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In cells of Old World and some New World monkeys, dominant factors restrict human immunodeficiency
virus type 1 (HIV-1) infections after virus entry. The simian immunodeficiency virus SIV, . is less susceptible
to these restrictions, a property that is determined largely by the viral capsid protein. For this study, we altered
exposed amino acid residues on the surface of the HIV-1 capsid, changing them to the corresponding residues
found on the SIV . capsid. We identified two distinct pathways of escape from early, postentry restriction in
monkey cells. One set of mutants that were altered near the base of the cyclophilin A-binding loop of the
N-terminal capsid domain or in the interdomain linker exhibited a decreased ability to bind the restricting
factor(s). Consistent with the location of this putative factor-binding site, cyclophilin A and the restricting
factor(s) cooperated to achieve the postentry block. A second set of mutants that were altered in the ridge
formed by helices 3 and 6 of the N-terminal capsid domain efficiently bound the restricting factor(s) but were
resistant to the consequences of factor binding. These results imply that binding of the simian restricting
factor(s) is not sufficient to mediate the postentry block to HIV-1 and that SIV_ . capsids escape the block by

decreases in both factor binding and susceptibility to the effects of the factor(s).

The Gag proteins of the lentiviruses human immunodefi-
ciency virus type 1 (HIV-1) and simian immunodeficiency virus
(SIV) are essential for critical steps in the viral life cycle,
including virion assembly and uncoating. The Gag precursor
protein is synthesized as a 55-kDa polyprotein which is myri-
stylated and subsequently localized to the plasma membrane,
where it recruits other viral components that are important for
infectivity (26). In addition, a number of host factors appro-
priated by the virus (Tsgl01, ubiquitin, ERK2, cyclophilin A
[CypA], and topoisomerase I) interact specifically with ele-
ments of the HIV-1 Gag polyprotein and contribute to assem-
bly, release, and subsequent postentry events in the viral life
cycle (11, 19, 24, 27, 41-43, 47). After the release of viral
particles, virions undergo a maturation process during which
the viral protease cleaves the HIV-1 Gag polyprotein into four
mature proteins: p17 matrix (MA), p24 capsid (CA), p7 nu-
cleocapsid (NC), and p6 (20). This late cleavage event triggers
a structural rearrangement in which the matrix protein remains
associated with the viral envelope and the viral CA protein
ultimately condenses into a conical structure that encapsulates
the viral RNA genome, which is complexed with NC. Matura-
tion is required for the subsequent infectivity of virions and
negotiation of the early steps of retroviral replication in the
target cell after infection (48).

The early events in the HIV-1 life cycle immediately follow-
ing virus entry are poorly understood. Presumably, the HIV-1
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CA core is released into the cytoplasm of the target cell, where
uncoating releases the reverse transcription complex. Recent
evidence suggests that HIV-1 reverse transcription begins in an
intact viral core but that core disassembly is necessary for the
process to continue (38). Disassembly of the core must occur
rapidly, as very little CA protein can be found associated with
the reverse transcription complex (17). Uncoating events are
likely to be relevant to HIV-1 tropism restrictions in cells of
some nonhuman primate species, given the substantial reduc-
tion in reverse transcription products detected in newly in-
fected cells (2, 15, 29). Thus, although HIV-1 entry into cells of
several Old World monkey species is efficiently supported by
simian CD4 and chemokine coreceptors (14, 35), HIV-1 infec-
tion of these cells is restricted at a postentry step (2, 3, 15, 28,
31, 45). Old World monkeys are natural hosts for SIV, ..,
which is not susceptible to postentry restrictions in these cells
(16, 30, 31). However, SIV_,,. encounters postentry restric-
tions in most New World monkey cells (31). Similar restric-
tions for some murine leukemia viruses have been observed
with human cells (44). By examining the infection of hetero-
karyons and by performing infections in the presence of com-
petitor viruses, the cellular factors responsible for retroviral
restriction have been demonstrated to be dominant and satu-
rable (2, 3, 15, 28, 37). A chimeric HIV-1 reporter virus in
which the HIV-1 CA protein was largely replaced with the
SIV,... CA sequence escaped the monkey cell restrictions,
demonstrating that the CA protein of HIV-1 is an important
viral determinant for susceptibility to postentry restriction
(39). Conversely, an SIV,,. chimera expressing the CA-p2
domain of HIV-1 was susceptible to postentry cellular restric-
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tions in cells that were otherwise permissive for SIV, .. (15,
39).

Recent studies have suggested that CypA interactions with
the HIV-1 CA protein can increase the sensitivity of HIV-1 to
postentry restrictions in the cells of owl monkeys, a New World
species (32, 46). This effect could contribute to the ability of
SIV ... to escape restriction in Old World monkey cells, as
CypA does not bind to the SIV, . CA protein (7). However,
replacement of the CypA-binding loop in HIV-1 CA with the
corresponding SIV .. sequence does not result in escape from
restriction in Old World monkey cell lines, even though CypA
binding is eliminated by this substitution (32). Thus, although
CypA binding can influence the degree of HIV-1 restriction in
some monkey cells, it is not required for the observed posten-
try blocks. The treatment of some human target cells with
cyclosporine (CspA), which binds CypA and blocks its inter-
action with the incoming HIV-1 capsids, results in decreases in
infection (32, 46). These decreases have been suggested to be
due to the interaction of the HIV-1 capsid with Ref-1, an early
restriction factor for murine leukemia viruses in human cells
(46). Thus, CypA can positively or negatively influence the
action of restriction factors on HIV-1.

High-resolution X-ray crystal structures of the HIV-1 CA
protein have been determined (1, 21, 22, 25). The CA protein
is composed of distinct N- and C-terminal domains (NTD and
CTD, respectively) separated by a short flexible linker. The
prolyl isomerase CypA is incorporated into viral particles at a
stoichiometry of approximately 1 molecule per 10 CA mono-
mers by binding to an exposed proline-rich loop formed by
residues 85 to 93 in the NTD (21). In permissive human cells,
a disruption of CypA incorporation during assembly has been
shown to be detrimental to the subsequent infectivity of viral
particles (5-8, 19). CypA has been shown to catalyze the cis-
trans isomerization of the G89/P90 peptide bond in the CypA-
binding loop of the HIV-1 CA protein in vitro (4); however,
the relevance of this activity to viral infectivity is uncertain in
light of the finding that the bond is primarily frans both in the
free protein and when complexed with CypA (21, 25).

