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In mature HIV-1 particles, viral capsid (CA) proteins form the conical core structure that
encapsidates two copies of the viral RNA genome. After fusion of the viral envelope
and cellular membranes, the CA core enters into the cytoplasm of the target cells. CA
proteins then interact with a variety of viral other protein as well as host factors, which
may either support or inhibit replication of the virus. Recent studies have revealed that CA
proteins are important not only for the uncoating step but also for the later nuclear import
step. ldentification of proteins that interact with CA to fulfill these functions is, therefore,
important for understanding the unknown HIV-1 replication machinery. CA proteins can
also be targets of the host immune response. Notably, some HLA-restricted cytotoxic
T-lymphocyte (CTL) responses that recognize CA functional regions can greatly contribute
to delay in AIDS progression. The multi-functionality of the CA protein may limit the flexible
virus evolution and reduce the possibility of an escape mutant arising. The presence of
many functional regions in CA protein may make it a potential target for effective therapies.
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INTRODUCTION

The HIV-1 gag gene encodes the Gag protein, major structural
component of virus particles (Vogt, 1997; Scarlata and Carter,
2003; Engelman and Cherepanov, 2012). The Gag protein con-
sists of six functionally different proteins. Capsid (CA) is the
largest component of Gag protein, and forms core structure of
the mature HIV-1 particle. Recent studies have revealed that the
CA protein has multiple roles in the virus-host interaction at the
cellular or individual levels. In this mini-review, we are sum-
marizing the interaction of the CA and host cellular proteins
such as cyclophilin A (CypA), Nuclear pore proteins (Nups),
TRIMS5alpha, and/or host immune response.

HIV-1 CAPSID PROTEINS CONSTITUTE THE VIRAL CORE
STRUCTURE

The HIV-1 Gag proteins are synthesized as Pr55Gag polypro-
tein in cytoplasm of the virus-producing cell, and are then
translocated to the plasma membrane. Subsequently, they are co-
assembled into virus particles, which bud and are then released
from the plasma membrane. Right after the budding and release
step from the virus producing cells, virus particles undergo a pro-
cess of maturation (Morikawa, 2003). The viral protease (PR)
cleaves the Gag polyprotein into six proteins: matrix (MA), CA,
nucleocapsid (NC), p6, p2, and pl. Virus morphology dramati-
cally changes as a result of the maturation process. In the mature
virus particles, CA proteins form a conical core structure encapsi-
dating two copies of the viral RNA genome associated by NC pro-
teins. The CA protein has N-terminal and C-terminal domains
(NTD and CTD, respectively), and the short flexible linker con-
nects between the two regions (Gitti et al., 1996; Momany et al.,
1996; Gamble et al., 1997). The CA proteins assemble into the
small units containing five or six monomers (Figure 1A) (Li et al.,

2000; Pornillos et al., 2009, 2011; Yeager, 2011). The core structure
is composed of approximately 250 units of hexamers, and 12 units
of pentamers at the both conical ends.

The mature virus particles can then infect to the new target
cells. The binding of the Env and receptors/co-receptors leads to
fusion of the viral envelope and cellular membranes, and sub-
sequently, the CA core enters the cytoplasm of the target cell.
The CA core interacts with a variety of cellular proteins at this
step (Mascarenhas and Musier-Forsyth, 2009). Before penetration
into new target cells, the viral core should be stable to pro-
tect the viral RNA genome from the outer environment (Koh
et al., 2000). However, after penetration, the core must be desta-
bilized to uncoat and release the viral genome at the correct time
for replication. Although spatial and temporal regulation of the
uncoating process is not yet well understood, this process presum-
ably depends on the interaction of CA with several host factors.
The identification of such host proteins is, therefore, likely to be
essential for understanding the HIV-1 replication cycle.

