205E), SIVmac239Gag205E312P
(205E312P), or SIVmac239Gag205E340M (205E340M). Luciferase
activity was measured 24 hr after infection. Relative infectivity is
shown as the ratio (%) of the luciferase activity to that of SIVmac239
(WT). Mean values in three sets of experiments are shown.

Figure 6 Mutant SIV production. COS-1 cells were transfected
with molecular clone DNAs of SIVmac239 (WT), SIVmac239Gag205E
(205E), SIVmac239Gag205E312P (205E312P), or
SIVmac239Gag205E340 M (205E340 M). RT activity of the culture
supernatants two days after transfection was measured. Mean
values in five sets of experiments are shown.

Figure 7 SIV core stability in vitro. Concentrated SIVmac239 (Wt;
lanes 1-3), SIVmac239Gag205E (205E; lanes 4-6),
SIVmac239Gag205E312P (205E312P; lanes 7-9), or
SIVmac239Gag205E340M (205E340 M; lanes 10-12) was separated
into three fractions (top [a], middle [b], and bottom [c]) by
ultracentrifugation under gradient sucrose concentrations in the
presence of 0.6% Triton X-100. Each fraction was subjected to
Western blot analysis to detect SIV CA p27 proteins (A). A
representative result from three sets of experiments is shown. The
bottom (c) fractions were also subjected to RT assay (B).

Table 2 Viral gag sequences in macaque R01-007
infected with SIVmac239a

Wks after challenge Amino acid sequencesb

at 205th at 216th at 340th

123 D S V

137 D (E) S (L) V (M)

150 E L M
aViral RNAs were extracted from plasma obtained from a 90-120-Ia-positive
macaque R01-007 at weeks 123, 137, and 150 after SIVmac239 challenge. Viral
gag fragments were amplified by RT-PCR from viral RNAs and then
sequenced. This animal showed efficient Gag206-216-specific CTL responses and
vaccine-based control of a SIVmac239 challenge with rapid selection of the
GagL216S escape mutation (at week 5), but accumulated viral mutations in
the chronic phase, leading to reappearance of plasma viremia around week
60 after challenge as described previously [19,35].
bDominant amino acid sequences at the 205th, 216th, and 340th aa in Gag
are shown. Parentheses indicate the sequences that are not dominant but
detectable.
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because the latter reduces viral fitness more severely
than the former. In this study, we found selection of
GagD205E plus GagV340M mutations in the chronic
phase of SIVmac239 infection in a 90-120-Ia-positive
macaque. In this animal, the CTL escape GagL216S
mutation first selected after SIVmac239 challenge
became undetectable and was replaced with the CTL
escape GagD205E mutation in combination with
GagV340M in the chronic phase. This may imply that
the GagD205E plus GagV340M mutations might be
more advantageous than the GagL216S mutation for
SIVmac239 replication in the presence of Gag206-216-
specific CTL pressure.
We observed the addition of GagV340M mutation but

not a Gag205E-to-Gag205D reversion in SIVmac239-
Gag205E passage. This may be due to difference in fre-
quencies between purine-to-purine (guanine-to-adenine)
change in the former and purine-to-pyrimidine (ade-
nine-to-thymine) change in the latter. The appearance
of additional GagV340M mutation in SIVmac239-
Gag205E passaged in cell culture as well as the selection
of GagD205E plus GagV340M mutations in an animal
provides key evidence indicating functional interaction
between Gag residues 205 in CA NTD and 340 in CA
CTD. The Gag is a promising candidate as a vaccine
immunogen for CTL induction, because cumulative stu-
dies have indicated the efficacy of Gag-specific CTL
responses against HIV and SIV infection [7,25,44,45].
However, viral mutational escape from CTL recognition
is a major challenge for AIDS vaccine design. Thus, the
information on the structural constraint presented in
this study might be helpful for immunogen design in
AIDS vaccine development.

Conclusions
Our results present in vitro and in vivo evidence impli-
cating the interaction between Gag residues 205 in CA
NTD and 340 in CA CTD in SIV replication. SIV CA
with Gag205D-340V (observed in SIVmac239) or
Gag205E-340M combination (observed in SIVsmE543-3)
is functional whereas the CA with Gag205E-340V is less
functional. Thus, the present study indicates a structural
constraint for functional interaction between SIV CA
NTD and CTD, providing valuable information for
immunogen design to limit viral escape options.