HIV-1 assembly, budding, and maturation require the orga-
nization of CA proteins into much larger structures. The
dimerization of purified CA protein occurs spontaneously in
solution and is mediated by the CTD (22). Three-dimensional
reconstructions of cryoelectron microscopy images of conical
CA cores have revealed that the quaternary structure of the
core is composed of CA hexamers (23, 34). Dimeric contacts
between adjacent hexamers are formed between the CTDs of
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the CA protein and contribute to the stability of the conical
core structure. These models predict that the surface of the
NTD is exposed to the cytoplasm of the infected cell. This
surface would be an attractive target for cellular restriction
factors that may modulate the dissociation of the CA core. For
example, the diameter of the holes formed at the center of the
hexameric rings (~25 A) or between hexamers (~107 A) could
potentially accommodate soluble host factors that may perturb
the ability of the CA core to uncoat (34). Such a model is
consistent with the observation that the block to HIV-1 infec-
tion in monkey cells occurs at a step prior to reverse transcrip-
tion (15, 29, 37).

To understand the contribution of the HIV-1 CA protein to
susceptibility to postentry restriction, we sought to mutagenize
the solvent-accessible surface residues and determine the im-
pact of these changes on postentry events in cells of various
monkey species. In most cases, we altered the HIV-1;x5e
sequence to that of SIV ... Analyses of the phenotypes of the
mutants revealed the existence of different pathways of escape
from the early blocks to HIV-1 infection in monkey cells.

MATERIALS AND METHODS

Cell lines and primary cell cultures. Adherent cells used for this study were
grown in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin at 37°C. Suspension cells were
cultured in RPMI 1640 medium containing 10% fetal bovine serum and 1%
penicillin-streptomycin. All cell lines used for this study, with the exception of
primary macrophages, are described elsewhere (31, 39) or were obtained from
the American Type Culture Collection. HeLa, C8166, and CEMx174 cells are of
human origin; MK2D and Vero cells and primary rhesus lung (PRL) fibroblasts
are derived from Old World monkeys; and owl monkey kidney (OMK) and
Pindak cells are derived from New World monkeys.

Monocyte-derived primary macrophages were isolated from rhesus macaque
whole blood on a Ficoll-Paque gradient, washed three times with phosphate-
buffered saline (PBS), and seeded in each well of a 12-well plate in macrophage-
driving medium (75% RPMI, 10% human AB serum, 15% conditioned medium
from L929 fibroblasts, 10 mM HEPES, 10 uM B-mercaptoethanol, 12.5 ng of
macrophage colony-stimulating factor/ml, 1 ng of granulocyte-macrophage col-
ony-stimulating factor/ml, and antibiotics). Cultures were washed every 3 days
for 2 weeks to remove nonadherent cells, and fresh medium was added back to
each well.

Viral constructs. The HIV-1;;xp., nucleotide sequence 667 to 2048 was PCR
amplified and blunt ligated into cloning vector pPCR-Script Amp (Stratagene).
The resulting vector, pHgagl, was sequenced to verify the accuracy of the
amplified region. Mutations were introduced into pHgagl by the QuikChange
protocol (Stratagene). The DNAs of the mutant constructs were subsequently
sequenced to confirm the presence of mutations and to exclude the introduction
of unwanted additional mutations. The mutated regions in pHgagl encoding the
HIV-1 capsid were subcloned by the insertion of BssHII-PspOMI fragments into
pCMVAPI1AenvpA, a previously described HIV-1 Gag/Pol expression vector

FIG. 1. HIV-1 CA sequences. (A) The amino acid sequences of HIV-1;;x, (top) and SIV .. (bottom) CA proteins were aligned. Vertical
lines indicate sequence identity and dots represent related residues. Differences between the two proteins in solvent-accessible residues were
determined through the analysis of GRASP computer models of the molecular surface of the HIV-1 CA protein and are colored in the HIV-1 CA
sequence (top). Residues that were changed in this study from the HIV-1 sequence to the SIV,,,. sequence are shown in red in the HIV-1 CA
sequence. Horizontal lines above the HIV-1 sequence designate structurally indeterminate regions. (B) Structural model of the HIV-1 CA protein
(1). The N- and C-terminal domains are designated NTD and CTD, respectively. The hexamer symmetry axis is indicated, with the arrow pointing
towards the exterior of the viral core (34). With respect to the figure on the left, the right-hand figure was rotated 50° about the x axis and —10°
about the y axis. From this perspective, the ridge formed at the interface of helices 3 (magenta) and 6 (orange) is evident. Also highlighted are
the CypA-binding loop (cyan) and the interdomain linker (green). (C) Structure of the HIV-1 CA protein in the same orientation as that of the
model at the right side of panel B. The three regions in which changes result in escape from postentry restrictions in monkey cells are highlighted
as follows: the helix 3/6 ridge is red, the CypA-binding loop is blue, and the interdomain linker is magenta. The side chains of residues associated
with the indicated changes are shown.
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Table 1. Infectivity of HIV-1 CA mutants