INTERACTION OF CA AND HOST FACTORS

CYCLOPHILIN A

Cyclophilin A (CypA) is a host cellular protein that car-
ries peptidyl-prolyl cis-trans isomerase (PPlase) activity and
is abundantly expressed in various types of cell, including T-
lymphocytes. CypA incorporates into HIV-1 particles via interac-
tion with pr55Gag protein (Luban et al., 1993; Franke et al., 1994;
Luban, 1996), binding at a site in the CA protein NTD, termed
the CypA-binding loop (Figures 1B and 2). The CypA-binding
loop is a proline-rich loop located between helices 4 and 5 in the
CA protein, with the proline residue at position 90 considered to
be the most important amino acid for CypA-binding (Grittinger
et al.,, 1999). Interference in CA-CypA-binding reduces HIV-1
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FIGURE 1 | CA proteins form hexamers and pentamers and schematic
model of CA interacting domains. (A) Hexameric/pentameric models
proposed from structural analysis of the HIV-1 core. Each core comprises
approximately 250 hexamers and exactly 12 pentamers. The accession
numbers of protein Databases are 3H47 3P05. (B) Functional surfaces in the
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CA protein. The gray circles indicate monomers of CA. NTD-NTD or CTD-NTD
interacting surfaces, CypA-binding loops, and hexamerhexamer/pentamer
interacting surfaces are shown. CA,; viral capsid; NTD; N-terminal domain,
CTD; C-terminal domain. The accession numbers of protein Database are
3DIK. The detailed map including each component is shown in Figure 2.

infection efficiency (Franke et al., 1994; Luban, 1996). Initial
studies to determine the role of CypA in HIV-1 infection focused
on CypA incorporated into virions, but later studies showed that
the target cellular CypA is more important for HIV-1 infection
(Sokolskaja et al., 2004; Hatziioannou et al., 2005). The exact role
of CypA in the HIV-1 replication is still unclear and remains a
subject of debate (Luban, 2007; Mascarenhas and Musier-Forsyth,
2009). One hypothesis is that the proline isomerase activity
induces a conformational change in the core structure, which
results in its destabilization and efficient viral uncoating in the
target cell cytoplasm. Interestingly, CypA is required for the repli-
cation HIV-1 group M virus, but not always necessary for the
HIV-1 group O or other simian immunodefficiency virus (SIV)
replication (Braaten et al., 1996). Besides, Takeuchi et al. (2012)
reported the opposing response to the CypA in HIV or SIV infec-
tion in different host cell species. Identification of the molecular
basis of CypA-dependent HIV-1 infection may also contribute to
understand the evolution of the HIV-1.

Nup358 AND OTHER FACTORS SUPPORTING NUCLEAR IMPORT

The lentiviruses, including HIV-1, are able to infect non-dividing
cells such as macrophages. The viral genome, consisting the
pre-integration complex (PIC), must move into the nucleus of

the target cell even in the non-dividing state, but molecular
mechanism of the nuclear import step has yet to be deter-
mined. Numerous studies have examined the requirements for
specific cellular proteins during HIV-1 nuclear import, including
nuclear transport proteins such as some importin family pro-
teins and Nups. It has been proposed that the PIC goes through
the nuclear pore on the nuclear membrane (De laco and Luban,
2011). One of the Nups, Nup358 (also known as RanBP2 or
RAN binding protein 2), is a cellular co-factor for the HIV-1
infection at the PIC nuclear import step (Hutten et al., 2009;
Zhang et al., 2010; Ocwieja et al., 2011; Schaller et al., 2011).
Nup358 is a relatively large protein (358 kDa) located on the cyto-
plasmic surface of the nuclear pore. Nup358 controls the cell
cycle, nuclear export, and transportin-dependent nuclear import.
Interestingly, Nup358 has a cyclophilin-like domain on its C-
terminal end. Schaller et al. (2011) revealed that Nup358 directly
binds to HIV-1 CA protein, with the viral acceptor being the
CypA-binding loop described above. The knockdown of Nup358
in target cells impairs HIV-1 infection at the nuclear import step,
and the migration of the PIC through the nuclear pore depends
on interaction of Nup358 and CA (Schaller et al., 2011). Although
the direct interaction of CA and Nup358 has now been iden-
tified, it is still unclear how Nup358 supports HIV-1 nuclear
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FIGURE 2 | Mapping of CA functional domains and two major protective
CTL alleles. Gray boxes show B-hairpin (amino acids 4—14) or helix structures
(H1-H11). Thick black bars indicate the CTL epitopes restricted by each allele (Llano
etal., 2009). The NTD-NTD, CTD-NTD, or hexamerhexamer/pentamer interacting
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regions are indicated. Three amino residues (N74, A105, and R132), which are
reported to change CypA dependency, are shown in circles (Schneidewind et al.,
2007; Yang and Aiken, 2007; Ambrose et al., 2012). The reference amino acids
sequences are from HXB2 (accession number; AB50258.1).

