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Human immunodeficiency virus type 1 (HIV-1) strain LAV-1 (HIV-1,,y.,) particles were collected by
ultracentrifugation, treated with subtilisin, and then purified by Sepharose CL-4B column chromatography to
remove microvesicles. The lysate of the purified HIV-1, ,_, particles was subjected to two-dimensional (2D) gel
electrophoresis and stained. The 2D gel electrophoresis image suggested that 24 proteins can be identified
inside the virion. Furthermore, the stained protein spots were excised and digested with trypsin. The resulting
peptide fragments were characterized by matrix-assisted laser desorption ionization-time of flight mass
spectrometry. Peptide mass fingerprinting data suggested that two isoforms of cyclophilin A (CyPA), one with
an isoelectric point (pI) of 6.40 and one with a pI of 6.53, are inside the viral membrane; that another isoform,
with a pl of 6.88, is outside the viral membrane; and that the CyPA isoform with a pI of 6.53 is N acetylated.
The mechanisms that permit the redistribution of CyPA on the viral surface have not yet been clarified, but it
is surmised that the CyPA isoform with a pI of 6.88 may play a critical role in the attachment of virions to the
surface of target cells and that both CyPA isoforms with pls of 6.40 and 6.53 may regulate the conformation

of the HIV-1 capsid protein.

The integrated form of human immunodeficiency virus
(HIV) type 1 (HIV-1), also known as the provirus, is approx-
imately 9.8 kb in length (17). The genes of HIV encode at least
nine proteins that are divided into three classes: (i) the major
structural proteins (Gag, Pol, and Env), (ii) the regulatory
proteins (Tat and Rev), and (iii) the accessory proteins (Vpu,
Vpr, Vif, and Nef) (8). These viral proteins function in the
replication cycle of HIV-1, which includes the following steps:
viral entry, reverse transcription, integration, gene expression,
assembly, budding, and maturation. The actions of these viral
proteins alone, however, cannot completely explain how HIV-1
can efficiently replicate in a susceptible host. To date, several
studies of purified HIV-1 virions have shown that in addition to
proteins encoded by the virus, cellular proteins from the host
are found in these virions (18, 19). Cellular proteins, such as
cyclophilin A (CyPA), are included in HIV-1 virions as a result
of their interaction with Gag proteins during assembly and

* Corresponding author. Mailing address: Kumamoto University,
Department of Biochemistry, Faculty of Pharmaceutical Sciences, 5-1
Oe-Honmachi, Kumamoto 862-0973, Japan. Phone: 81-96-371-4362.
Fax: 81-96-362-7800. E-mail: shoji@gpo.kumamoto-u.ac.jp.

release (6, 19, 28). CyPA is an abundant cytosolic protein
ubiquitously expressed in eukaryotic cells (21) and binds to the
interaction sites that are located in the N-terminal domain of
p24%“¢ around Glyge-Proy, for packaging and in the C-terminal
domain of p24%¢ around Gly,s.-Pro,s; and Gly,,5-Pro,,, for
destabilization of the capsid cone (5, 9). In addition, additional
evidence of the role of CyPA in the HIV-1 life cycle has
recently emerged. CyPA mediates HIV-1 attachment to target
cells via heparans (22). The actions of cellular protein CyPA
support HIV-1 replication.

Furthermore, some viral proteins with cotranslational or
posttranslational modifications, such as myristoylation and
phosphorylation, are also included in virions. N myristoylation
of p175“¢ of HIV-1 is essential for structural assembly and
replication (3, 26, 27). Phosphorylation of p17%“ is related to
its dissociation from the membrane during the early postentry
step of HIV-1 (4, 7). These cotranslational or posttranslational
modifications also support HIV-1 replication.