Relative Infectivity*

Virus Name Virus Description Gag Human Cells Monkey Cells ¢ FRI®
HeLa CEMx174 C8166 | MK2D PRL Vero OMK
HIV-1 wild-type + 100 100 100 100 100 100 100 100
HIV(SCA)1 # 100 84 38 196 475 244 666 45
CypA Loop?
G89A see reference 10 + 22 4 ND 57 183 332 ND ND
Vv86Q + 100 100 104 ND 266 519 ND ND
H87Q 2 100 100 103 220 316 532 378 44
R100S # 100 100 101 189 138 414 155 43
R82L/V83Q * 98 95 ND 115 130 164 ND 33
V83Q/NV86Q o 100 100 ND 205 176 305 ND 71
Mo6L # 100 100 ND 147 155 231 ND 40
R82L A 18 51 ND 74 36 81 ND ND
Helix 3/6 Ridge®
YQD Q50Y, T54Q, Q112D + 100 100 86 229 321 540 277 173
YQSVD Q50Y, T54Q, T110S, L111V, Q112D i 100 100 85 189 234 370 214 147
YQSVDQ Q50Y, T54Q, T110S, L111V, Q112D, G116Q # 100 99 ND 223 291 582 ND 182
YQQ Q50Y, T54Q, G116Q + 100 82 71 186 229 258 207 311
YabQ Q50Y, T54Q, Q112D, G116Q + 100 96 74 219 248 494 265 165
YQ Q50Y, T54Q * 100 99 83 236 296 512 347 142
DQ Q112D, G116Q + 100 100 100 167 224 320 169 ;|
SVD T110S, L111V, Q112D # 94 91 ND 7 90 101 ND 78
SvDQ T110S, L111V, Q112D, G116Q # 100 99 ND 131 146 229 ND 80
Q112D + 86 81 ND y 7 60 75 ND 75
MQ 1115M, G116Q + 100 100 94 203 170 316 260 64
T1108 & 100 100 ND 154 71 182 ND 69
T110S/T200L + 89 88 ND 53 31 48 ND 102
HR1 Q50Y, T54Q, G61D + 43 40 47 114 132 131 110 53
HR2 Q50Y, T54Q, T58A, G61D + 99 43 ND 149 67 149 ND 114
HR3 Q50Y, T54Q, G61D, T110S + 13 5 29 51 54 50 40 84
HR4 Q50Y, T54Q, G61D, T110S, A14P * 64 15 ND 80 69 59 ND 141
HR5 Q50Y, T54Q, T58C, G61D # 6 3 ND 18 9 19 19 ND
HR6 Q50Y, T54Q, T58C, G61D, T110S + 4 6 ND 17 9 9 10 ND
Helix 6/7 Loop?
T119A + 100 97 ND 149 104 137 ND 30
T1198 + 100 100 ND w 71 71 ND 31
N121D * 27 58 ND 55 85 61 ND 54
N121K # 8 33 ND 24 28 19 ND 34
N121S # 100 100 ND 35 36 40 ND 22
N121Q/P122N + 100 100 ND 80 94 97 ND 36
L1 1115M, G116Q, TNNPPI(119-124)STPQQNGGV + 97 56 ND 70 38 56 ND 136
L2 TNNP(119-122)YRQQN A 14 5! ND 66 71 67 ND 21
3 G116Q, TNNP(119-122)YRQQN A <3 ND ND 37 59 ND ND ND
L4 G116H, M118T, NNP(120-122)RGANS A 5 5 ND 16 13 14 14 ND
N-terminal Domain
Q7G # 100 100 ND 51 35 54 ND 62
Q13L A 10 <3 ND 15 4 14 13 ND
Q7G/Q9N * 9 13 ND 20 12 20 11 ND
NTD1 A31K, S33G, P34A A 6 <3 ND 12 20 15 ND ND
N139Q/S146N 5 4 4 ND 15 10 11 12 ND
NTD2 A31K, S33G, P34A, N139Q, S146N & <3 <3 ND 12 5 1 13 ND
K70R & 12 18 ND 24 14 26 ND ND
L69I/K70R b 5 7 ND 19 21 17 ND ND
HR1(K70R) Q50Y, T54Q, G61D, K70R * 10 4 ND 29 32 36 ND ND
HR1(L69I/K70R) Q50Y, T54Q, G61D, L69I, K70R * 6 <3 ND 13 25 22 ND ND
E128N A 4 12 ND 19 25 15 ND ND
C-terminal Domain
S149N + 100 100 ND 139 209 286 ND 65
S$178D + 29 7 ND 9 57 12 ND ND
S149N/S178D A 15 5 ND 12 51 17 ND ND
R162Q A 29 15 ND 18 21 12 ND ND
R162Q/A14P A 99 85 ND 35 39 37 ND 71
T200L + 100 o7 ND 50 70 51 ND 146

"HIV-1 CA residues 1-204 were replaced with the corresponding sequence from SIVmac as described previously (39).

2| ocation of amino acid changes within the tertiary structure of HIV-1 CA, as derived from the x-ray crystal structure (see Fig. 1), is described, using the
nomenclature in reference 1.

3 Metabolically labelled virions were pelleted as described in Materials and Methods and analyzed by SDS-PAGE and autoradiography for appropriate

proteolytic processing of Gag. A, Aberrant: multiple p24 species observed (data not shown). +, Gag processing comparable to that of wt HIV-1.

* The percentage of GFP-positive target cells obtained following infection by viruses with the indicated HIV-1 CA mutants was normalized to that observed for
wt HIV.GFP. The reported relative infectivities represent averages of values obtained in two independent experiments in each respective cell type. Cell lines

are described in Materials and Methods. Values are color coded to facilitate analysis: <50%,dark blue; 50-79%, blue; 80-120%, green; 121-150%, orange;
>150%, magenta. ND, not determined.

® The ability of mutant VLPs, relative to that of wt HIV-1 VLPs, to compete for factors restricting HIV.GFP infection of primary rhesus lung (PRL) fibroblasts was

determined (see Figure 6 and Materials and Methods). The average of the relative values obtained in two independent competition experiments is reported.
The color code is the same as that described above in footnote 4.

J. VIROL.
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FIG. 2. Infectivities of recombinant viruses with HIV-1 capsid changes. Cell supernatants containing recombinant wt HIV-GFP or HIV-GFP
with the indicated capsid changes were assessed for RT activity. Then 5 X 10* RT units of virus was added to human, MK2D, and Vero cells, and
1 X 10° RT units of virus was added to PRL cells. Cells were incubated for 3 days prior to FACS analysis for GFP expression. The average
percentages of GFP-expressing cells and the standard deviations were calculated from at least two independent experiments.

(40). The G89A mutant has been described previously (10) and was included
here as a control.

The efficiency of a single round of HIV-1 infection was measured by using
recombinant reporter viruses expressing green fluorescent protein (GFP) in
place of Nef and pseudotyped with the vesicular stomatitis virus G glycoprotein
(VSV-G). These HIV-GFP viruses were generated by cotransfecting 293T cells
by calcium phosphate precipitation (13) with pHIvec2.GFP, wild-type (wt) or
mutant pCMVAP1AenvpA, pHCMV-G, and a Rev-expressing plasmid, as de-
scribed previously (31, 39). Alternatively, virus-like particles (VLPs) lacking a
reporter were generated by cotransfecting 293T cells with all of the above
plasmids, except pHIvec2.GFP. All virus- and VLP-containing supernatants were
cleared of cell debris by low-speed centrifugation and were quantitated by mea-
surement of the reverse transcriptase (RT) activity as described previously (33).
Supernatants were stored in aliquots at —80°C.

