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Retroviral tropism is determined in part by cellular restriction factors that block infection by targeting the
incoming viral capsid. Indeed, human immunodeficiency virus type 1 (HIV-1) infection of many nonhuman
primate cells is inhibited by one such factor, termed Lvl. In contrast, a restriction factor in humans, termed
Refl, does not inhibit HIV-1 infection unless nonnatural mutations are introduced into the HIV-1 capsid
protein (CA). Here, we examined the infectivity of a panel of mutant HIV-1 strains carrying substitutions in
the N-terminal CA domain in cells that exhibit restriction attributable to Lvl or Refl. Manipulation of HIV-1
CA could alter HIV-1 tropism, and several mutations were identified that increased or decreased HIV-1
infectivity in a target-cell-specific manner. Many residues that affected HIV-1 tropism were located in the three
variable loops that lie on the outer surface of the modeled HIV-1 conical capsid. Some tropism determinants,
including the CypA binding site, coincided with residues whose mutation conferred on HIV-1 CA the ability to
saturate Refl in human cells. Notably, a mutation that reverses the infectivity defect in human cells induced
by CypA binding site mutation inhibits recognition by Refl. Overall, these findings demonstrate that exposed
variable loops in CA and a partial CypA “coat” can modulate restriction and HIV-1 tropism and suggest a
model in which the exposed surface of the incoming retroviral capsid is the target for inhibition by host

cell-specific restriction factors.

The cellular tropism of a given retrovirus is determined by
its ability to exploit required host cell factors and to avoid
cellular antiviral activities. Many mammalian cells express spe-
cific inhibitors, termed restriction factors, that confer resis-
tance to infection by specific retroviruses (5, 38). Of these, the
best characterized is Friend virus susceptibility factor 1 (Fvl),
a mouse gene product of endogenous retroviral origin (4)
whose allelic variants can specifically block infection by either
N-tropic murine leukemia virus (N-MLV) or B-tropic MLV (5,
22, 26, 37). An analogous activity exists in human cells that
inhibits infection by N-MLV and equine infectious anemia
virus (23, 41). This as yet unidentified restriction factor is
termed restriction factor 1 (Refl). A number of nonhuman
primate cells can restrict infection by various divergent retro-
viruses, including human immunodeficiency virus type 1 (HIV-
1), and the factor(s) that are assumed to be responsible are
termed lentivirus susceptibility factor 1 (Lv1) (3, 10, 23, 33).
Although the mechanisms by which Fv1, Refl, and Lv1 inhibit
infection are unknown, certain characteristics are common to
the resistance phenotype conferred by each of these factors.
Most notably, the viral determinant of restriction is the capsid
protein (CA) (10, 12, 13, 23, 30, 34, 41), and high levels of
incoming restricted virions can saturate Fvl, Refl, or Lvl,
thereby abrogating infection resistance (2, 3, 6, 10, 11, 14, 33,
35, 40, 42). Recently, we have shown that saturation of human
or African green monkey cells with one retrovirus is capable of
abolishing resistance to another retrovirus, provided that both

* Corresponding author. Mailing address: AIDS Research Center,
455 First Ave., New York, NY 10021. Phone: (212) 448-5070. Fax:
(212) 725-1126. E-mail: pbienias@adarc.org.

6005

viruses are restricted but irrespective of whether they are
closely or distantly related (23). Thus, Refl and certain forms
of Lvl appear capable of recognizing retroviral capsids with
very little amino acid sequence homology. These findings sug-
gest that perhaps a structurally conserved feature of the ret-
roviral capsid constitutes the target for restriction by these
factors. This notion is plausible because a comparison of the
three-dimensional structure of widely divergent retroviral CA
proteins reveals that the overall protein folds are well con-
served (9, 18, 21, 25, 27).