Methods
Analysis of mutant SIV replication
SIV molecular clone DNAs with gag mutations were
constructed by site-directed mutagenesis from the wild-
type SIVmac239 molecular clone DNA [24]. Virus
stocks were obtained by transfection of COS-1 cells
with wild-type or mutant SIV molecular clone DNAs
using Lipofectamine LTX PLUS (Invitrogen, Tokyo,

Japan). Viral titers were measured by reverse transcrip-
tion (RT) assay as described previously [46]. For analysis
of viral replication kinetics, HSC-F cells (herpesvirus sai-
miri-immortalized macaque T-cell line) [47] were
infected with wild-type or mutant SIVs (normalized by
RT activity), and virus production was monitored by
measuring RT activity in the culture supernatants. To
examine viral infectivity, LuSIV cells, which are derived
from CEMx174 cells and contain a luciferase indicator
gene under the control of the SIVmac239 long terminal
repeat, were cultured for 24 hr after viral infection and
then lysed in a reporter lysis buffer (Promega Corp.,
Tokyo, Japan) for measurement of the luciferase activity
in a luminometer (GloMax™ 96 Microplate Lumin-
ometer, Promega Corp.).

Viral competition assay
HSC-F cells were coinfected with two SIVs at a ratio of
1:1 or 1:4, and the culture supernatants harvested every
other day were used for RT assays. On day 6, the super-
natant was added to fresh HSC-F cells to start the sec-
ond culture. Similarly, on day 12 after the initial
coinfection, the second culture supernatant was added
to fresh HSC-F cells to start the third culture. RNAs
were extracted using the High Pure viral RNA kit
(Roche Diagnostics, Tokyo, Japan) from the initial cul-
ture supernatant on day 6 and from the third culture
supernatant on day 18 post-coinfection. The fragment
(nucleotides 1231 to 2958 in SIVmac239 [GenBank
accession number M33262]) containing the entire gag
region was amplified from the RNA by RT-PCR and
sequenced to determine dominant sequences as
described previously [19].

Molecular modeling of hexameric SIVmac239 CA
The crystal structures of HIV-1 CA NTD at a resolution
of 2.00 Å (PDB code: 1M9C[48]), HIV-1 CA CTD at a
resolution of 1.70 Å (PDB code: 1A8O[5]), and hexame-
ric HIV-1 CA at a resolution of 1.90 Å (PDB code: 3H47
[33]) were taken from the RCSB Protein Data Bank [49].
Three-dimensional (3-D) models of monomeric SIV-
mac239 CA were constructed by the homology modeling
technique using ‘MOE-Align’ and ‘MOE-Homology’ in
the Molecular Operating Environment (MOE) version
2008.1002 (Chemical Computing Group Inc., Quebec,
Canada) as described [50,51]. We obtained 25 intermedi-
ate models per one homology modeling in MOE, and
selected the 3-D models which were the intermediate
models with best scores according to the generalized
Born/volume integral methodology [52]. The final 3-D
models were thermodynamically optimized by energy
minimization using an AMBER99 force field [53] com-
bined with the generalized Born model of aqueous solva-
tion implemented in MOE [54]. Physically unacceptable
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local structures of the optimized 3-D models were further
refined on the basis of evaluation by the Ramachandran
plot using MOE. The structures of hexameric SIVmac239
CA were generated from the monomeric structures by
MOE on the basis of the assembly information of hex-
americ HIV-1 CA crystal structure [33].

Analysis of viral CA core stability in vitro
Detergent treatment of wild-type and mutant SIV parti-
cles was performed essentially as described previously
[34]. Briefly, viruses from COS-1 cells transfected with
viral molecular clone DNAs (normalized by RT activity)
were concentrated by ultracentrifugation at 35,000 ×
rpm for 75 min at 4°C in a SW41 rotor (Beckman
Instruments, Tokyo, Japan) through a cushion of 20%
sucrose in phosphate buffered saline (PBS). The concen-
trated viral pellets were suspended in PBS. Sucrose step
gradients were prepared in SW55 centrifuge tubes with
the 2.0 ml layer of 60% sucrose on the bottom and 2.1
ml layer of 20% sucrose overlaid. Then, 0.1 ml of Triton
X-100 in PBS and 0.5 ml of concentrated viruses were
overlaid and ultracentrifuged at 35,000 × rpm for 60
min at 4°C in a SW55Ti rotor (Beckman Instruments).
Three fractions (top [a], middle [b], and bottom [c]) of
1.1 ml each were collected from the top and subjected
to Western blot analysis using plasma from a simian-
human immunodeficiency virus 89.6PD-infected rhesus
macaque [55] and RT assay.