Infection assays. HeLa, MK2D, OMK, Vero, PRL, and Pindak cells were
plated at a density of 3 X 10* cells/well in 24-well plates the day before inocu-
lation. C8166 and CEMx174 cells were plated at a density of 5 X 10* cells/well
in a similar manner. Thawed medium containing recombinant HIV-1 was nor-
malized on the basis of RT activity and was added to cells directly or in threefold
serial dilutions in a total volume of 0.5 ml. In some experiments, target cells were
treated with CspA (1 pg/ml; Sigma) 30 min prior to inoculation. To test the
ability of the generated mutants to compete for restricting factors, we inoculated
target cells simultaneously with VSV-G-pseudotyped wt or mutant VLPs in
addition to the HIV-GFP reporter virus. Cells were incubated with recombinant
viruses at 37°C for approximately 6 h before removal of the supernatants and the
addition of 1.0 ml of fresh medium. Cells were subsequently incubated at 37°C
for 3 days before being trypsinized if necessary and fixed in PBS containing 4%
formaldehyde. The percentage of infected cells was determined by fluorescence-
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FIG. 3. Infection of cells by recombinant viruses with changes in HIV-1 capsid. Cell supernatants containing the indicated GFP-expressing
viruses were assayed for RT activity. Viruses were added to cells at 1.6 X 10* RT units/well or threefold serial dilutions thereof. Samples were
incubated for 3 days and assayed for GFP expression by FACS analysis. The mean percentages of GFP-positive cells and standard deviations were
calculated from two independent experiments. The cell lines used originated from the following species: HeLLa, human; Vero, African green
monkey; PRL, rhesus macaque; MK2D, rhesus macaque; OMK, owl monkey; and Pindak, squirrel monkey. The control wt HIV-1 and HIV(SCA)
viruses are indicated by solid lines, and the mutant viruses are indicated by broken lines.

activated cell sorting (FACS; Becton Dickinson FACScan). The average vector
infectivities and standard deviations were derived from at least two independent
experiments.

Fluorescence microscopy of primary rhesus macaque macrophages and PRL
cells was performed by using a fluorescein isothiocyanate filter set on a Nikon
TE300 inverted microscope. Cells were infected with recombinant HIV-1 vectors
and analyzed 3 days later by microscopy before being trypsinized and prepared
for FACS.

Viral protein analysis and Western blotting. Recombinant wt and mutant
HIV-1 Gag/Pol expression vectors (PCMVAP1AenvpA) were transfected into
293T cells as described above, without the addition of the pHCMV-G plasmid
expressing the VSV-G envelope glycoprotein. Cells were cotransfected with or
without 10 pg of SRa-CypA-HA, an expression vector for human cyclophilin A
(CypA) containing an epitope tag derived from influenza virus hemagglutinin
(HA) (9). Cells were washed 12 h after transfection and metabolically labeled
with [**S]methionine (50 p.Ci/ml) for 24 h. Virions released into the supernatant
were filtered (0.45-pm pore size) and pelleted through a 20% sucrose cushion (in
PBS) for 90 min at 4°C and 27,000 rpm in a Beckman SW28 rotor. Pelleted viral
particles were lysed in RIPA buffer (1X PBS-1% NP-40-0.5% sodium deoxy-
cholate-0.05% sodium dodecyl sulfate [SDS]), normalized for *S counts in a

Beckman LS6500 scintillation counter, and either directly analyzed by SDS-
polyacrylamide gel electrophoresis (PAGE) (12.5% resolving gel) and autora-
diography or separated by SDS-PAGE (4 to 12% acrylamide) for Western
blotting. Proteins were transferred, blotted with antisera, and detected by en-
hanced chemiluminescence (ECL; NEN). The primary antibody used for the
detection of CypA-HA was a high-affinity rat anti-HA antibody (3F10) directly
conjugated with horseradish peroxidase at a 1:500 dilution (Roche).

RESULTS

Mutagenesis strategy. The CA proteins of HIV-1 and SIV, .
have been identified as important viral determinants of sus-
ceptibility to postentry restrictions observed in Old World and
New World monkeys, respectively (15, 39). We sought to char-
acterize the region of the HIV-1 CA protein that is important
for the susceptibility of HIV-1 to restriction in Old World
monkey cells and OMK cells. Given that SIV, . is resistant to
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postentry restriction in these cells, we compared the amino
acid sequences of the HIV-1,x., and SIV, .. CA proteins
(Fig. 1A). The X-ray crystal structure of the HIV-1 CA protein
(1, 21, 25) suggests that approximately 80% of the amino acid
differences between the two proteins are solvent accessible in
the HIV-1 CA (Fig. 1A, blue and red residues). We altered the
residues in the HIV-1 CA protein that are shown in red in Fig.
1A; approximately 70% of the surface-accessible residues in
the CA amino-terminal domain that exhibited differences be-
tween HIV-1 and SIV . were altered in this study. Residues
in the HIV-1;;x5., sequence were changed to those found in
the SIV ... capsid in most cases. Two exceptions were mutants
L1 and L4, in which the HIV-1 CA residues were changed to
the corresponding sequences of SIVp, and HIV-1yyp, re-
spectively (Table 1). Residues were altered singly or in a vari-
ety of double and multiple combinations. For comparison pur-
poses, the G89A mutant, which is deficient in CypA binding
(10), was included in the study.