import. Furthermore, transportin-SR2 (TNPO3) was identified
as a HIV-1 co-factor that supports the nuclear import step by a
series of genome-wide siRNA screens, and TNPO3 interacts with
CA (Brass et al., 2008; Krishnan et al., 2010; Lee et al., 2010;
De Taco and Luban, 2011). These observations suggest that the
functional analysis of CA should be expanded to include nuclear
import steps. Also, a recent study proposed a model in which
reverse transcription and uncoating processes are regulated by
each other or occurring at almost same time, at the perinuclear
location in the target cells (Hulme et al., 2011). Further analysis
into the role of CA in these steps, and their interactions with other
host proteins including Nups should help to clarify the molecular
mechanism of HIV-1 replication.

TRIM5alpha

HIV-1 infection is strikingly restricted in the non-human primate
cells. It had been predicted that the CA targeting dominant-
acting inhibitory factor(s) expressed in these cells (Kootstra
et al., 2003; Goff, 2004; Towers, 2007; Luban, 2012). Stremlau
et al. (2004) identified TRIM5alpha as a species-specific HIV-1
restriction factor from the cDNA library of rhesus monkey cells.

The other ortholog of TRIM5 gene (known as TRIM-Cyp), which
restricts HIV-1 infection, was also identified from owl mon-
key cells (Nisole et al., 2004; Sayah et al., 2004). TRIM5alpha
is a member of the tripartite motif-containing protein fam-
ily, and the N-teminal domain has E3 ubiquitin ligase activity
(Diaz-Griffero et al., 2006; Stremlau et al., 2006; Luban, 2012).
Since the TRIM-Cyp carries a CypA-like domain in the C-
terminal, it can targets the HIV-1 CA via the CypA-binding
loop (Sayah et al., 2004). Although, the C-terminal domain of
TRIMb5alpha also has a function to recognize CA, its mecha-
nism had not been clarified despite of the numerous studies.
Ganser-Pornillos et al. (2011) proposed the TRIM5alpha lattice
model, in which a spontaneously formed cellular TRIM5alpha
hexameric lattice recognizes a surface of the incoming CA
core. The detailed mechanism of TRIMb5alpha- or TRIM-
Cyp-mediated HIV-1 restriction after recognition of the core
structure is still unclear. Two distinct restriction stages have
been observed in both TRIM5alpha- or TRIM-Cyp-mediated
HIV-1 restriction (Anderson et al., 2006; Yap et al., 2006).
The unknown host factor may contribute to their restriction
mechanism.
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CA PROTEIN AND THE HOST IMMUNE RESPONSE

CAN THE CA ACTIVATE HOST INNATE IMMUNE SENSOR?

Manel et al. (2010) reported that the interaction of CypA and
newly synthesized Gag proteins induces the type I interferon
response to activate T-cells. They showed that the CypA-Gag
interaction in dendritic cells activates the IRF3 pathway. This was
the first report of an interaction between HIV-1 Gag (or CA)
and CypA playing a role in inducing the host innate immune
response. More recently, Pertel et al. (2011) showed that the
interaction of host cellular TRIMS5 and CA stimulates AP-1 and
NF-kB signaling via the TAK-1 (also known as MAP3K7) path-
way. The proposed mechanism for this immune sensor is rather
complicated. In the presence of the heterodimeric E2 ubiquitin-
conjugating enzyme, UBC13/UEV1A, TRIM5alpha catalyzes the
synthesis of unattached K63-linked ubiquitin chains. The free
K63-linked ubiquitin chain activates the TAK1 kinase complex,
and the TAK-1-mediated signal then activates the inflamma-
tory cytokine transcription via the NF-kB and AP-1 pathway.
These two findings suggest that the Gag protein or core struc-
ture may be recognized by the TRIM5alpha or CypA that is acting
as a pathogen recognition receptor for the host innate immune
response. Further work in this area may contribute to the devel-
opment of new therapeutic strategies utilizing the host immune
response.