Acknowledgements
This work was supported by grants-in-aid from the Ministry of Education,
Culture, Sports, Science, and Technology, a grant-in-aid from the Japan
Society for the Promotion of Science, grants-in-aid from the Ministry of
Health, Labor, and Welfare, and a grant from Takeda Science Foundation in
Japan. NI is a Research Fellow of the Japan Society for the Promotion of
Science.

Author details
1International Research Center for Infectious Diseases, The Institute of
Medical Science, The University of Tokyo, 4-6-1 Shirokanedai, Minato-ku,
Tokyo 108-8639, Japan. 2Pathogen Genomic Center, National Institute of
Infectious Diseases, 4-7-1 Gakuen, Musashimurayama, Tokyo 208-0011, Japan.
3Department of Microbiology, Yokohama City University School of Medicine,
3-9 Fuku-ura, Kanazawa-ku, Yokohama 236-0004, Japan.

Authors’ contributions
NI and TM designed the study. NI, HT, and AR performed virological analyses
in vitro. MY and HS performed structure modeling analyses. HY and MK
examined viral genome sequences. NI and TM analyzed the data and wrote
the paper. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 23 August 2010 Accepted: 18 October 2010
Published: 18 October 2010

References
1. Coffin J: HIV population dynamics in vivo: implications for genetic

variation, pathogenesis, and therapy. Science 1995, 267:483-489.

2. McMichael AJ, Rowland-Jones SL: Cellular immune responses to HIV.
Nature 2001, 410:980-987.

3. Goulder PJ, Watkins DI: HIV and SIV CTL escape: implications for vaccine
design. Nat Rev Immunol 2004, 4:630-640.

4. Momany C, Kovari LC, Prongay AJ, Keller W, Gitti RK, Lee BM,
Gorbalenya AE, Tong L, McClure J, Ehrlich LS, Summers MF, Carter C,
Rossmann MG: Crystal structure of dimeric HIV-1 capsid protein. Nat
Struct Mol Biol 1996, 3:763-770.

5. Gamble TR, Yoo S, Vajdos FF, von Schwedler UK, Worthylake DK, Wang H,
McCutcheon JP, Sundquist WI, Hill CP: Structure of the carboxyl-terminal
dimerization domain of the HIV-1 capsid protein. Science 1997,
278:849-853.

6. Berthet-Colominas C, Monaco S, Novelli A, Sibai G, Mallet F, Cusack S:
Head-to-tail dimers and interdomain flexibility revealed by the crystal
structure of HIV-1 capsid protein (p24) complexed with a monoclonal
antibody Fab. EMBO J 1999, 18:1124-1136.

7. Goulder PJR, Watkins DI: Impact of MHC class I diversity on immune
control of immunodeficiency virus replication. Nat Rev Immunol 2008,
8:619-630.

8. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, Borkowsky W, Farthing C,
Ho DD: Temporal association of cellular immune responses with the
initial control of viremia in primary human immunodeficiency virus type
1 syndrome. J Virol 1994, 68:4650-4655.

9. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB: Virus-specific CD8+
cytotoxic T-lymphocyte activity associated with control of viremia in
primary human immunodeficiency virus type 1 infection. J Virol 1994,
68:6103-6110.

10. Matano T, Shibata R, Siemon C, Connors M, Lane HC, Martin MA:
Administration of an anti-CD8 monoclonal antibody interferes with the
clearance of chimeric simian/human immunodeficiency virus during
primary infections of rhesus macaques. J Virol 1998, 72:164-169.