Three distinct regions of the CA protein contribute to es-
cape from restriction in monkey cells. The infectivities of re-
combinant viruses with mutant CA proteins were examined in
a variety of human and monkey cell lines. To measure infec-
tion, we used HIV-1 reporter viruses expressing GFP and
pseudotyped with VSV-G, as described previously (31, 39).
Cells were infected with either wt or mutant reporter virus
preparations normalized according to RT units (see Materials
and Methods) and added either at the lowest concentration
previously determined with wt HIV-1 to infect 100% of human
cells or at a concentration that resulted in infection of approx-
imately 20% of monkey cells. This protocol allowed us to
determine which, if any, of the CA changes deleteriously af-
fected the function of the CA protein during infection in per-
missive human cells while facilitating the identification of mu-
tants that were less sensitive to postentry restrictions in
monkey cells. The infectivities of viruses with selected CA
mutants were also studied over a range of virus concentrations.
All of the HIV-1 CA mutants used in this study were capable
of producing virion particles (Table 1). The infectivities of the
mutant virions, relative to those observed for wt HIV-1 in each
cell type, are presented in Table 1. For convenience, values in
blue represent relative infectivities of <80% of the wt HIV-1
value, whereas those in green represent viral infectivities of 80
to 120% that of wt HIV-1. Relative infectivities of >120% but
<150% of the wt HIV-1 values are represented in orange.
Magenta is used to identify relative infectivities of >150% that
of wt HIV-1.

We identified three distinct regions within the CA protein
that, when altered, allowed efficient HIV-1 infection of human
cells and conferred on HIV-1 a level of infectivity in monkey
cells comparable to that seen with the HIV(SCA) mutant re-
ported previously (39). The HIV(SCA) mutant has most of the
HIV-1 CA replaced with that of SIV . and was included here
as a positive control (Table 1; Fig. 2). Two CA regions asso-
ciated with increased relative infectivities in monkey cells in-
volved the base of the CypA-binding loop and a ridge formed
at the interface of helices 3 and 6 (Fig. 1B and C). Additionally,
a single amino acid change at Ser 149 in the interdomain
linker, which results in the loss of a phosphorylation site (12),
was found to confer an approximately two- to threefold in-
crease in infectivity in simian cells. Notably, although the al-
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teration of this amino acid to alanine has been reported to
eliminate viral infectivity in permissive cells (12), a change to
asparagine, the residue found in the SIV ,,. CA, is functionally
tolerated. The G89A mutant, which is deficient in CypA bind-
ing, infected PRL and Vero cells more efficiently than wt
HIV-1 (Table 1). However, unlike the other mutants with
changes in the CypA-binding loop and increased relative in-
fectivities in monkey cells, the G89A mutant infected human
cells with an efficiency that was significantly lower than that of
wt HIV-1.

The infectivities of viruses with representative CA mutants
involving the CypA loop and the helix 3/6 ridge, as well as the
Ser 149 mutant, are compared in Fig. 2. Mutants L1 and
N121Q/P122N are located in a loop between helices 6 and 7
which makes hydrogen bonding contacts with the CypA loop
(1, 25). Although these mutants were infectious in human cells,
they remained restricted in monkey cells and were thus in-
cluded as internal negative controls. A titration of viruses with
selected CA mutants is shown in Fig. 3.

In general, the infectivities of the mutants were comparable
in HeLa (human) cells. The HR1 and HR3 mutants contained
the Q50Y and T54Q substitutions common to the YOD and
YQQ mutants affecting the helix 3/6 ridge, but additional
changes in glycine 61 and/or threonine 110 rendered these
mutants more defective than the wt virus in most human cell
lines examined (Fig. 2; Table 1).

The abilities of selected mutants to infect Old World mon-
key cells (MK2D, PRL, and Vero cells) and OMK cells, which
are derived from the atypical New World monkey species owl
monkeys, are compared in Fig. 2 and 3. The degree to which
the substitution of the SIV . capsid region in the HIV(SCA)
mutant relieved the restriction to infection varied for the dif-
ferent cell types. The HIV(SCA) mutant exhibited a much
higher level of infectivity than wt HIV-1 in PRL cells compared
to other cell types. This probably reflects the fact that the
chimeric nature of the HIV(SCA) construct results in some
defectiveness in replication (39), and the relative impact of this
property is less significant in cell lines such as PRL cells, in
which the block to HIV-1 infection is stronger. The pattern of
infectivities of the selected mutants in MK2D, PRL, Vero, and
OMK cells was similar, suggesting that the HIV-1-restricting
factors in these cells, and in the diverse monkey species from
which they were derived, are related. Except in PRL cells, in
which the infectivity of the HIV(SCA) mutant was particularly
efficient, several mutants containing alterations in the CypA-
binding loop, the helix 3/6 ridge, and Ser 149 exhibited infec-
tivities that were comparable to or at a higher level than that of
the HIV(SCA) mutant. We conclude that changes in distinct
regions of the HIV-1 CA can decrease the susceptibility of
HIV-1 to postentry restrictions in Old World and owl monkey
cells.

We also examined the infectivities of selected HIV-1 CA
mutants in Pindak cells, which are derived from a New World
monkey (Bolivian squirrel monkey) that exhibits restrictions
against SIV_ .. infection (31). With the exception of the
HIV(SCA) mutant, which as expected (39) did not infect Pin-
dak cells efficiently due to the presence of the SIV,,,. CA, the
other mutants tested infected Pindak cells. The YQQ and HR1
mutants infected Pindak cells less efficiently than wt HIV-1,
but they were not as restricted as the HIV(SCA) mutant. Thus,
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none of the introduced changes in the surface of HIV-1 CA
was sufficient to confer complete susceptibility to the SIV .-
specific restriction factor(s) present in New World monkey
cells.

Infectivity of HIV-1 capsid mutants in primary target cells
restricted for HIV-1. To examine the infectivities of the HIV-1
CA mutants in a target cell type that is relevant to natural
HIV-1 infection, we infected primary rhesus monkey macro-
phages with a selected subset of mutants (Fig. 4A). In parallel,
as a control, PRL fibroblasts were infected with the same virus
samples (Fig. 4B). The HIV(SCA) mutant infected macro-
phages only marginally better than the wt virus, whereas for
PRL cells, a ninefold increase in infection efficiency was ob-
served for this mutant at the concentration of virus tested. The
YQD mutant affecting the helix 3/6 ridge infected primary
macrophages more efficiently than any of the mutants tested,
whereas for PRL cells, the H87Q (in the CypA-binding loop)
and YQD mutants were equally infectious, but not as infec-
tious as the HIV(SCA) mutant. The S149N mutant was appar-
ently restricted in primary macrophages; in contrast, a three-
fold increase in infection efficiency compared with that of the
wt virus was observed in PRL fibroblasts. These data suggest
that changes in both the CypA-binding loop and the helix 3/6
ridge can result in a decreased sensitivity of HIV-1 to restric-
tion factors that are present in a biologically relevant simian
cell type. However, there are some target cell-dependent dif-
ferences in the infectivities of the mutants.