In the case of MLV, a single amino acid residue at CA
residue 110 determines sensitivity to restriction by Ref1 as well
as the N and B alleles of Fvl (30, 41). Similarly, we have
recently shown that mutation of a single CA residue (G89) in
HIV-1 abolishes sensitivity to Lvl in Owl monkey cells but
confers sensitivity to Refl in human cells (43). G89 lies in the
center of the cyclophilin A (CypA) binding site on HIV-1 CA
(17), suggesting that this interaction is important for restric-
tion. Indeed, elimination of the CypA-CA interaction using
cyclosporine A (CsA) had similar effects on sensitivity to Lv1 in
Owl monkey and Refl in human cells (43). Thus, CypA and its
binding site are important determinants of restriction factor
recognition of HIV-1 CA, at least in some species. However,
neither CsA treatment nor the G89 mutation had major effects
on restriction of HIV-1 in Rhesus or African green monkey
cells (43). These findings indicate that additional determinants
of restriction factor recognition should exist and that sequence
requirements for recognition of the HIV-1 capsid by restriction
factors varies with target cell species. Therefore, to gain fur-
ther insight into the mechanism of HIV-1 restriction and to
map additional determinants of restriction factor sensitivity,
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we introduced a number of mutations into surface exposed
residues in the N-terminal domain of HIV-1 CA. We deter-
mined their effects on infectivity by using target cell lines from
various primate species. This analysis revealed that HIV-1
species tropism is determined in a complex manner by residues
that are predicted to lie on the outer exposed surface of the
modeled conical HIV-1 capsid (20, 31). These data are consis-
tent with a model in which primate lentivirus species tropism is
strongly influenced by restriction factors that recognize the
surface of the incoming capsid, perhaps by contacting multiple
CA monomers within the intact capsid structure.

MATERIALS AND METHODS

Plasmid construction. The envelope-defective SIVy;,/GFP reporter virus, a
simian immunodeficiency virus from macaques that encodes green fluorescent
protein (GFP) in place of Nef, has been described previously (10). A similar
HXB-derived HIV-1/GFP reporter virus was modified by replacing the BssHII-
Sall fragment extending from the 5" untranslated sequence to the vpr gene with
the corresponding fragment from the NL4-3 HIV-1 clone and is referred to as
wild-type HIV-1/GFP. All subsequent mutations were introduced into this plas-
mid.

To generate HIV-1 clones encoding chimeric CA domains in which loop
sequences were derived from SIVy 5, two overlapping primers were designed
that spanned loop sequences but encoded the corresponding loop sequence from
SIVyac- These were used in PCRs together with a primer either spanning the
BssHIT site in the HIV-1 5’ untranslated sequence or a primer spanning the Apal
site in the HIV-1 nucleocapsid-encoding sequence. The two PCR products were
then mixed and subjected to PCR amplifications using the BssHII and Apal
primers. The final PCR products were digested by BssHII and Apal and inserted
into the NL4-3 clone, sequenced, and then transferred to the wild-type HIV-1/
GFP construct as BssHII-Sall fragments. A similar strategy using overlapping
primers introducing amino acid mutations was used to generate the CA mutants:
R82A/L83A, V86A/HSTA, P90A, A92E, PO0A/AI2E, I91A/P93A, G94A, and
P122A.

All the remaining mutants were obtained from a previously described panel,
constructed in the context of an HIV-1 NL4-3-based clone (44). Each was
transferred to the HIV-1/GFP construct (described above) as a BssHII-Sall
fragment. In all cases, the presence of the CA mutation in the final HIV-1/GFP
construct was verified by DNA sequencing.

To generate HIV-1 GagPol expression plasmids, wild-type or mutant GagPol-
encoding sequences were amplified by PCR, using primers that incorporated 5’
EcoRI and 3’ NotI sites and inserted into the previously described expression
vector, pCRV1 (23).

Cell lines and viruses. The human TE671, Owl monkey (OMK), Rhesus
monkey (FrhK-4), and African green monkey (CV-1) fibroblast cell lines were
obtained from the American Tissue Culture Collection and maintained in Dul-
becco’s modified Eagle’s medium supplemented with fetal calf serum and anti-
biotics.