11. Jin X, Bauer DE, Tuttleton SE, Lewin S, Gettie A, Blanchard J, Irwin CE,
Safrit JT, Mittler J, Weinberger L, Kostrikis LG, Zhang L, Perelson AS, Ho DD:
Dramatic rise in plasma viremia after CD8+ T cell depletion in simian
immunodeficiency virus-infected macaques. J Exp Med 1999, 189:991-998.

12. Schmitz JE, Kuroda MJ, Santra S, Sasseville VG, Simon MA, Lifton MA, Racz P,
Tenner-Racz K, Dalesandro M, Scallon BJ, Ghrayeb J, Forman MA,
Montefiori DC, Rieber EP, Letvin NL, Reimann KA: Control of viremia in
simian immunodeficiency virus infection by CD8+ lymphocytes. Science
1999, 283:857-860.

13. Phillips RE, Rowland-Jones S, Nixon DF, Gotch FM, Edwards JP, Ogunlesi AO,
Elvin JG, Rothbard JA, Bangham CR, Rizza CR, McMichael AJ: Human
immunodeficiency virus genetic variation that can escape cytotoxic T
cell recognition. Nature 1991, 354:453-459.

14. Borrow P, Lewicki H, Wei X, Horwitz MS, Peffer N, Meyers H, Nelson JA,
Gairin JE, Hahn BH, Oldstone MB, Shaw GM: Antiviral pressure exerted by
HIV-1-specific cytotoxic T lymphocytes (CTL) during primary infection
demonstrated by rapid selection of CTL escape virus. Nat Med 1997,
3:205-211.

15. Goulder PJ, Phillips RE, Colbert RA, McAdam S, Ogg G, Nowak MA,
Giangrande P, Luzzi G, Morgana B, Edwards A, McMichael AJ, Rowland-
Jones S: Late escape from an immunodominant cytotoxic T-lymphocyte
response associated with progression to AIDS. Nat Med 1997, 3:212-217.

16. Price DA, Goulder PJ, Klenerman P, Sewell AK, Easterbrook PJ, Troop M,
Bangham CR, Phillips RE: Positive selection of HIV-1 cytotoxic T
lymphocyte escape variants during primary infection. Proc Natl Acad Sci
USA 1997, 94:1890-1895.

17. Peyerl FW, Barouch DH, Yeh WW, Bazick HS, Kunstman J, Kunstman KJ,
Wolinsky SM, Letvin NL: Simian-human immunodeficiency virus escape
from cytotoxic T-lymphocyte recognition at a structurally constrained
epitope. J Virol 2003, 77:12572-12578.

18. Friedrich TC, Frye CA, Yant LJ, O’Connor DH, Kriewaldt NA, Benson M,
Vojnov L, Dodds EJ, Cullen C, Rudersdorf R, Hughes AL, Wilson N,
Watkins DI: Extra-epitopic compensatory substitutions partially restore
fitness to simian immunodeficiency virus variants that escape from an
immunodominant cytotoxic T-lymphocyte response. J Virol 2004,
78:2581-2585.

19. Matano T, Kobayashi M, Igarashi H, Takeda A, Nakamura H, Kano M,
Sugimoto C, Mori K, Iida A, Hirata T, Hasegawa M, Yuasa T, Miyazawa M,
Takahashi Y, Yasunami M, Kimura A, O’Connor DH, Watkins DI, Nagai Y:
Cytotoxic T lymphocyte-based control of simian immunodeficiency virus

Inagaki et al. Retrovirology 2010, 7:90
http://www.retrovirology.com/content/7/1/90

Page 9 of 10

http://www.ncbi.nlm.nih.gov/pubmed/7824947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7824947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11309628?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15286729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15286729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9346481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9346481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10064580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10064580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10064580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18617886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18617886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8207839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8207839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8207839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8057491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8057491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8057491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9420212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9420212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9420212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10075982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10075982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9933172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9933172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1721107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1721107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1721107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9018240?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9018240?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9018240?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9018241?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9018241?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9050875?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9050875?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14610180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14610180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14610180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14963161?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14963161?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14963161?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15210746?dopt=Abstract


replication in a preclinical AIDS vaccine trial. J Exp Med 2004,
199:1709-1718.