Gag precursor processing and CypA incorporation of HIV-1
CA mutants. The rate of processing of the HIV-1 Pr55 Gag
precursor reflects the efficiency of protein folding and assembly
into virions. Processing of the Gag precursor has been sug-
gested to be important for the interaction of HIV-1 CA with
restriction factors in monkey target cells (15). As this interac-
tion, at least in owl monkey cells, has been reported to be
influenced by CypA-CA binding (46), we also assessed the
incorporation of CypA by the CA mutants. 293T cells were
transfected with plasmids expressing the wt or mutant Gag/Pol
proteins, a human CypA protein with an HA epitope tag, and
the HIV-1 Rev protein. The cells were metabolically labeled,
and virions in the supernatants were pelleted through sucrose
cushions, solubilized, and analyzed by SDS-PAGE. The effi-
ciencies of proteolytic processing of the 55-kDa Gag precursor
for all of the mutants are listed in Table 1, and the data for
representative mutants are shown in Fig. 5. A few of the mu-
tant Gag proteins were processed aberrantly, leading to addi-
tional CA bands; most of these mutants exhibited low levels of
replicative ability in the human cell types examined (Table 1).
All of the mutants that exhibited a decreased sensitivity to
postentry restrictions in monkey cells demonstrated efficient
processing of the Gag polyprotein (Fig. SA and data not
shown). Some of these mutants demonstrated processing of
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the MA-CA p4l proteolytic intermediate that was more effi-
cient than that of the wt Gag protein. However, these differ-
ences in p4l processing did not correlate with the infectivity
phenotypes.

The CypA incorporated into the virions was directly visual-
ized (Fig. 5SA) or was detected by Western blotting, using
antibodies against the HA epitope tag (Fig. 5B). CypA was not
detected in wt HIV-1 particles produced from 293T cells that
had not been transfected with the CypA expression plasmid
(Fig. 5A, lane 16). This indicates that very little endogenous
CypA is incorporated into HIV-1 virions under these experi-
mental conditions. The expression of HA-tagged CypA in the
virus-producing cells led to the detection of CypA in the virion
particles of wt HIV-1 and all mutant derivatives, with the
exception of the HIV(SCA) mutant, as expected. Infections of
human and monkey cells with these viruses demonstrated no
observed differences in infectivity when compared with viruses
that had not been made in the presence of overexpressed CypA
(data not shown). We conclude that, with the exception of
G89A, all of the mutants that exhibited a decreased sensitivity
to postentry restrictions in monkey cells retained the ability to
bind CypA.

Ability of HIV-1 capsid mutants to compete for a restriction
factor(s) in monkey cells. The factors mediating the postentry
restriction to HIV-1 infection in monkey cells can be saturated
by noninfectious capsids (15, 28, 37). To examine whether the
HIV-1 capsid mutants bind and compete for the simian restric-
tion factor(s), we infected HeLa and PRL cells with a fixed
concentration of wt HIV-1 encoding GFP (HIV-GFP) along
with increasing concentrations of either wt or mutant VLPs.
Additional negative controls were HIV(SCA) VLPs and wt
HIV-1 VLPs lacking VSV-G [HIV-1(env )]. None of the
VLPs significantly affected the infectivity of the wt HIV-GFP
virus in HeLa cells (Fig. 6A). The low level of infectivity of the
HIV-GFP virus in PRL cells was increased in the presence of
HIV-1 VLPs, as expected, but not in the presence of HIV-
1(env™) VLPs. The HIV(SCA) VLPs also did not affect the
infectivity of the HIV-GFP virus in PRL cells. H87Q VLPs did
not enhance the infectivity of the HIV-GFP virus as efficiently
as the wt HIV-1 VLPs. This result is consistent with a decrease
in the affinity of the H87Q mutant for the restriction factor(s)
in PRL cells. Such a decrease in affinity could explain the
decreased susceptibility of the H87Q mutant viruses to posten-
try restrictions in PRL cells. Surprisingly, the YOD VLPs en-
hanced the infectivity of the HIV-GFP virus more efficiently
than the wt HIV-1 VLPs. Thus, the YQD VLPs bind the
restriction factor(s) present in PRL cells at least as effectively
as the wt HIV-1 VLPs.

To extend these findings, we investigated the ability of a
larger panel of mutant VLPs to alter the infectivity of the wt
HIV-GFP virus in HeLa, PRL, and OMK cells (Fig. 6B). The

FIG. 4. Infectivity of viruses in primary rhesus monkey cells. Mutant and wt reporter virus cell supernatants containing wt HIV-GFP and
HIV-GFP with the indicated mutant capsids were normalized for RT activity and added at a concentration of 10° RT units/well to target cells. The
target cells consisted of primary rhesus macaque macrophages purified from whole blood (A) or PRL fibroblasts (B). Cells were incubated with
recombinant HIV-1 vectors for 3 days and then analyzed by microscopy and FACS. Fluorescence microscopy was performed by using a fluorescein
isothiocyanate filter set on a Nikon TE300 inverted microscope. The results shown are representative of those obtained from two independent

experiments.
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FIG. 5. Wild-type and mutant virion proteins. 293T cells were transfected with plasmids encoding the wt and mutant HIV-1 Gag/Pol proteins.
Except for the control in lane 16, cells were cotransfected with a vector encoding CypA-HA. Metabolically labeled supernatants were pelleted
through a 20% sucrose cushion and resuspended in radioimmunoprecipitation assay buffer. (A) [**S]Methionine-labeled viral proteins were
separated by SDS-12.5% PAGE and visualized by autoradiography. The locations of the p41 (MA plus CA) and CA proteins as well as CypA are
shown on the left. Values on the right represent the molecular masses in kilodaltons of the marker proteins (far right lane). (B) Solubilized virion
pellets were separated by SDS—4 to 12% PAGE, transferred to nitrocellulose membranes, and blotted with a high-affinity rat anti-HA antibody

(3F10). The viral samples in panels A and B were identical.