Wild-type or mutant GFP-reporter virus stocks were made by cotransfecting
293T cells with a proviral plasmid and a vesicular stomatitis virus glycoprotein
(VSV-G) expression plasmid as previously described (10, 23). Virus-like particles
(VLPs) were made in the same way except that GagPol expression plasmids were
used in place of the proviral plasmid. All reporter virus and VLP stocks were
quantified using a colorimetric reverse transcription assay (Cavidi Tech).

N-MLYV reporter virus stocks were generated by cotransfecting 293T cells with
an N-MLV GagPol, a GFP-expressing MLV retroviral vector, and a VSV-G
expression plasmid, as previously described (23). N-MLV stocks were quantified
by titration on Fvl-null Mus dunni tail fibroblasts.

Infection assays. TE671, OMK, FrhK-4, or CV-1 cells were seeded at 2 X 10*
cells/well in 24-well trays the day before infection. Cells were inoculated with
fivefold serially diluted GFP reporter virus stocks in the presence of 5 ug of
polybrene/ml. Infected cells were enumerated 48 h postinfection using a FAC-
SCalibur cell sorter and CellQuest software (Becton-Dickinson).

Abrogation-of-restriction assays. TE671 cells were seeded at 2 X 10* cells/well
in 24-well trays the day before infection. Cells were inoculated with a fixed dose
of N-MLV GFP reporter virus selected so that infection with this virus in the
absence of VLPs gave low, but accurately measurable, levels of infection (about
0.3% GFP-positive cells). Restriction-abrogating VLPs were serially diluted two-
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fold and added to the target cells simultaneously with the fixed dose of N-MLV
in the presence of polybrene (5 pg/ml). Infection by the GFP reporter virus was
measured 48 h later as described above.

RESULTS

Exposed loops in the N-terminal domain of HIV-1 CA affect
species tropism. We and others have previously shown that
VSV-G-pseudotyped HIV-1 and SIV,,, exhibit distinct tro-
pisms for nonhuman primate cells that are governed, in large
part, by the CA protein (10, 23, 24, 34). Even though the amino
acid sequences of HIV-1 and SIV 4 CA proteins are quite
well conserved (about 65% identical residues), an alignment,
shown in Fig. 1A, reveals that nonconserved residues cluster in
segments. These include the CypA binding loop, which we
have previously demonstrated to be an important determinant
of Lv1 and Refl recognition (43). Based on sequence variation
and their position in the tertiary CA structure proximal to the
CypA binding loop, we first focused our analysis on three such
segments, reasoning that they might contain further determi-
nants of restriction factor recognition. As shown in Fig. 1B,
these segments are all surface exposed and encompass three
loops within the N-terminal CA domain. Hereafter, we refer to
these three segments as loopl, loop2, and loop3. Loopl com-
prises the N-terminal B-hairpin, loop2 spans the CypA binding
site between helices 4 and 5, and loop3 includes the C-terminal
portion of helix 6 and a mini-B-hairpin that links helices 6 and
7.

Initially, we precisely replaced each loop in HIV-1 capsid by
that of SIV,,c. GFP reporter viruses bearing these chimeric
CA proteins were titrated on human (TE671), Owl monkey
(OMK), Rhesus monkey (FrhK-4), and African green monkey
(CV-1) target cells, and their infectivities were compared with
those of the parental HIV-1 and SIV, . reporter viruses (Fig.
1C). All three chimeras were less infectious than wild-type
HIV-1 on human TE671 cells. The HIV-1(loop1l) chimera was
otherwise quite similar to HIV-1 in that it was about 50- to
100-fold more infectious on human cells than on the nonhu-
man primate cell lines. However, the loss of infectivity result-
ing from loopl substitution was slightly more pronounced in
human and AGM cells than in Rhesus or Owl monkey cells.

