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Two different states of human immunodeficiency virus type 1 are apparent in the asymptomatic and late
stages of infection. Important determinants associated with these two states have been found within the V3 loop
of the viral Env protein. In this study, two large data sets of published V3 sequences were analyzed to identify
patterns of sequence variability that would correspond to these two states of the virus. We were especially
interested in the pattern of basic amino acid substitutions, since the presence of basic amino acids in V3 has
been shown to change virus tropism in cell culture. Four features of the sequence heterogeneity in V3 were
observed: (i) approximately 70% of all nonconservative basic substitutions occur at four positions in V3, and
V3 sequences with a basic substitution in at least one of these four positions contain approximately 95% of all
nonconservative basic substitutions; (ii) substitution patterns within V3 are influenced by the identity of the
amino acid at position 25; (iii) sequence polymorphisms account for a significant fraction of uncharged amino
acid substitutions at several positions in V3, and sequence heterogeneity other than these polymorphisms is
most significant at two positions near the tip of V3; and (iv) sequence heterogeneity in V3 (in addition to the
basic amino acid substitutions) is approximately twofold greater in V3 sequences that contain basic amino acid
substitutions. By using this sequence analysis, we were able to identify distinct groups of V3 sequences in
infected patients that appear to correspond to these two virus states. The identification of these discrete
sequence patterns in vivo demonstrates how the V3 sequence can be used as a genetic marker for studying the

two states of human immunodeficiency virus type 1.

The viral glycoproteins displayed on the surface of envel-
oped viruses are responsible for interacting with the receptor
on the target cell and are also exposed to humoral selection
by circulating antibodies. Selection by antibodies can result
in the appearance of sequence heterogeneity within discrete
regions of the glycoprotein sequence, as has been seen with
the influenza virus HA protein, for which the biological
consequence of this heterogeneity is antigenic drift (66, 77,
80). Genomic diversity among independent human immuno-
deficiency virus type 1 (HIV-1) isolates (reference 68 and
references therein), to a lesser degree among sequential
isolates from the same patient (28, 30, 65), and even within a
single patient isolate (54) is a well-characterized feature of
HIV-1. Although this sequence heterogeneity is distributed
throughout the genome, most of the heterogeneity is located
in the env gene (13, 27, 50). Comparison of predicted amino
acid sequences from several different isolates revealed that
amino acid heterogeneity is clustered in five variable regions
(V1 through V5) of the surface glycoprotein gp120 (43) (Fig.
1). When env gene sequences from sequential isolates were
examined, amino acid changes in gp120 were found to occur
predominantly in the same highly variable regions, suggest-
ing that sequence variability may play a significant role in
generating mutants capable of escaping neutralization (43).

During disease progression, a more virulent strain of
HIV-1 emerges, suggesting that HIV-1 exists in two different
states early and late in infection (2, 6, 19, 59, 74, 75). These
states have been measured by the replicative capacity of the
isolate, defined as slow-low and rapid-high; by cytopathic
abilities, usually defined as non-syncytium inducing (NSI)
and syncytium inducing (SI); or by alterations in host range,
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including virus growth in macrophages (macrophage tropic)
versus adaptation to growth in transformed T-cell lines
(T-cell-line tropic) (2, 6, 18, 19, 59, 60, 61). Although these
three designations refer to different properties of HIV-1, it is
likely that rapid-high, T-cell-line tropic, and SI all define the
same state, which is distinct from a less-virulent state
characterized as slow-low, macrophage tropic, and NSI.