infectivity of the HIV-GFP virus in HeLa cells was not signif-
icantly affected by any of the VLPs. The effects of the different
mutant VLPs on HIV-GFP infectivity were similar in PRL and
OMK cells, again supporting a model in which the restricting
factors in these respective Old World and New World monkey
cells are related. In both monkey cell types, HIV-1(env ™) did
not enhance the infectivity of the HIV-GFP virus, whereas the
wt HIV-1 VLPs did. The HIV(SCA) VLPs did not affect the
infectivity of the HIV-GFP virus in OMK cells but caused an
approximately threefold increase in the infectivity of the HIV-
GFP virus in PRL cells. Although this effect was small, it may
indicate that the SIV CA protein does not completely escape
restriction factor binding. The mutant VLPs with alterations in
the CypA-binding loop and the S149N VLPs were less efficient
than wt HIV-1 VLPs in enhancing the infectivity of the HIV-
GFP virus. In contrast, several of the mutant VLPs with
changes in the helix 3/6 ridge caused increases in the infectivity
of the HIV-GFP virus that were comparable to or larger than
those observed for the wt HIV-1 VLPs. The YQOQ mutant
VLPs were especially effective in this regard. These results
suggest fundamentally distinct modes of escape from the

postentry restrictions in simian cells for the HIV-1 capsids
altered in the CypA-binding loop and interdomain linker,
which apparently exhibit diminished restriction factor binding,
and for those altered in the helix 3/6 ridge, which retain the
ability to interact with restriction factors.

Effects of HIV-1 CA-CypA interactions on postentry restric-
tions in monkey cells. It has been reported that CspA treat-
ment of target owl monkey cells decreases the postentry re-
striction to HIV-1 (46). To investigate whether the interaction
between HIV-1 CA and CypA could modulate the sensitivities
of our mutants to monkey restriction factors, we infected
HeLa, PRL, and OMK cells with wt and mutant GFP-express-
ing viruses in the absence and presence of 1 pg of CspA/ml
(Fig. 7). We observed a three- to sixfold improvement in the
infectivity of the wt HIV-GFP virus in both PRL and OMK
cells in the presence of CspA, along with a small but consistent
increase in infectivity in HeLa cells. Similar improvements in
infectivity were observed for the S149N and helix 6/7 loop
mutants. CspA treatment of HeLa cells during infection with
CypA-binding loop and helix 3/6 ridge mutants either did not
affect infectivity or resulted in a small reduction in infection
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FIG. 6. Competition for target cell restriction factors with wt and mutant HIV-1 VLPs. (A) The indicated amounts, in RT units, of VLPs were
added to HeLa and PRL cells. Immediately thereafter, recombinant wt HIV-GFP virus was added to HeLa cells at 1 X 10* RT units/well or to
PRL cells at 4 X 10* RT units/well. Samples were incubated for 3 days and analyzed by FACS. Labels indicate the identity of each VLP used. All
VLPs were pseudotyped with VSV-G, except for the control, a wt HIV-1 VLP with no envelope glycoproteins [HIV-1(env™)]. (B) Approximately
1.5 X 10° RT units of the indicated VLPs/well were added to HeLa, PRL, and OMK cells. Immediately thereafter, the HIV-GFP virus was added
to HeLa cells at 1 X 10* RT units/well or to PRL and OMK cells at 4 X 10* RT units/well. The percentages of cells that were positive for GFP
expression were determined by FACS. The identities of the VLPs used for competition are indicated at the bottom of the figure.

efficiency. Additionally, the infectivities of these mutants either
were unaffected by CspA treatment of PRL and OMK target
cells or were enhanced modestly. The degree of this enhance-
ment was inversely related to the basal level of infectivity of the
mutant virus in the absence of CspA treatment. CspA treat-
ment of the target cells did not influence the infectivity of the
HIV(SCA) control virus in all three cell lines, as expected,

because the virus is unrestricted in monkey cells and the SIV .
CA protein does not bind CypA (7, 43). These results confirm
that CypA-CA interactions can influence the degree of HIV-1
restriction in monkey cells and demonstrate that the enhancing
effect of CspA on HIV-1 infectivity in these cells is dependent
upon the ability of restriction factors to bind and negatively
modulate HIV-1 CA.
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Effect of CspA treatment in combination with VLP compe-
tition on HIV-1 infectivity. To examine the contribution of
CypA-CA interaction to the HIV-1-suppressive activity in
monkey cells, we infected PRL cells with wt HIV-GFP virus in
the absence or presence of 1 pg of CspA/ml and competitor
VLPs (Fig. 8). The infectivity of the HIV-GFP virus was in-
creased by the treatment of PRL cells with CspA, as described
above. The presence of competitor VLPs lacking envelope
glycoproteins had no effect on the infectivity of the HIV-GFP
virus. The wt HIV-1 VLPs and the YOD and YQQ mutant
VLPs enhanced the basal infectivity of the HIV-GFP virus in
the absence of CspA; CspA treatment resulted in a further
infectivity increase, in proportion to the degree of enhance-

ment observed for the particular mutant VLPs in the absence
of CspA. The same relationship applied to mutant VLPs
(H87Q, MQ, S149N, and N121S) that competed less effectively
than wt HIV-1 VLPs for the restriction factors in PRL cells.
These observations suggest that CypA and the monkey restric-
tion factor(s) are distinct ligands that can bind simultaneously
to the HIV-1 capsid. Furthermore, a CypA interaction with CA
can positively influence the binding of the restriction factor(s)
to HIV-1 capsids.

DISCUSSION

An understanding of the nature of postentry restrictions to
HIV-1 infection in monkeys is important for several reasons.

TABLE 2. Summary of mutant phenotypes

Relative infectivity

Relative ability to compete for Effect of CspA

Group Location(s) of CA changes in monkey cells restricting factors in monkey on infectivity
no. .
compared to wt cells compared to wt in HeLa cells
1 CypA-binding loop and Ser149 Increase Decrease Increase or no change
(phosphorylation site)
2 Helix 3/6 ridge Increase Increase Decrease
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experiments.

First, information on the viral and cellular factors that modu-
late these processes will shed light on the poorly understood
series of events that govern the fate of retroviral capsids after
entry. Second, species-specific barriers to HIV-1 infection
present obstacles to the development of animal models for the
study of HIV-1 pathogenesis, treatment, and prophylaxis. Fi-
nally, an understanding of this critical part of the HIV-1 life
cycle may suggest approaches to intervene in its transmission
or spread within the host.