In contrast, the HIV-1(loop2) chimera was actually more
infectious than wild-type HIV-1 in OMK cells but less infec-
tious in each of the other cell lines, dramatically so (almost
1,000-fold) in human TE671 cells (Fig. 1C). This finding is
consistent with our previous observation that the CypA binding
properties of HIV-1 CA can have large effects on restriction in
human and Owl monkey cells (43). Finally, the HIV-1(loop3)
chimera was also more infectious than wild type HIV-1 in
OMK cells and less infectious in TE671 cells and displayed
infectivity similar to that of wild type HIV-1 in Rhesus FrhK-4
and AGM CV1 cells. In fact, the loop3 chimera exhibited an
almost complete loss of the species-specific infectivity pheno-
type that is evident in wild-type HIV-1 and was similarly in-
fectious in each of the human and nonhuman primate cell lines
(Fig. 1C). Overall, the data in Fig. 1 indicate that sequences
residing in the variable loops of the N-terminal domain of
capsid can have very dramatic effects on the species tropism of
HIV-1.
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FIG. 1. Exposed loops in the HIV-1 CA N-terminal domain are tropism determinants. (A) Amino-acid alignment of HIV-1(NL4-3) and
SIVyac CA proteins. Sequence identities are shaded. The first arrow indicates the protease cleavage site between matrix and CA proteins.
Numbering starts with the N-terminal residue of CA. The three regions defined as loopl, loop2 and loop3 in this study are indicated. The
boundaries of the N- and C-terminal domains are marked with arrows. (B) Worm diagram representation of the HIV-1 CA N-terminal domain
Ca-backbone structure indicating the locations of loop1, loop2, and loop3 in black. (C) Titration of HIV-1-, SIV -, and HIV-1-based mutant
viruses where CA loopl, loop2, or loop3 sequence was replaced by that of STV 4. The percentages of infected (GFP-positive) human (TE671),
Rhesus monkey (FRhK-4), African green monkey (CV-1), and Owl monkey (OMK) cells are plotted as a function of the VSV-G-pseudotyped GFP
reporter virus inoculum (in nanograms of reverse transcriptase [RT] per well).

Mutational analysis of the CA N-terminal domain exposed
loops. In order to map the residues within the CA loops re-
sponsible for the species-specific infectivity phenotypes more
precisely, we determined the infectivity profiles of mutant vi-
ruses containing single- or double-amino-acid mutations within
these segments. Residues were replaced by alanine, unless
otherwise stated. A number of CA mutations, some of which
have been characterized previously (44), either had no effect or
caused a decrease in infectivity that was not specific to any
particular cell line (data not shown). In contrast, mutation of
residues Q7A/Q9A, which lie at the apex of the B-hairpin in
loopl, or Q13A reduced infectivity specifically in human cells
(Fig. 2A). While these results suggest that residues Q7/Q9 and
Q13 in loop1 contribute to human cell-specific HIV-1 tropism,
the effect of these mutations was quite modest (three to five-
fold) and was similar to the modest species-specific effect of

replacement of the entire loop 1 sequence with that of SIVy;.¢
(Fig. 1C).

Loop3 substitution had a more dramatic effect on HIV-1
tropism (Fig. 1C), and the effects of four individual mutations
in this segment were examined (Fig. 2A; also data not shown).
Of these, the G116A mutant exhibited infectivity similar to
that of wild type HIV-1 in human cells but was slightly more
infectious (up to fivefold) than wild-type HIV-1 in AGM, Rhe-
sus, and OMK cells. Another loop3 mutant (T119A) had a
different effect and partly reproduced the phenotype of the
loop3 chimera (Fig. 1). Specifically the T119A mutant exhib-
ited substantially reduced infectivity (>10-fold), selectively in
human TE671 cells but not in other primate cell lines (Fig.
2A). Other mutations introduced into loop3 were lethal or
caused decreases in infectivity that were not target cell specific
(data not shown).
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FIG. 2. Tropism determinants within CA N-terminal domain variable loops. The same panel of cell lines as used in Fig. 1 was infected with
HIV-1 GFP reporter viruses bearing the indicated CA mutations either within either loop1 or loop3 (A) or the cyclophilin binding loop2 (B). The
percentage of infected (GFP-positive) cells is plotted as a function of the VSV-G-pseudotyped GFP reporter virus inoculum, as in Fig. 1. RT,

reverse transcriptase.