In this study, a purified HIV-1 strain LAV-1 (HIV-1; sv.1)
preparation was analyzed by two-dimensional (2D) gel elec-
trophoresis and matrix-assisted laser desorption ionization—
time of flight (MALDI-TOF) mass spectrometry (MS) to iden-
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FIG. 1. Elution profiles of both the microvesicle-contaminated HIV-1; oy, preparation and microvesicles alone, protein profiles of the subtilisin-treated HIV-1; o, preparation and
microvesicles alone, and HIV-1 reverse transcriptase activity assay results. (A) Elution profiles of the microvesicle-contaminated HIV-1, oy, preparation (circles) and microvesicles alone
(squares) determined with a 10-ml column of Sepharose CL-4B. OD, optical density. (B) SDS-PAGE of the microvesicle-contaminated HIV-1, o, preparation and microvesicles alone derived
from CEM cells. Lanes containing non-subtilisin-treated and subtilisin-treated materials are denoted by minus and plus signs, respectively. (C) Western immunoblot analysis of the
subtilisin-treated HIV-1; ., preparation. Antibodies used for analyses are displayed above the blots. The bands were visualized by means of chemiluminescence detection (NEN Life Science
Products, Inc., Boston, Mass.). Lanes containing non-subtilisin-treated and subtilisin-treated HIV-1; 4., materials are denoted by minus and plus signs, respectively. RT66, reverse transcriptase.
SDS-PAGE and Western immunoblot analyses of digests were done with samples containing 1 pg of starting total protein. (D) Reverse transcriptase (RT) activity of each fraction containing
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non-subtilisin-treated (gray bars) or subtilisin-treated (black bars) HIV-1, ,y.;, determined in accordance with the manufacturer’s instructions.
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FIG. 2. 2D gel image of HIV-1; ,y.;. The horizontal axis shows protein separation by isoelectric focusing. The vertical axis shows protein
separation by molecular mass (in kilodaltons). The gel was silver stained. 2D SDS-PAGE standards (Nippon Bio-Rad Laboratories) were used for
the reproducibility of 2D experiments. The most striking advantage of these standards is that they allow valid comparisons of 2D electrophoresis
patterns of different samples. The 2D gel pattern shows the results obtained after superimposition of the patterns of the subtilisin-treated
HIV-1, ov.; preparation and microvesicles alone on that of the non-subtilisin-treated HIV-1; v, preparation. Spots of proteins inside the virion
are emphasized in red. Spots derived from microvesicles are emphasized in light blue.

tify not only unknown cellular and viral proteins inside HIV-
1, av.: that are indispensable for its replication but also
unknown cotranslational or posttranslational modifications of
viral and cellular proteins that are essential for the viral life
cycle.

Virus purification and subtilisin treatment. The study of
proteins inside HIV-1 was complicated by the potential con-
tamination of the HIV-1 preparation with nonviral particles
called microvesicles (1, 11, 19). In this study, a microvesicle-
contaminated HIV-1, o,_; preparation (from the culture me-
dium of chronically HIV-1; ,_;-infected T-cell line CEM) and
microvesicles from uninfected T-cell line CEM were prepared
and then purified with Sepharose CL-4B according to the pro-
tocol of McGrath et al. (16). As shown in Fig. 1A, both the
microvesicle-contaminated HIV-1 preparation and the mi-
crovesicles alone eluted at the same positions as fractions 7, 8,
and 9 on a Sepharose CL-4B gel with calcium- and magnesium-
free phosphate-buffered saline [PBS(—)]. The microvesicle-
contaminated HIV-1, ,,,_; preparation and the microvesicles
alone were digested with subtilisin (ICN Biomedicals Inc.,
Costa Mesa, Calif.) to remove microvesicles by using the pro-
tocol of Ott et al. (19, 20). The subtilisin-treated HIV-1; Ay,
preparation and the microvesicles alone were separated by

sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) (15) (Multigel 4/20; Daiichi Pure Chemicals
Co., Ltd., Tokyo, Japan), and the separated proteins were
subsequently subjected to Western immunoblot analysis with
HIV-1-positive plasma and antibody 0.58 (a kind gift from
Shuzo Matsushita, AIDS Research Institute, Kumamoto Uni-
versity, Kumamoto, Japan).