MAJOR PROTECTIVE CYTOTOXIC T-LYMPHOCYTE (CTL) ALLELES
TARGETING CA PROTEIN

The host cytotoxic T-lymphocyte (CTL) response is a major
effector to control HIV-1 replication in vivo (Borrow et al,
1994; Goulder and Watkins, 2008). CD8+ CTLs recognize the
antigenic peptides in the context of the class I major histocom-
patibility complex (MHC). The CTL escape mutations occur-
ring HIV-1 infection has been well documented (Leslie et al.,
2004; Gao et al., 2005). In many cases, the replication fitness
of the escape mutants is lower than that of the parental viruses
(Leslie et al., 2004). Since the CTLs recognize the target viral
peptides presented by the MHC on the surface of the virus-
infected cells, the efficiency of the CTL response closely depends
on the host MHC (human leukocyte antigen, HLA, in human)
alleles. Numerous studies show that some HLA alleles, such as
HLA-B*27 and HLA-B*57, have stronger protective effects than
that of other HLA alleles (Carrington and O’Brien, 2003; Gao
et al., 2005; Goulder and Watkins, 2008). HIV-1-specific CD8+
T-cell responses restricted by these alleles provide a probable
mechanism for the protection of HIV-1 infected carriers from

REFERENCES

preintegration complex intermedi-

disease progression. Notably, HLA-B*27 and HLA-B*57 target-
ing epitopes are located in the viral CA protein (mapped in
Figure 2). The major escape variant from HLA-B*27, R132K, has
been altered CypA dependency for viral infection (Schneidewind
et al., 2007). The three major highly conserved epitopes of HLA-
B*57, IW9, KF11, and TW10 are located distant regions in CA.
In these epitopes, IW9 and KFI11 locate the region that has
been identified as the CA NTD-NTD interacting surface. Escape
mutations in those regions may confer a structural disadvan-
tage on the virus, one which impairs infectivity (Llano et al,,
2009; Pornillos et al., 2009; Brennan et al., 2012). TW10 locates
the outer surface of the CA core structure, and Brockman et al.
(2007) showed that escape mutants in this region also alter the
CypA dependency for its replication. In addition, Battivelli et al.
(2011) reported that the mutations in TW10 increase the sensi-
tivity to the potent host cellular restriction factor TRIM5alpha.
Thus, escape mutations in CA often induce impairment of viral
replication as a result of a failure of interactions with viral or
host factors. More generally, it could be said that the interaction
between CA and viral or host proteins limits the evolutionary
flexibility of the virus. The CTL efficiency is not solely depend-
ing on the choice of the epitopes. Even though various factors
impact on effective CTL responses such as presentation efficiency
of the epitopes, the low evolutional flexibility of the target epi-
tope regions could be important factor for selecting effective CTL
responses.

PERSPECTIVE

For optimization of anti-HIV-1 therapies, much remains to
be studied about the function of each HIV-1 encoded pro-
tein and its interacting partner. It is widely known that escape
mutants arising under selective pressure from the host immune
response or anti-viral therapies often lose the fitness for repli-
cation. Recent advances in structural and genomic analyses
expand our understanding of viral and host protein interac-
tions. When the host immune response targets such a multi-
functional protein, like CA, the possibilities for generating a
successful escape mutation may be limited. In fact, two major
protective CTL alleles target a region that is functionally impor-
tant for HIV-1 replication. It can be considered that the multi-
functionality of the protein limits the “robustness” of the HIV-1
as a living organism. From this point of view, further func-
tional analysis of the CA protein, as well as CA-host protein
interactions, may contribute to establish better therapies for
HIV-1.