Our previous studies have demonstrated the importance of
the CypA binding site within loop2 in determining restriction
in both Owl monkey and human cells (43). Specifically, substi-
tution of a single residue within loop2 (G89V) abolished re-
striction in OMK cells but conferred sensitivity to restriction by
Refl in human cells. To determine whether other proximal
residues are important for species-specific restriction, we in-
troduced mutations at every position within HIV-1 loop 2 that
differs in SIVy;oc. As is shown in Fig. 2B, several of these
mutations decreased infectivity in human cells but increased
infectivity in nonhuman primate cells. Specifically, the R82A/
L83A mutant was about four- to fivefold more infectious in
Rhesus cells than wild-type HIV-1, such that its infectivity was
equivalent in human and Rhesus cells. The V86A/HS87A and
191A/P93A mutations also led to increased infectivity com-
pared to wild-type HIV-1 in both Rhesus and AGM cells, and
V86A/H8TA was also more infectious in OMK cells.

Mutations within the core CypA binding site were the only
single-residue substitutions that led to complete or almost
complete loss of restriction in any nonhuman primate cell line.
As was previously reported for a G89V mutation (43), a sub-
stitution at the neighboring position (P90A) led to a very

dramatically increased titer (about 100-fold), specifically in
OMK cells (Fig. 2B). Like G89V, this mutation has been
shown to eliminate CA-CypA binding (7, 16, 46). This muta-
tion also strongly inhibited (about 100-fold) infection in human
cells, even more dramatically than G89V (Fig. 2B).
Previously, it has been shown that an A92E substitution can
confer CsA resistance and restore replication competence in
human cells to an HIV-1 strain that is rendered defective by
CypA binding site mutation (1, 7). Our single-cycle infectivity
analysis (Fig. 2B) revealed that combining the A92E mutation
with P90A increased infectivity over that with the single P90A
mutant by almost 100-fold in human cells and also increased
infectivity significantly in Rhesus and AGM cells. Conversely,
the P90A/A92E double mutant was about 10-fold less infec-
tious than the P90A single mutant in OMK cells, although it
was clearly more infectious than wild-type HIV-1 therein (Fig.
2B). Thus, in the context of a preexisting P90A substitution,
the A92E mutation had dramatic and opposing effects in hu-
man and Owl monkey cells that were quite different from its
modest effect on tropism in the absence of P90A substitution.
Opverall, many of the residues in loop2 and other CA loops had
clear effects on infectivity that were frequently opposing and
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FIG. 3. Effects of mutations outside CA variable loops on HIV-1
tropism. The panel of cell lines, as in Fig. 1, was infected with HIV-1
GFP reporter viruses bearing the indicated CA mutations. A78* refers
to a triple mutant (A78D/E79A/R82A). The percentage of infected
(GFP-positive) cells is plotted as a function of the VSV-G-
pseudotyped GFP reporter virus inoculum, as in Fig. 1. RT, reverse
transcriptase.

highly dependent on the target cell, with residues within, close
to, and distal to the core CypA binding site apparently con-
tributing to the overall species tropism of HIV-1.

Mutational analysis of residues outside the variable loops.
We also examined a panel of virus mutants containing substi-
tutions in CA regions other than the exposed loops. In general,
several of these mutations, for example, P38A, E45A (helix 2),
T54A (helix 3), Q63A/Q67A, K70A, E71A (helix 4) and
R143A (helix 7), either had negligible effects on infectivity or
decreased infectivity in a manner that was not clearly specific
to any species (data not shown) (44). However, as is shown in
Fig. 3, other mutations, including N74A (helix 4) and N139A
(helix 7), selectively decreased infectivity in human cells by
three- to fivefold. A more pronounced loss of infectivity (six- to
sevenfold), specifically in human cells, was observed in a virus
containing an A78D/E79A/R82A triple mutation in helix 4 at
the base of loop2 (Fig. 3). However, of the mutations that
targeted residues outside the loop sequences, the E128A/
R132A double mutant, which affects exposed residues in helix
7, had the clearest species-specific effects; this substitution
reduced infectivity by about 12-fold in human cells but also
increased infectivity in Rhesus and AGM cells by 4- to 6-fold,
such that equivalent infectivity was observed in each of these
three cell lines (Fig. 3). Overall, however, with the exception of
residues in helices 4 and 7, close to the base of loops 2 and 3,
the impact of mutations outside the loops on species-specific
tropism was relatively modest and infrequent.