Typical results for the subtilisin-treated HIV-1, oy, prepa-
ration and the microvesicles alone are shown in Fig. 1B and C,
respectively. As expected, more than 95% of microvesicle-
associated proteins were removed by the subtilisin treatment
(Fig. 1B, lane 4). In contrast, proteins inside the virion, such as
p17%¢ and p245°¢, were not digested, although gp120 was com-
pletely digested (Fig. 1C, lanes 2 and 4). In addition, HIV-1
reverse transcriptase activity, measured by using a reverse tran-
scriptase assay nonradioactive kit (Roche Diagnostics Corp.,
Tokyo, Japan) in accordance with the manufacturer’s instruc-
tions, was not decreased by the subtilisin treatment (Fig. 1D).
These results suggest that the proteins inside the virion were
not digested by the subtilisin treatment because they were
protected by the virion membrane. Therefore, the subtilisin
digestion procedure was used to identify unknown cellular and
viral proteins inside HIV-1, ,+.;. Finally, the subtilisin-treated
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TABLE 1. Data for protein spots excised from the 2D gel
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Accession no.”

Gel feature®

Predicted data?

Spot® Protein name for %Seq”
gene plI Mass(kDa) plI Mass (kDa)
1 Reverse transcriptase/RNase H (fragment) 040174 10.7 8.40 58 8.63 65
2 POL (fragment) QIIDF2 27.2 8.59 49 8.64 60
3 Integrase (fragment) 092844 21.9 6.54 30 8.16 32
4 Integrase (fragment) 092844 28.1 6.80 30 7.75 32
5 Chain 2: core protein p24 (core antigen) P03348 11.3 5.69 24 6.26 26
6 Chain 2: core protein p24 (core antigen) P03348 54.5 5.94 24 6.26 26
7 Peptidyl-prolyl cis-trans isomerase A (CyPA) P05092 40.2 6.40 18 7.82 18
8 Peptidyl-prolyl cis-trans isomerase A (CyPA) P05092 41.5 6.53 18 7.82 18
9 Chain 1: core protein p17 (matrix protein) P03348 25.2 8.41 17 9.28 15
10 Chain 1: core protein p17 (matrix protein) P03348 35.9 9.72 17 9.28 15
11 Chain 1: core protein p17 (matrix protein) P03348 58.8 8.85 12 9.28 15
25 Peptidyl-prolyl cis-trans isomerase A (CyPA) P05092 48.2 6.88 18 7.82 17.9

“ Key to spot labels in Fig. 2.

b Ratio of the length of peptide sequences actually detected to the total sequence length of the theoretical gene product, expressed as a percentage.

¢ Calculated directly from the 2D gel.
@ Predicted for the theoretical gene product.
¢ SWISS PROT/TrEMBL database.

HIV-1, ., preparation was repurified by column chromatog-
raphy with a 10-ml Sepharose CL-4B column with PBS(—)
prior to proteome analysis.

The microvesicle-contaminated HIV-1, .., preparation,
the microvesicle-free HIV-1, 4+,.; preparation, and the micro-
vesicles alone were pooled and centrifuged at 100,000 X g for
1 h at 4°C. Each resulting pellet was boiled for 1 min and lysed
in 200 pl of lysis buffer, which consisted of 8 M urea and 4%
(wt/vol) 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-
sulfonate (CHAPS) in 2% immobilized pH gradient (IPG) buffer
(pH 6 to 11).

2D gel separation of HIV-1, ,,_, lysates and characteriza-
tion of proteins inside the virion. To create a 2D image of
HIV-1 virion proteins, the nontreated HIV-1; .., prepara-
tion, the subtilisin-treated HIV-1; 4+, preparation, and the
microvesicles alone were individually analyzed by 2D PAGE
under the same conditions by using the protocol of Gorg et al.
(12). Each sample was loaded on the gel by anodic cup loading
with an 18-cm Immobiline Drystrip (pH 6 to 11) (Amersham
Biosciences Corp., Buckinghamshire, United Kingdom). Each
gel was run in the gradient mode: the voltage was raised from
500 to 3,500 V over 8 h and then was maintained at 3,500 V for

TABLE 2. Comparison of theoretical masses and observed masses derived from tryptic digests of spots 7.