Braaten, D., Franke, E. K., and Luban, J. proteins required for HIV infec-

Ambrose, Z., Lee, K., Ndjomou, J.,
Xu, H., Oztop, 1., Matous, J., et al.
(2012). Human immunodeficiency
virus type 1 capsid mutation N74D
alters cyclophilin A dependence
and impairs macrophage infection.
J. Virol. 86, 4708-4714.

Anderson, J. L., Campbell, E. M., Wu,

ate can be generated during restric-
tion by diverse TRIM5 proteins.
J. Virol. 80, 9754-9760.

Battivelli, E., Migraine, J., Lecossier, D.,

Yeni, P, Clavel, F, and Hance, A.
J. (2011). Gag cytotoxic T lympho-
cyte escape mutations can increase
sensitivity of HIV-1 to human

(1996). Cyclophilin A is required for
the replication of group M human
immunodeficiency virus type 1
(HIV-1) and simian immunodefi-
ciency virus SIV(CPZ)GAB but not
group O HIV-1 or other primate
immunodeficiency viruses. J. Virol.
70, 4220-4227.

tion through a functional genomic
screen. Science 319, 921-926.

Brennan, C. A., Ibarrondo, E J., Sugar,

C. A., Hausner, M. A., Shih, R,,
Ng, H. L., et al. (2012). Early
HLA-B*57-restricted CD8+ T lym-
phocyte responses predict HIV-1
disease progression. J. Virol. 86,
10505-10516.

X., Vandegraaff, N., Engelman, A.,
and Hope, T. J. (2006). Proteasome
inhibition reveals that a functional

TRIM5alpha, linking intrinsic and
acquired immunity. J. Virol. 85,
11846-11854.

Brass, A. L., Dykxhoorn, D. M., Benita,
Y., Yan, N., Engelman, A., Xavier, R.
]., etal. (2008). Identification of host

Borrow, P., Lewicki, H., Hahn, B. H.,
Shaw, G. M., and Oldstone, M.

Frontiers in Microbiology | Virology

October 2012 | Volume 3 | Article 369 | 4


http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive

Takemura and Murakami

Functional constraints on HIV-1 capsid

B. (1994). Virus-specific CD8+
cytotoxic  T-lymphocyte activity
associated with control of viremia
in primary human immunode-
ficiency virus type 1 infection.
J. Virol. 68, 6103-6110.

Brockman, M. A., Schneidewind, A.,
Lahaie, M., Schmidt, A., Miura, T.,
Desouza, L, et al. (2007). Escape and
compensation from early HLA-B57-
mediated cytotoxic T-lymphocyte
pressure on human immunodefi-
ciency virus type 1 Gag alter cap-
sid interactions with cyclophilin A.
J. Virol. 81, 12608-12618.

Carrington, M., and O’Brien, S. J.
(2003). The influence of HLA geno-
type on AIDS. Annu. Rev. Med. 54,
535-551.

De laco, A., and Luban, J. (2011).
Inhibition of HIV-1 infection by
TNPO3 depletion is determined
by capsid and detectable after
viral ¢cDNA enters the nucleus.
Retrovirology 6, 8-98.

Diaz-Griffero, E, Li, X., Javanbakht, H.,
Song, B., Welikala, S., Stremlau, M.,
et al. (2006). Rapid turnover and
polyubiquitylation of the retroviral
restriction factor TRIMS. Virology
349, 300-315.

Engelman, A., and Cherepanov, P.
(2012). The structural biology of
HIV-1, mechanistic and therapeu-
tic insights. Nat. Rev. Microbiol. 10,
279-290.

Franke, E. K., Yuan, H. E., and Luban,
J. (1994). Specific incorporation of
cyclophilin A into HIV-1 virions.
Nature 372, 359-362.

Gamble, T. R., Yoo, S., Vajdos, E E, von
Schwedler, U. K., Worthylake, D. K.,
Wang, H., et al. (1997). Structure of
the carboxyl-terminal dimerization
domain of the HIV-1 capsid protein.
Science 278, 849-853.

Ganser-Pornillos, B. K., Chandra-
sekaran, V., Pornillos, O., Sodroski,
J., Sundquist, W. 1., and Yeager,
M. (2011). Hexagonal assembly of
a restricting TRIM5alpha protein.
Proc. Natl. Acad. Sci. U.S.A. 108,
534-539.