Abrogation of Refl restriction in human cells by mutant
HIV-1 capsids. A number of CA mutations led to reduced
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FIG. 4. Abolishment of N-MLYV restriction in human cells by mu-
tant HIV-1 VLPs. TE671 cells were inoculated with a fixed dose of
N-MLV GFP in the presence of increasing amounts of HIV-1 wild-
type or Q7A/Q9A, T119A, or E128A/R132A mutant VLPs (A). Al-
ternatively, P90A, A92E, or POOA/A92E mutant VLPs were used (B).
The percentage of infected (GFP-positive) cells is plotted as a function
of restriction-abolishing particle dose, given in nanograms of reverse
transcriptase (RT) per well.

HIV-1 infectivity, specifically in human cells. To determine
whether this was due to recognition of the mutant viral capsids
by Refl, we examined whether saturation of TE671 cells with
mutant virus-like particles could inhibit Refl-mediated restric-
tion of N-MLYV infection. We have previously used this ap-
proach to demonstrate that saturation of TE671 cells with
HIV-1 VLPs carrying the G89V mutation can completely abol-
ish N-MLYV restriction (43), implying that this mutant capsid is
recognized by, and can therefore saturate, Refl. Thus, selected
CA mutations that caused human cell-specific losses in infec-
tivity were introduced into an HIV-1 GagPol expression plas-
mid that was coexpressed with VSV-G to generate VLPs.
These VLPs were then tested for their ability to saturate Refl
and restore restricted N-MLV infectivity in human cells.

As previously shown (23, 43), saturation of TE671 cells with
wild-type HIV-1 particles had only a modest threefold inhib-
iting effect on N-MLV restriction (Fig. 4A and B). However,
VLPs containing a mutation in loopl (Q7A/Q9A) that con-
ferred decreased infectivity in the context of virions were about
fivefold better able than wild-type VLPs to abrogate Refl-
mediated restriction, increasing N-MLV titers by more than
16-fold (Fig. 4A). This result suggests that the modest but
specific loss of infectivity in human cells induced by the Q7A/
QYA mutation is at least partly a consequence of recognition
by Refl and that loop1 contains determinants of recognition by
this restriction factor. In contrast, mutation of residues in
loop3 (T119A) and in helix 7 (E128A/R132A) that caused
more substantial human cell-specific losses in infectivity did
not affect the ability of VLPs to saturate Refl. Therefore, the
human cell-specific infectivity loss resulting from some HIV-1
CA mutations may be independent of Refl.

We have previously shown that the CypA binding site within
loop2 is also an important determinant of Refl susceptibility
or resistance (43), and as was the case for G89V, the P90A
substitution resulted in VLPs that were potent suppressors of
Refl1 restriction in that they were capable of completely res-
cuing N-MLYV infectivity in human cells (Fig. 4B). Of note, the
A92E substitution alone had no effect on the ability of HIV-1
VLPs to saturate Refl (Fig. 4B). However, combining the
PY90A mutation with an A92E substitution resulted in VLPs
that could not saturate Refl and enhance N-MLV infectivity.
Thus, the A92E substitution reversed both the infectivity de-
fect (Fig. 2B) and the Refl saturating phenotype (Fig. 4B)
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induced by the P90OA mutation, suggesting that it eliminates
the interaction between Refl and the P90OA mutant HIV-1
capsid.