20. O’Connor DH, McDermott AB, Krebs KC, Dodds EJ, Miller JE, Gonzalez EJ,
Jacoby TJ, Yant L, Piontkivska H, Pantophlet R, Burton DR, Rehrauer WM,
Wilson N, Hughes AL, Watkins DI: A dominant role for CD8+-T-lymphocyte
selection in simian immunodeficiency virus sequence variation. J Virol
2004, 78:14012-14022.

21. Martinez-Picado J, Prado JG, Fry EE, Pfafferott K, Leslie A, Chetty S,
Thobakgale C, Honeyborne I, Crawford H, Matthews P, Pillay T, Rousseau C,
Mullins JI, Brander C, Walker BD, Stuart DI, Kiepiela P, Goulder P: Fitness
cost of escape mutations in p24 Gag in association with control of
human immunodeficiency virus type 1. J Virol 2006, 80:3617-3623.

22. Crawford H, Prado JG, Leslie A, Hué S, Honeyborne I, Reddy S, van der
Stok M, Mncube Z, Brander C, Rousseau C, Mullins JI, Kaslow R, Goepfert P,
Allen S, Hunter E, Mulenga J, Kiepiela P, Walker BD, Goulder PJR:
Compensatory mutation partially restores fitness and delays reversion of
escape mutation within the immunodominant HLA-B*5703-restricted
Gag epitope in chronic human immunodeficiency virus type 1 infection.
J Virol 2007, 81:8346-8351.

23. Schneidewind A, Brockman MA, Yang R, Adam RI, Li B, Gall SL, Rinaldo CR,
Craggs SL, Allgaier RL, Power KA, Kuntzen T, Tung CS, LaBute MX,
Mueller SM, Harrer T, McMichael AJ, Goulder PJR, Aiken C, Brander C,
Kelleher AD, Allen TM: Escape from the dominant HLA-B27-restricted
cytotoxic T-lymphocyte response in Gag is associated with a dramatic
reduction in human immunodeficiency virus type 1 replication. J Virol
2007, 81:12382-12393.

24. Kestler HW, Ringler DJ, Mori K, Panicali DL, Sehgal PK, Daniel MD,
Desrosiers RC: Importance of the nef gene for maintenance of high virus
loads and for development of AIDS. Cell 1991, 65:651-662.

25. Kawada M, Tsukamoto T, Yamamoto H, Iwamoto N, Kurihara K, Takeda A,
Moriya C, Takeuchi H, Akari H, Matano T: Gag-specific cytotoxic T
lymphocyte-based control of primary simian immunodeficiency virus
replication in a vaccine trial. J Virol 2008, 82:10199-10206.

26. Kobayashi M, Igarashi H, Takeda A, Kato M, Matano T: Reversion in vivo
after inoculation of a molecular proviral DNA clone of simian
immunodeficiency virus with a cytotoxic-T-lymphocyte escape mutation.
J Virol 2005, 79:11529-11532.

27. Hirsch V, Adger-Johnson D, Campbell B, Goldstein S, Brown C, Elkins W,
Montefiori D: A molecularly cloned, pathogenic, neutralization-resistant
simian immunodeficiency virus, SIVsmE543-3. J Virol 1997, 71:1608-1620.

28. Moriya C, Igarashi H, Takeda A, Tsukamoto T, Kawada M, Yamamoto H,
Inoue M, Iida A, Shu T, Hasegawa M, Nagai Y, Matano T: Abrogation of
AIDS vaccine-induced cytotoxic T lymphocyte efficacy in vivo due to a
change in viral epitope flanking sequences. Microbes Infect 2008,
10:285-292.

29. Ganser BK, Li S, Klishko VY, Finch JT, Sundquist WI: Assembly and analysis
of conical models for the HIV-1 core. Science 1999, 283:80-83.

30. Li S, Hill CP, Sundquist WI, Finch JT: Image reconstructions of helical
assemblies of the HIV-1 CA protein. Nature 2000, 407:409-413.

31. Ganser-Pornillos BK, Cheng A, Yeager M: Structure of full-length HIV-1 CA:
a model for the mature capsid lattice. Cell 2007, 131:70-79.

32. Ganser-Pornillos BK, Yeager M, Sundquist WI: The structural biology of HIV
assembly. Curr Opin Struct Biol 2008, 18:203-217.