Previous studies suggested that the HIV-1 and SIV,_,,. CA
proteins are the major determinants of susceptibility to early
postentry restrictions in most Old World and New World mon-
keys, respectively (15, 28, 39). In this study, a large portion of
the HIV-1 CA surface that differs from that of SIV, . was
altered to structures found in the latter virus. HIV-1 CA mu-
tants that exhibited lower sensitivities to restriction in several
different primary and immortalized monkey cells were identi-
fied. The patterns of infectivity of mutant viruses and the
abilities of mutant VLPs to relieve the blocks to infection were
similar for different monkey cells. Notably, the results with the
cells of owl monkeys, an unusual New World species that
exhibits restrictions to HIV-1 but not to SIV ,,. (31), resem-
bled those with Old World monkey cells. These observations
imply that the factors mediating the restriction in different
monkey species are related. Thus, the genes encoding the
restriction factors were probably present in the primate ge-
nome prior to the divergence of Old World and New World
monkeys. In this case, a species-specific polymorphism or vari-
ation in expression levels could explain the observed differ-

ences among primate species in supporting the early phase of
HIV-1 replication.

The HIV-1 CA mutants that escaped the early postentry
restrictions in monkey cells segregated into two groups based
on their behavior in auxiliary assays (Table 2). One group of
CA changes (hereafter referred to as group 1) involved the
base of the CypA-binding loop and the interdomain region.
VLPs containing these changes competed for the monkey cell
restriction factor(s) less effectively than wt HIV-1 VLPs, sug-
gesting a decreased affinity for the factor(s). A similar pheno-
type was previously seen for an HIV-1 CA mutant containing
an alteration in the CypA-binding loop (32). Although the
CypA-binding loop and interdomain linker are not proximal on
the HIV-1 capsid structure (Fig. 1B), they both are located on
the capsid surface distal from the hexameric symmetry axis.
This surface forms the walls of a canyon on the HIV-1 capsid
(34); the canyon has both dimeric and trimeric symmetry axes
and represents an attractive potential binding site for a restric-
tion factor. The CypA-binding loops of adjacent capsids are
situated along the canyon rim, explaining the ability of CypA
binding to promote restriction factor association with the cap-
sid. Our studies indicate that, although CypA and the factor(s)
mediating monkey cell restriction are distinct entities, at least
unidirectional cooperativity in capsid binding is likely. Note
that the CspA treatment of HeLa target cells was also associ-
ated with small increases in the infectivities of wt and some
mutant strains of HIV-1, raising the possibility that moieties
related to the monkey cell restriction factor(s) are present in
some human cells. In this case, alterations in the factor or in
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expression levels could account for the differences in HIV-1
infectivities among species. Restriction factor expression levels
also potentially differ among cell types within a species. We
observed that the pattern of infectivity of mutant viruses dif-
fered between PRL fibroblasts and primary macrophages of
rhesus monkeys. The degree of escape from restriction ap-
peared to be lower for the H87Q and S149N mutants in pri-
mary macrophages than in PRL or other monkey cells. A high
level of expression of the restriction factor(s) in primary mac-
rophages could explain this observation, as this could compen-
sate for the lower affinity of the group 1 HIV-1 capsid mutants.

A second group of HIV-1 CA mutants efficiently infected
various monkey cells but were still able, as VLPs, to compete
for the restriction factor(s) (Table 2, group 2). Apparently,
these mutants retain the ability to bind the restriction factor(s)
but are not detrimentally affected by such binding. This implies
that factor binding initiates subsequent processes that are re-
quired for the early block to HIV-1 infection. Examples of such
processes are a modification of the HIV-1 capsid and/or the
binding of additional factors. With respect to the latter possi-
bility, the location of the amino acid changes in the group 2
mutants on a surface ridge formed by helices 3 and 6 is con-
sistent with the location of a binding site. However, because
the group 1 mutants did not efficiently compete for restriction
factors, either the binding of a factor to the helix 3/6 ridge must
be dependent on prior binding of a restricting factor to the
capsid or the factor that binds the helix 3/6 ridge is not able to
be competed away from the infectious capsids. Further work
aimed at the identification of the restricting factor(s) will be
required to distinguish these possibilities.

As VLPs, some of the mutants (YQQ, YQD, YQSVD, and
YQDQ) with changes in the helix 3/6 ridge competed for the
monkey restricting factor(s) better than wt HIV-1 VLPs. This
could reflect a higher affinity of these mutants for the restrict-
ing factor(s), although the distance of the helix 3/6 ridge from
the putative restriction factor-binding site and the diverse set
of changes in the helix 3/6 ridge that engender this phenotype
render this explanation less satisfying. It is also possible that
these mutants exhibit more capsid stability and are therefore
more available to compete for the restriction factor(s). The
high degree of replication competence of these mutants sug-
gests that such changes in capsid stability, if present, must be
subtle, as large positive or negative changes in this parameter
have been reported to be detrimental to viral infectivity (18).

The group 2 mutants exhibited a small but consistent de-
crease in infectivity in HeLa cells upon CspA treatment. It is
not clear whether this effect is secondary to altered binding of
the mutant capsids to restriction factors present in human cells.

Our studies suggest three properties of the SIV, . capsid
that distinguish it from the HIV-1 capsid and that contribute to
its ability to bypass early restriction in monkey cells. First, the
SIV,... capsid exhibits a low affinity for the restriction factors
in monkey cells. This is due, at least in part, to the identities of
residues lining the canyon on the capsid surface, which serves
as a putative binding site for the restriction factor(s). Second,
the SIV,,,. capsid does not interact with CypA, which can
promote the binding of restriction factors to the HIV-1 capsid
(46). As the structure of the SIV . CA protein has not yet
been solved, it is impossible to predict whether the native
configuration of the SIV,,,. CA loop analogous to the CypA-
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binding loop of HIV-1 CA inhibits the binding of restriction
factors. Third, we expect that the structure of the helix 3/6
ridge on the SIV . capsid renders it resistant to the effects of
restriction factor binding. These insights should contribute to
the design of HIV-1-like capsids that optimally escape posten-
try early blocks in monkey cells. Such changes, in combination
with alterations designed to allow HIV-1 to overcome the
inhibitory effects of simian APOBEC3G in virus-producing
cells (36), may allow the development of new primate models
of HIV-1 infection.
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