DISCUSSION

We have identified a number of mutations in the N-terminal
domain of the HIV-1 CA protein that have clear species-
specific effects on infectivity. In principle, mutations within CA
that reduce viral infectivity could do so as a consequence of a
number of effects, including the following: (i) a generalized
loss of viral fitness due to structural alteration, (ii) gain of
interaction with an inhibitory restriction factor, or (iii) loss of
interaction with hypothetical host factors that facilitate infec-
tion. In the absence of identified host factors (with the excep-
tion of CypA) that modulate HIV-1 infectivity by binding to
CA, it is somewhat difficult to determine which effect governs
the phenotype displayed by a particular mutant. Moreover, it is
possible that a single mutation might have more than one
functional consequence: for example, a nonspecific reduction
in fitness combined with a loss of interaction with a restriction
factor might be phenotypically neutral. However, because we
analyzed infectivity in a number of cell lines with distinct re-
striction phenotypes for wild-type HIV-1 infection, we can
interpret target-cell-specific effects of CA mutations as indi-
cating the involvement of target-cell-specific molecules in
modulating infection via effects on CA.

Some of these mutants have been previously assessed for
effects on infectivity in human cells only. While there is gen-
erally good agreement between the findings reported herein
and previous analyses (15, 44), some minor discrepancies may
result from the use of different human target cells (TE671 in
this study, HeLa-CD4 in previous studies) and viral envelopes
(VSV-G in this study, HIV-1 Env in previous studies). Indeed,
we have found that certain loop2 mutations have different
effects on infectivity in TE671 versus HeLa cells (T. Hatziio-
annou and S. Cowan, data not shown). We hypothesize that
this is due to polymorphism in, or differential expression of,
human gene products, such as Refl, that modulate infectivity
via effects on CA.

A number of CA mutations clearly and selectively inhibited
HIV-1 infectivity in human cells. In many cases, the same
mutations had no effect, or even enhanced infectivity, in non-
human primate cells. These residues either could be directly
involved in capsid recognition by restriction factors or, alter-
natively, they could affect the overall structure of capsid and
thus affect restriction in an indirect manner. In some cases,
reduced infectivity in human cells was accompanied by an
enhanced ability of VLPs carrying the same mutations to sat-
urate Refl. These data suggest that both the N-terminal
B-hairpin (loopl) and the CypA binding site (loop2) contain
determinants of Refl sensitivity or resistance. However, for
other mutations, a loss of infectivity specifically in human
TE671 cells did not always coincide with an enhanced ability to
saturate Refl. It is possible that these mutants are inhibited by
a different restriction factor or that the loss of infectivity in
human cells is mediated through other species or cell-type-
specific mechanisms.

In general, it proved easier to generate HIV-1 mutants that
have specifically reduced infectivity in human cells than mu-
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tants that have lost restriction in nonhuman primate cells.
Based on these findings, it seems likely that restriction in most
nonhuman primate cells is influenced by a number of deter-
minants in CA and that several mutations will be required to
completely abolish HIV-1 restriction in those cells. The only
exception to this is the Owl monkey cell line. With this cell line,
restriction can be completely bypassed by single-amino-acid
mutations that also prevent CypA binding. These data are in
agreement with our previously published observations that the
CA-CypA interaction in OMK cells facilitates Lv1 restriction.
Conversely, this interaction inhibits Refl restriction in human
cells (43). HIV-1 CA mutants (G89V and P90A) that are
unable to bind CypA are less infectious in human cells and are
able to interact with Refl. Importantly, we extend this finding
to show that a mutation (A92E) that compensates for the loss
of infectivity in human cells induced by a CypA binding site
mutation (P90A) does so by abolishing recognition of the
CypA-free capsid by Refl.

Although the mutations that clearly had species-specific ef-
fects on infectivity did not always lie in proximal positions in
the linear amino acid sequence, they were found to cluster
when mapped on the three-dimensional structure of HIV-1
CA monomer (Fig. 5). Moreover, the three loop segments
examined in our study can undergo concerted conformational
shifts (39), suggesting that they may function as a single coop-
erative structural unit.