Gao, X., Bashirova, A., Iversen, A. K.,
Phair, J., Goedert, J. J., Buchbinder,
S., et al. (2005). AIDS restriction
HLA allotypes target distinct inter-
vals of HIV-1 pathogenesis. Nat.
Med. 11, 1290-1292.

Gitti, R. K., Lee, B. M., Walker,
J., Summers, M. E, Yoo, S., and
Sundquist, W. L. (1996). Structure
of the amino-terminal core domain
of the HIV-1 capsid protein. Science
273, 231-235.

Goff, S. P. (2004). Retrovirus restriction
factors. Mol. Cell 16, 849-859.

Goulder, P. J., and Watkins, D. I. (2008).
Impact of MHC class I diversity

on immune control of immunode-
ficiency virus replication. Nat. Rev.
Immunol. 8, 619-630.

Grittinger, M., Hohenberg, H.,
Thomas, D., Wilk, T., Miiller, B.,
and Krausslich, H. G. (1999).
In vitro assembly properties of
wild-type and cyclophilin-binding
defective human immunodeficiency
virus capsid proteins in the pres-
ence and absence of cyclophilin A.
Virology 257, 247-260.

Hatziioannou, T., Perez-Caballero,
D., Cowan, S., and Bieniasz, P. D.
(2005).  Cyclophilin
with incoming human immun-
odeficiency virus type 1 capsids
with opposing effects on infec-
tivity in human cells. J. Virol. 79,
176-183.

Hulme, A. E., Perez, O., and Hope,
T. J. (2011). Complementary assays
reveal a relationship between HIV-1
uncoating and reverse transcription.
Proc. Natl. Acad. Sci. U.S.A. 108,
9975-9980.

Hutten, S., Wilde, S., Spillner, C.,
Hauber, J., and Kehlenbach, R. H.
(2009). The nuclear pore compo-
nent Nup358 promotes transportin-
dependent nuclear import. J. Cell
Sci. 122, 1100-1110.

Koh, K., Miyaura, M., Yoshida,
A., Sakurai, A., Fujita, M., and
Adachi, A. (2000). Cell-dependent
gag mutants of HIV-1 are cru-
cially defective at the stage of
uncoating/reverse transcription
in non-permissive cells. Microbes
Infect. 2,1419-1423.

Kootstra, N. A., Munk, C., Tonnu,
N., Landau, N. R., and Verma, I.
M. (2003). Abrogation of postentry
restriction of HIV-1-based lentiviral
vector transduction in simian cells.
Proc. Natl. Acad. Sci. U.S.A. 100,
1298-1303.

Krishnan, L., Matreyek, K. A., Oztop,
I, Lee, K., Tipper, C. H., Li, X,
et al. (2010). The requirement for
cellular transportin 3 (TNPO3 or
TRN-SR2) during infection maps
to human immunodeficiency virus
type 1 capsid and not integrase.
J. Virol. 84, 397-406.

Lee, K., Ambrose, Z., Martin, T. D,
Oztop, I, Mulky, A., Julias, J. G.,
et al. (2010). Flexible use of nuclear
import pathways by HIV-1. Cell
Host Microbe 7, 221-233.

Leslie, A. J., Pfafferott, K. J., Chetty, P.,
Draenert, R., Addo, M. M., Feeney,
M., et al. (2004). HIV evolution:
CTL escape mutation and reversion
after transmission. Nat. Med. 10,
282-289.

Li, S., Hill, C. P, Sundquist, W. L., and
Finch, J. T. (2000). Image recon-
structions of helical assemblies of

interactions

the HIV-1 CA protein. Nature 407,
409-413.

Llano, A., Frahm, N., and Brander, C.
(2009). “How to optimally define
optimal Cytotoxic T lymphocyte
epitopes in HIV infection?” in
HIV  Molecular Immunology, eds
C. Kuiken, T. Leitner, B. Foley,
B. Hahn, P. Marx, E McCutchan,
S. Wolinsky, and B. Korber (Los
Alamos, NM: Theoretical Biology
and Biophysics Group, Los Alamos
National Laboratory), I-3-5.