Spot TrpriC peptide Mass (%) Corresponding sequence No. of missed
(amino acids) Theoretical Observed cleavages
7 T1 (1-18) 1,946.00 1,946.30 VNPTVFFDIAVDGEPLGR 0
T2 (19-30) 1,379.76 1,380.00 VSFELFADKVPK 1
T3 (31-36) 737.36 737.35 TAENFR 0
T4 (76-90) 1,831.91 1,832.20 SIYGEKFEDENFILK 1
TS5 (82-90) 1,154.57 1,153.58 FEDENFILK 0
T6 (118-124) 848.41 848.35 TEWLDGK 0
T7 (118-130) 1,515.80 1,515.57 TEWLDGKHVVFGK 1
T8 (118-132) 1,742.96 1,742.91 TEWLDGKHVVFGKVK 2
8 T1 (1-18) 1,988.01 1,988.26 Acetyl-VNPTVFFDIAVDGEPLGR 0
T2 (31-36) 737.36 737.37 TAENFR 0
T3 (37-43) 705.38 705.42 ALSTGEK 0
T4 (55-68) 1,541.72 1,542.00 ITPGFMCQGGDFTR 0
TS5 (76-90) 1,831.91 1,832.20 SIYGEKFEDENFILK 1
T6 (82-90) 1,154.57 1,153.58 FEDENFILK 0
T7 (118-124) 848.41 848.35 TEWLDGK 0
T8 (118-130) 1,515.80 1,515.57 TEWLDGKHVVFGK 1
T9 (131-143) 1,505.75 1,506.00 VKEGMNIVEAMER 1
T10 (133-143) 1,278.58 1,278.80 EGMNIVEAMER 0
25 T1 (1-18) 1,946.00 1,945.70 VNPTVFFDIAVDGEPLGR 0
T2 (31-36) 737.36 737.46 TAENFR 0
T3 (55-68) 1,541.72 1,541.50 IIPGFMCQGGDFTR 0
T4 (76-90) 1,831.91 1,832.29 SIYGEKFEDENFILK 1
TS5 (82-90) 1,154.57 1,153.75 FEDENFILK 0
T6 (118-124) 848.41 848.36 TEWLDGK 0
T7 (118-130) 1,515.80 1,515.58 TEWLDGKHVVFGK 1
T8 (131-143) 1,505.75 1,505.50 VKEGMNIVEAMER 1
T9 (133-143) 1,278.58 1,278.40 EGMNIVEAMER 0
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FIG. 3. Spectra of N-terminal tryptic peptides derived from CyPA and corresponding to spots 7, 8, and 25; postsource decay spectrum; and
N-acylamino acid-releasing enzyme treatment of an N-terminal tryptic peptide derived from the spot 8 protein, N-acetyl-VNPTVFFDIAVDGE-
PLGR. (A) MALDI-TOF mass spectra of N-terminal tryptic peptides derived from CyPA and corresponding to spots 7, 8, and 25. As shown in
the top and bottom spectra, the peaks of (M + H)" at m/z 1,946.30 and 1,945.70 represent N-terminal tryptic peptide Val;-Arg,g of CyPA. As
shown in the middle spectrum, the peak of (M + H)™ at m/z 1,988.26 could be assigned to the acetylated form of N-terminal tryptic peptide
Val,-Arg,s. The fragment with a molecular mass of 41.96 and corresponding to the acetyl group was deleted. a.i., absolute intensity. (B) MS
determination of the partial peptide sequence of the N-terminal tryptic peptide derived from the spot 8 protein. y” series ions were defined
according to the nomenclature of Biemann (2) (C) Liberation of N-acetylated Val,; from the N-terminal peptide derived from the spot 8 protein.
As shown in the lower spectrum, the peak at m/z 1,847.18 and corresponding to the peptide Asn,-Arg,s (theoretical mass, m/z 1,846.93) was
detected after N-acylamino acid-releasing enzyme treatment. The peak at m/z 1,847.18 was not found before N-acylamino acid-releasing enzyme
treatment (upper spectrum). The unknown peaks of (M + H)™" at m/z 1,956.74 and 1,973.01 were also found in control experiments under identical
conditions, except for the omission of tryptic peptides derived from the spot 8 protein.
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FIG. 3—Continued.