33. Pornillos O, Ganser-Pornillos BK, Kelly BN, Hua Y, Whitby FG, Stout CD,
Sundquist WI, Hill CP, Yeager M: X-Ray Structures of the hexameric
building block of the HIV capsid. Cell 2009, 137:1282-1292.

34. Khan MA, Aberham C, Kao S, Akari H, Gorelick R, Bour S, Strebel K: Human
immunodeficiency virus type 1 Vif protein is packaged into the
nucleoprotein complex through an interaction with viral genomic RNA. J
Virol 2001, 75:7252-7265.

35. Kawada M, Igarashi H, Takeda A, Tsukamoto T, Yamamoto H, Dohki S,
Takiguchi M, Matano T: Involvement of multiple epitope-specific cytotoxic T-
lymphocyte responses in vaccine-based control of simian immunodeficiency
virus replication in rhesus macaques. J Virol 2006, 80:1949-1958.

36. Tsukamoto T, Takeda A, Yamamoto T, Yamamoto H, Kawada M, Matano T:
Impact of cytotoxic-T-lymphocyte memory induction without virus-
specific CD4+ T-Cell help on control of a simian immunodeficiency virus
challenge in rhesus macaques. J Virol 2009, 83:9339-9346.

37. Reicin A, Ohagen A, Yin L, Hoglund S, Goff S: The role of Gag in human
immunodeficiency virus type 1 virion morphogenesis and early steps of
the viral life cycle. J Virol 1996, 70:8645-8652.

38. Freed EO: HIV-1 gag proteins: diverse functions in the virus life cycle.
Virology 1999, 251:1-15.

39. Lanman J, Lam TT, Barnes S, Sakalian M, Emmett MR, Marshall AG,
Prevelige PE Jr: Identification of novel interactions in HIV-1 capsid
protein assembly by high-resolution mass spectrometry. J Mol Biol 2003,
325:759-772.

40. Lanman J, Lam TT, Emmett MR, Marshall AG, Sakalian M, Prevelige PE: Key
interactions in HIV-1 maturation identified by hydrogen-deuterium
exchange. Nat Struct Mol Biol 2004, 11:676-677.

41. Byeon I-JL, Meng X, Jung J, Zhao G, Yang R, Ahn J, Shi J, Concel J, Aiken C,
Zhang P, Gronenborn AM: Structural convergence between Cryo-EM and
NMR reveals intersubunit interactions critical for HIV-1 capsid function.
Cell 2009, 139:780-790.

42. Forshey BM, von Schwedler U, Sundquist WI, Aiken C: Formation of a
human immunodeficiency virus type 1 core of optimal stability is crucial
for viral replication. J Virol 2002, 76:5667-5677.

43. Sundquist WI, Hill CP: How to assemble a capsid. Cell 2007, 131:17-19.
44. Kiepiela P, Ngumbela K, Thobakgale C, Ramduth D, Honeyborne I,

Moodley E, Reddy S, de Pierres C, Mncube Z, Mkhwanazi N, Bishop K, van
der Stok M, Nair K, Khan N, Crawford H, Payne R, Leslie A, Prado J,
Prendergast A, Frater J, McCarthy N, Brander C, Learn GH, Nickle D,
Rousseau C, Coovadia H, Mullins JI, Heckerman D, Walker BD, Goulder P:
CD8+ T-cell responses to different HIV proteins have discordant
associations with viral load. Nat Med 2007, 13:46-53.

45. Sacha JB, Chung C, Rakasz EG, Spencer SP, Jonas AK, Bean AT, Lee W,
Burwitz BJ, Stephany JJ, Loffredo JT, Allison DB, Adnan S, Hoji A, Wilson NA,
Friedrich TC, Lifson JD, Yang OO, Watkins DI: Gag-specific CD8+ T
lymphocytes recognize infected cells before AIDS-virus integration and
viral protein expression. J Immunol 2007, 178:2746-2754.

46. Willey RL, Smith DH, Lasky LA, Theodore TS, Earl PL, Moss B, Capon DJ,
Martin MA: In vitro mutagenesis identifies a region within the envelope
gene of the human immunodeficiency virus that is critical for infectivity.
J Virol 1988, 62:139-147.

47. Akari H, Mori K, Terao K, Otani I, Fukasawa M, Mukai R, Yoshikawa Y: In vitro
immortalization of old world monkey T lymphocytes with herpesvirus
saimiri: its susceptibility to infection with simian immunodeficiency
viruses. Virology 1996, 218:382-388.