As illustrated in Fig. SA and B, the N-terminal domains of
HIV-1 CA are thought to assemble into hexameric rings, with
each contacting neighboring rings via C-terminal CA domain
interactions (8, 20, 31). Ultimately, a conical lattice of hexam-
eric rings is formed that constitutes the complete viral capsid
(Fig. 5C and D). Interestingly, the mutations that affected
tropism were located primarily in capsid regions predicted to
project outward on the surface of the hexameric rings in mod-
els for the intact viral capsid (Fig. 5). Thus, tropism determi-
nants were located in regions that are not predicted to contact
other capsid molecules but would rather be exposed on the
outer surface of the intact capsid lattice (20, 31). Presumably,
therefore, these residues would be free to interact with other
proteins, such as capsid-targeting restriction factors. In the
context of a hexameric lattice, the presence of CypA bound to
loop2 on a proportion of the CA molecules would likely affect
the accessibility of some, but not all, residues identified as
species-specific tropism determinants. This might explain why
CypA affects HIV-1 tropism for some, but not all, primate
species.

Based on the surface distribution of the tropism determi-
nants in the CA lattice (Fig. 5C), it is entirely possible that a
single entity, for example, a restriction factor, could simulta-
neously contact multiple hexameric rings. Two striking fea-
tures of retroviral capsids are the following: (i) they can adopt
very different overall shapes, including cones, spheres and cyl-
inders, despite being comprised of very similar hexameric
units, and (ii) they also generally lack any formal symmetry
element (19, 20, 28, 31, 45). The differential distribution of
pentameric “defects” in the otherwise hexameric CA lattice
(e.g., Fig. 5D) is thought to govern this structural polymor-
phism. A consequence of intrinsic capsid asymmetry is that
each hexameric building block is positioned in a slightly dif-
ferent local environment relative to its neighbors. Thus, any
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FIG. 5. Localization of HIV-1 tropism determinants to the surface of the HIV-1 CA. (A) Representation of a CA N-terminal domain monomer,
with loops and tropism determinants indicated. Residues whose mutation had pronounced species-specific effects on infectivity are indicated in red
(AT8/E79/R82, R82/L.83, V86/H87, G89, P90/A92, 191/P93, G116, T119, and E128/R132). Mutations that induced modest but clearly species-
specific effects on infectivity are indicated in orange (Q7/Q9, Q13, N74, and N139), and mutations that induced little or no species-specific effects
are in yellow (Q4, P38, E45, T54, Q63/Q67, K70, E71, G94, P122, and R143). The approximate position of the C-terminal CA domain is also
indicated, as is the orientation of the molecule with respect to the “outside” (top) and “inside” (bottom) faces of the capsid lattice. (B) A single
N-terminal domain hexamer with residues colored in the same way as in panel A is shown as viewed from the outside of the capsid lattice. The
positions of loopl, loop2, and loop3 are indicated. (C) View of part of the hexameric lattice (N-terminal CA domain only) showing the
juxtaposition of tropism determinants in several adjacent CA hexamers. (D) Representation of the intact HIV-1 capsid. The position of the
pentameric “defects” that determine capsid shape are shown in red, and a group of CA hexamers similar to that shown in panel C with N-terminal
domains colored pink and C-terminal domains colored blue is shown schematically on part of the hexagonal lattice.

restriction factor that binds simultaneously to neighboring hex-
amers would be likely to recognize only restricted areas on the
surface of the capsid lattice. It is plausible, therefore, that
retroviral capsids might have evolved highly heterogeneous
and unusual shapes, such as cones, in response to host restric-
tion factors that target these structures.

The findings described herein might have practical conse-
quences. Specifically, we identified several mutations that in-
creased HIV-1 infectivity in nonhuman primate cells, although
none were able to completely restore infectivity in cells from
the rhesus macaque, the most commonly used primate species
in AIDS research. Other studies have also shown that alter-
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ation of residues within loop2 can increase titers of HIV-1 in
several nonhuman primate cells and at least partially bypass
Lvl restriction (29). However, neither our analysis nor previ-
ous analyses have been exhaustive, and it seems likely that
further mutational analyses of capsid might lead to the gener-
ation of HIV-1 strains that are completely resistant to Lv1-
mediated inhibition in macaques. Other adaptations, particu-
larly with respect to the Vif/APOBEC3G axis (32, 36), may
also be required, but these and other recent findings suggest
that the adaptation of HIV-1 to full replication competence in
a practically useful nonhuman species may be possible.
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