25 h. After the 2D electrophoresis (12 to 14% ExcelGel XL
SDS; Amersham Biosciences Corp.), the gel was silver stained
by using the protocols of Shevchenko et al. (25) and Wilm et al.
(31). The 2D gel was analyzed by using Bio-Rad Melanie II
software (Nippon Bio-Rad Laboratories, Yokohama, Japan).
Spots in the protein profile of the nontreated HIV-1, o,
preparation that overlapped those in the profile of the subtili-
sin-treated HIV-1, 4., preparation are emphasized in red,
except for the spots newly produced by the subtilisin treatment
(Fig. 2). The results suggested that 24 spots can be identified as
proteins inside the virion (Fig. 2). In addition, spots in the
protein profile of the non-subtilisin-treated HIV-1; 4+, prep-
aration that overlapped those in the profile of the mi-
crovesicles alone are emphasized in light blue (Fig. 2). Sixty-
one spots were identified as proteins derived from
microvesicles. The other spots were identified as proteins out-
side the virion.

The spots corresponding to the proteins inside the virion
were excised and destained prior to enzymatic digestion by
using the protocol of Gharahdaghi et al. (10). These pieces of
gel were immersed in 100 wl of acetonitrile, dried under vac-
uum centrifugation for 60 min, rehydrated in 50 pl of trypsin
solution (25 ng of trypsin/pl in 100 mM ammonium bicarbon-
ate), and then incubated for 45 min on ice. Unabsorbed trypsin
solution was removed, and the gel pieces were immersed in 20
pl of 100 mM ammonium bicarbonate (pH 8.0) and further
incubated for 12 h at 37°C. The resulting tryptic peptides were
purified by using ZipTip C,g in accordance with the manufac-
turer’s instructions (literature number TN 224; Nihon Milli-
pore Ltd., Tokyo, Japan) and then analyzed by MALDI-TOF
MS with the FAST accessory for post-source decay (Burker
Daltonik GmbH, Bremen, Germany) and a-cyano-4-hydroxy-
cinnamic acid as the matrix.

The peptide masses obtained were subjected to a search to
determine their matches in the SWISS-PROT and TrEMBL
databases by using the program Peptldent (http://expasy.pro-
teome.org.au/tools/peptident.html), and protein matches were
assigned by referring to theoretical fingerprints derived from
published data. The remaining, nonmatching peptide masses
were subjected to a search by using the FindMod program
(http://www.expasy.ch/tools/findmod) in order to identify prob-
able cotranslational or posttranslational modifications (30).
Consequently, 9 of the 24 spots were identified as the major
viral structural proteins (spots 1 to 6 and 9 to 11), and 2 of the
24 spots were identified as cellular proteins (spots 7 and 8)
(Table 1). Interestingly, proteins corresponding to spots 7 and
8 (with pls of 6.40 and 6.53, respectively) were assigned to two
isoforms of CyPA inside the virion which we designated
CyPAg 4 and CyPA, s;, respectively (Table 2). Only Env was
assigned based on the 2D image by Western immunoblot anal-
ysis of the non-subtilisin-treated HIV-1; 4+, preparation with
antibody 0.58 because proteins outside the virion were com-
pletely digested by the subtilisin treatment (Fig. 2). Character-
ization of the other proteins inside the virion (spots 12 to 24 in
Fig. 2) is ongoing.