Luban, J. (1996). Absconding with
the chaperone: essential cyclophilin-
Gag interaction in HIV-1 virions.
Cell 87, 1157-1159.

Luban, J. (2007). Cyclophilin A,
TRIMS5, and resistance to human
immunodeficiency virus type 1
infection. J. Virol. 81, 1054—1061.

Luban, J. (2012). TRIM5 and the regu-
lation of HIV-1 infectivity. Mol. Biol.
Int. 2012, 426840.

Luban, J., Bossolt, K. L., Franke, E.
K., Kalpana, G. V,, and Goff, S. P.
(1993). Human immunodeficiency
virus type 1 Gag protein binds
to cyclophilins A and B. Cell 73,
1067-1078.

Manel, N., Hogstad, B., Wang, Y., Levy,
D. E., Unutmaz, D., and Littman, D.
R. (2010). A cryptic sensor for HIV-
1 activates antiviral innate immu-
nity in dendritic cells. Nature 467,
214-217.

Mascarenhas, A. P, and Musier-
Forsyth, K. (2009). The capsid
protein of human immunodefi-
ciency virus: interactions of HIV-1
capsid with host protein factors.
FEBS J. 276, 6118-6127.

Momany, C., Kovari, L. C., Prongay, A.
J., Keller, W,, Gitti, R. K., Lee, B.
M., etal. (1996). Crystal structure of
dimeric HIV-1 capsid protein. Nat.
Struct. Biol. 3, 763-770.

Morikawa, Y. (2003). HIV capsid
assembly. Curr. HIV Res. 1, 1-14.
Nisole, S., Lynch, C., Stoye, J. P,
and Yap, M. W. (2004). A Trim5-
cyclophilin A fusion protein found
in owl monkey kidney cells can
restrict HIV-1. Proc. Natl. Acad. Sci.

U.S.A. 101, 13324-13328.

Ocwieja, K. E., Brady, T. L., Ronen,
K., Huegel, A., Roth, S. L,
Schaller, T., et al. (2011). HIV
integration targeting: a pathway
involving Transportin-3 and the
nuclear pore protein RanBP2.
PLoS  Pathog. 7:¢1001313. doi:
10.1371/journal.ppat.1001313

Pertel, T., Hausmann, S., Morger, D.,
Zuger, S., Guerra, J., Lascano, J.,
et al. (2011). TRIMS5 is an innate
immune
virus capsid lattice. Nature 472,
361-365.

sensor for the retro-

Pornillos, O., Ganser-Pornillos, B. K.,
Kelly, B. N., Hua, Y., Whitby, . G.,
Stout, C. D., et al. (2009). X-ray
structures of the hexameric building
block of the HIV capsid. Cell 137,
1282-1292.

Pornillos, O., Ganser-Pornillos, B. K.,
and Yeager, M. (2011). Atomic-level
modelling of the HIV capsid. Nature
469, 424-427.

Sayah, D. M., Sokolskaja, E., Berthoux,
L., and Luban, J. (2004). Cyclophilin
A retrotransposition into TRIM5
explains owl monkey resistance to
HIV-1. Nature 430, 569-573.

Scarlata, S., and Carter, C. (2003).
Role of HIV-1 Gag domains in viral
assembly. Biochim. Biophys. Acta
1614, 62-72.

Schaller, T., Ocwieja, K. E., Rasaiyaah,
J., Price, A. ], Brady, T. L., Roth,
S. L., et al. (2011). HIV-1 capsid-
cyclophilin interactions determine
nuclear import pathway, integra-
tion targeting and replication effi-
ciency. PLoS Pathog. 7:¢1002439.
doi: 10.1371/journal.ppat. 1002439

Schneidewind, A., Brockman, M. A,
Yang, R., Adam, R. I, Li, B., Le Gall,
S., et al. (2007). Escape from the
dominant HLA-B27-restricted cyto-
toxic T-lymphocyte response in Gag
is associated with a dramatic reduc-
tion in human immunodeficiency
virus type 1 replication. J. Virol. 81,
12382-12393.