48. Howard BR, Vajdos FF, Li S, Sundquist WI, Hill CP: Structural insights into
the catalytic mechanism of cyclophilin A. Nat Struct Mol Biol 2003,
10:475-481.

49. Deshpande N, Addess KJ, Bluhm WF, Merino-Ott JC, Townsend-Merino W,
Zhang Q, Knezevich C, Xie L, Chen L, Feng Z, Green RK, Flippen-
Anderson JL, Westbrook J, Berman HM, Bourne PE: The RCSB Protein Data
Bank: a redesigned query system and relational database based on the
mmCIF schema. Nucleic Acids Res 2005, 33:D233-D237.

50. Song H, Nakayama EE, Yokoyama M, Sato H, Levy JA, Shioda T: A single
amino acid of the human immunodeficiency virus type 2 capsid affects
its replication in the presence of cynomolgus monkey and human
TRIM5alphas. J Virol 2007, 81:7280-7285.

51. Shirakawa K, Takaori-Kondo A, Yokoyama M, Izumi T, Matsui M, Io K, Sato T,
Sato H, Uchiyama T: Phosphorylation of APOBEC3G by protein kinase A
regulates its interaction with HIV-1 Vif. Nat Struct Mol Biol 2008,
15:1184-1191.

52. Labute P: The generalized Born/volume integral implicit solvent model:
estimation of the free energy of hydration using London dispersion
instead of atomic surface area. J Comp Chem 2008, 29:1693-1698.

53. Ponder JW, Case DA: Force fields for protein simulations. Adv Protein
Chem 2003, 66:27-85.

54. Onufriev A, Bashford D, Case DA: Modification of the generalized Born
model suitable for macromolecules. J Phys Chem B 2000, 104:3712-3720.

55. Matano T, Kano M, Nakamura H, Takeda A, Nagai Y: Rapid appearance of
secondary immune responses and protection from acute CD4 depletion
after a highly pathogenic immunodeficiency virus challenge in
macaques vaccinated with a DNA prime/Sendai virus vector boost
regimen. J Virol 2001, 75:11891-11896.

doi:10.1186/1742-4690-7-90
Cite this article as: Inagaki et al.: A structural constraint for functional
interaction between N-terminal and C-terminal domains in simian
immunodeficiency virus capsid proteins. Retrovirology 2010 7:90.

Inagaki et al. Retrovirology 2010, 7:90
http://www.retrovirology.com/content/7/1/90

Page 10 of 10

http://www.ncbi.nlm.nih.gov/pubmed/15210746?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15564508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15564508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16537629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16537629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16537629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17507468?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17507468?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17507468?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17804494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17804494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17804494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2032289?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2032289?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18667518?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18667518?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18667518?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16103206?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16103206?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16103206?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8995688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8995688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18316225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18316225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18316225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9872746?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9872746?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11014200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11014200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17923088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17923088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18406133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18406133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19523676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19523676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11461998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11461998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11461998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16439550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16439550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16439550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19587045?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19587045?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19587045?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8970990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8970990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8970990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12507478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12507478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15208693?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15208693?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15208693?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19914170?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19914170?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11991995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11991995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11991995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17923081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17173051?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17173051?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17312117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17312117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17312117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3257102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3257102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8610465?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8610465?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8610465?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8610465?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15608185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15608185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15608185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17475650?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17475650?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17475650?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17475650?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18836454?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18836454?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14631816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11689672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11689672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11689672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11689672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11689672?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Compensation for loss of viral fitness in SIVmac239Gag205E by additional GagV340M substitution
	Possible interaction between Gag residues 205 and 340 in SIV CA hexamers
	Full recovery of viral fitness in SIVmac239Gag205E340M
	Inhibition of the early phase of SIVmac239Gag205E replication
	Loss of in vitro core stability in SIVmac239Gag205E
	Selection of GagD205E plus GagV340M mutations in a SIVmac239-infected macaque

	Discussion
	Conclusions
	Methods
	Analysis of mutant SIV replication
	Viral competition assay
	Molecular modeling of hexameric SIVmac239 CA
	Analysis of viral CA core stability in vitro

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