Posttranslational modification. Proteins corresponding to 9
of the 11 identified spots (spots 3 to 11) were estimated to be
the products of three genes, suggesting the existence of mul-
tiple protein isoforms resulting from cotranslational or post-
translational modifications of the gene products. Peptide mass
fingerprinting data were used to identify probable cotransla-
tional or posttranslational modifications. Consequently, the
acetylation of N-terminal tryptic peptide Val,-Arg,s of
CyPA, 53 was estimated by using the FindMod program be-
cause the mass spectrum corresponding to N-terminal tryptic
peptide Val,;-Arg, exhibited a peak at m/z 1,946.30 in spot 7
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and the mass spectrum corresponding to the acetylated form
exhibited a peak at m/z 1,988.26 in spot 8 (Fig. 3A, upper and
middle spectra). The acetylation was confirmed by sequential
cleavages with MS determination of the peptide sequence frag-
ment (Fig. 3B) and liberation of N-acetylated Val; from the
amino-terminal peptide of CyPA 55 (Fig. 3C). The fragment
ions (y” series) at m/z 174.74, 232.21, 442.31, 571.31, 628.50,
743.24, 842.64, 1,026.56, 1,288.59, 1,435.29, and 1,732.95 were
defined according to the nomenclature of Biemann (2) and
provided sufficient information on the formation of acetylated
Val, (Fig. 3B). Furthermore, the peak of (M + H)* at m/z
1,847.18 corresponded to the peptide (Asn,-Arg,s) whose N-
acetylated Val, was cleaved away by an N-acylamino acid-
releasing enzyme (29) (Takara Shuzo Co., Ltd., Tokyo, Japan)
in accordance with the manufacturer’s instructions (Fig. 3C,
lower spectrum). These findings demonstrated for the first
time that N-acetylated CyPA is actually present in the virion,
although the N acetylation of CyPA has been presumed be-
cause there were previous cases where the N-terminal amino
acid sequence of CyPA was not obtained (14, 19), and that
N-acetylation can be considered one of the possible causes of
the difference in plI between CyPA ,, and CyPA, s5.

The other modified proteins (spots 3 to 6 and 9 to 11)
included the products of the gag and pol genes; however, spe-
cific modifications could not be clearly established (Table 1).
Although 11.3 to 58.8% of the total predicted sequence was
recovered by proteome analysis, the remaining tryptic peptides
might be either modified or not ionized well during MS.

Localization of CyPA. To identify proteins outside the
virion, spots that did not overlap in the protein profile of the
non-subtilisin-treated HIV-1, ,,,_; preparation and that of the
microvesicles alone were also investigated. Figure 4 shows an
expanded view of the same area of interest in each 2D gel
image. As shown in Fig. 4A, spot 25 was observed only in the
protein profile of the non-subtilisin-treated HIV-1; .., prep-
aration that was then subjected to tryptic peptide mass finger-
printing by using MALDI-TOF MS. Interestingly, the protein
corresponding to spot 25 (with a pI of 6.88) was assigned to a
novel isoform of CyPA located outside the virion which we
designated CyPAg 45 (Tables 1 and 2). Indeed, spot 25 on the
2D gel of the non-subtilisin-treated HIV-1, o\, preparation
was also identified as CyPA by Western immunoblot analysis
with anti-CyPA antibody (Upstate Biotechnology, Inc.,
Waltham, Mass.) (13) (Fig. 4B). Furthermore, negative-stain
transmission electron microscopy demonstrated that CyPA is
outside the virion but not outside the microvesicle (Fig. 4C).

The cause of the difference in pl between CyPA,,, and
CyPAg 45 is unknown, but the difference may be due to other
types of posttranslational modifications because the N-termi-
nal residue of CyPA g4 is free (Table 2).

Recently, Sherry et al. (24) and Saphire et al. (22) proposed
that CyPA is located outside the virion and plays a direct role
in the attachment of the virus to target cells. Our observations
seem to be consistent with their model. However, our obser-
vation that the outside of CyPA is completely cleaved away by
the subtilisin treatment (Fig. 4A) seems to be different from
that in a previous study which showed that only a small part of
CyPA would be removed upon proteolytic cleavage (22). In
order to reconcile this finding with our own observation, we
propose that two isoforms of CyPA, namely, CyPA, ,, and
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CyPA, 53, are inside the viral membrane; that another isoform,
CyPAg 45, is found on the viral surface; and that one of the
isoforms inside the virion may change to CyPA, g5 to penetrate
the viral membrane. Although the mechanisms that permit the
redistribution of CyPA on the viral surface have not yet been
clarified, CyPA itself may have the characteristic of membrane
penetration because CyPA has been reported to be a secreted
growth factor induced by oxidative stress (32) and a proinflam-
matory secretory product of activated macrophages (23).
Taken together, these data suggest that CyPA, 33 may play a
critical role in the attachment of virions to the surface of target
cells and that both CyPA, ,, and CyPA, 55 may regulate the
conformation of the HIV-1 capsid protein.
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