Sokolskaja, E., Sayah, D. M., and Luban,
J. (2004).Target cell cyclophilin A
modulates human immunode-
ficiency virus type 1 infectivity.
J. Virol. 78, 12800-12808.

Stremlau, M., Owens, C. M., Perron,
M. J, Kiessling, M., Autissier,
P, and Sodroski, J. (2004). The
cytoplasmic  body  component
TRIM5alpha restricts HIV-1 infec-
tion in Old world monkey. Nature
427, 848-853.

Stremlau, M., Perron, M., Lee, M.,
Li, Y, Song, B., Javanbakht, H.,
et al. (2006). Specific recognition
and accelerated uncoating of retro-
viral capsids by the TRIMS5alpha
restriction factor. Proc. Natl. Acad.
Sci. U.S.A. 103, 5514-5519.

Takeuchi, H., Ishii, H., Kuwano, T,
Inagaki, N., Akari, H., and Matano,
T. (2012). Host cell species-
specific effect of cyclosporine A
on simian immunodeficiency virus
replication. Retrovirology 9, 3.

Towers, G. J. (2007). The control
of viral infection by tripartite
motif proteins and cyclophilin A.
Retrovirology 4, 40.

Vogt, V. M. (1997). “Retroviral viri-
ons and genomes,” in Retroviruses,
eds J. M. Coffin, S. H. Hughes, and
H. E. Varmus (Woodbury, NY: Cold

www.frontiersin.org

October 2012 | Volume 3 | Article 369 | 5


http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Takemura and Murakami

Functional constraints on HIV-1 capsid

Spring Harbor Laboratory Press),
27-70.

Yang, R., and Aiken, C. (2007). A
mutation in alpha helix 3 of CA
renders immunodefi-
ciency virus type 1 cyclosporin A
resistant and dependent: rescue
by a second-site substitution in a
distal region of CA. J. Virol. 81,
3749-3756.

Yap, M. W,, Dodding, M. P, and Stoye,
J. P. (2006). Trim-cyclophilin A
fusion proteins can restrict human

human

immunodeficiency virus type 1
infection at two distinct phases

in the viral life cycle. J. Virol. 80,
4061-4067.

Yeager, M. (2011). Design of in vitro
symmetric complexes and analysis
by hybrid methods reveal mecha-
nisms of HIV capsid assembly. J.
Mol. Biol. 410, 534-552.

Zhang, R., Mehla, R., and Chauhan,
A. (2010). Perturbation of host
nuclear membrane component
RanBP2 impairs the nuclear import
of human  immunodeficiency
virus-1 ~ preintegration complex
(DNA). PLoS ONE 5:15620. doi:
10.1371/journal.pone.0015620

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 30 July 2012; paper pending
published: 07 August 2012; accepted: 28
September 2012; published online: 17
October 2012.

Citation: Takemura T and Murakami T
(2012) Functional constraints on HIV-
1 capsid: their impacts on the viral

immune escape potency. Front. Microbio.
3:369. doi: 10.3389/fmicb.2012.00369
This article was submitted to Frontiers
in Virology, a specialty of Frontiers in
Microbiology.

Copyright © 2012 Takemura and
Murakami. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are
credited and subject to any copyright
notices concerning any  third-party
graphics etc.

Frontiers in Microbiology | Virology

October 2012 | Volume 3 | Article 369 | 6


http://dx.doi.org/10.3389/fmicb.2012.00369
http://dx.doi.org/10.3389/fmicb.2012.00369
http://dx.doi.org/10.3389/fmicb.2012.00369
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive

	Functional constraints on HIV-1 capsid: their impacts on the viral immune escape potency
	Introduction
	HIV-1 Capsid Proteins Constitute the Viral Core Structure
	Interaction of CA and Host Factors
	Cyclophilin A
	Nup358 and Other Factors Supporting Nuclear Import
	TRIM5alpha

	CA Protein and the Host Immune Response
	Can the CA Activate Host Innate Immune Sensor?
	Major Protective Cytotoxic T-Lymphocyte (CTL) Alleles Targeting CA Protein

	Perspective
	References