The biological significance of the sequence heterogeneity
in V3, the third variable region of gpl120, has come under
study (reviewed in reference 24). Although this region is only
35 amino acids long, considerable sequence variability exists
within it when sequences from different isolates are com-
pared (37). In spite of this variability, V3 contains determi-
nants that mediate virus interactions with CD4* cells, the
primary targets of HIV-1 infection, and with the host im-
mune system. Antisera to recombinant Env proteins or to
synthetic peptides that include amino acids within V3 are
able to block syncytium formation induced by a virus with
the homologous V3 sequence (25, 32, 48, 53). V3 also serves
as a major target for neutralizing antibody (29, 32, 33, 41, 48,
53). Antibodies to the V3 region do not prevent binding of
gp120 to the CD4 receptor but do prevent virus uptake (67).
There have been additional reports which show that V3
contains epitopes that elicit both cytotoxic T-lymphocyte
responses (10, 69, 71, 72) and helper T-cell responses (11, 49,
70). Finally, molecular recombinants have been used to
show that determinants of virus tropism lie within the V3
region (3, 8, 9, 31, 46, 62, 78). Consequently, the heteroge-
neity characteristic of V3 may represent in part the sum of
selective pressures associated with these different proper-
ties.

Initial attempts have been made to identify specific pat-
terns of sequence variability in V3 associated with virus
tropism and the cytopathic abilities of both laboratory-
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FIG. 1. Variable domains of the HIV-1 Env protein. The five
variable regions (V1 through VS5) in the gp120 (SU) portion of the
env gene are indicated by black boxes. Shown below is the V3
consensus sequence (37). The shaded box represents the membrane-
spanning domain within the gp41 (TM) portion of the Env protein.

adapted and primary isolates of HIV-1. Several studies have
shown that coupled changes flanking the GPGR sequence,
which is present in most V3 sequences, are sufficient to
change virus tropism to T-cell-line tropic (9, 15). Mutant
viruses have been used to demonstrate that a minimum of
three amino acid substitutions in V3 can confer macrophage
tropism and alter T-cell-line tropism (63). de Jong et al. (15)
provided evidence that HIV isolates with an SI, fast-repli-
cating phenotype have a higher net charge in V3 because of
the addition of basic amino acids. Comparison of V3 se-
quences from sets of biological clones isolated sequentially
from 12 patients showed a correlation between a basic
charge at two positions (positions 11 and 25) and the transi-
tion from an NSI to an SI phenotype (21). The importance of
these two positions was confirmed by mutational analysis
(14).

We analyzed more than 250 published V3 sequences to
identify sequence patterns that distinguish between the two
states of HIV-1. Our starting point for the analysis of
sequence patterns was two large data sets of V3 sequences,
which included examples of macrophage-tropic and T-cell-
line-tropic viruses (37, 44). In the second part of this study,
we used the sequence patterns identified from the published
sequences to analyze the virus population in infected pa-
tients.

MATERIALS AND METHODS

Source of V3 sequences. The 175 V3 sequences used in the
initial analysis were selected from the data set published by
LaRosa et al. (37) with corrections (38, 39) and are described
in the legend to Fig. 2. An additional 83 V3 sequences
obtained predominantly from the HIV-1 data base (44) were
used in the analysis of V3 sequence variability and are
available upon request. These sequences were determined
for isolates from 64 individuals and represent both in vivo-
derived sequences and sequences from cultured virus. In
almost all cases, no more than two sequences for isolates
from a single patient were included, representing the pre-
dominant macrophage-tropic-like sequence and a distinct
sequence variant when present. The viruses were isolated
predominantly from the blood, although some from the brain
and the lung are included. When HIV-1 was transmitted
between individuals, the isolate(s) from only one patient was
used. All of the isolates in the data set except SF1703 (7)
represent isolates from North America or Europe. A subset
of this data set which includes 10 pairs of in vivo-derived
sequences is further described in Fig. 3B.

Viral DNA isolated from peripheral blood mononuclear
cell (PBMC) DNA of two HIV-l-infected individuals was
used as a source for the patient V3 sequences described in
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Fig. 6. Patients A and B were enrolled in the AIDS Clinical
Trials Group at the University of North Carolina Hospitals,
Chapel Hill, N.C. Both patients had CD4" cell counts of less
than 100/mm? and had received antiviral therapy.

PCR amplification and cloning. PBMCs were isolated from
patient blood by centrifugation on Ficoll-Hypaque as previ-
ously described (12). Approximately 107 PBMCs were resus-
pended in 0.28 ml of 1x STE (0.15 M NacCl, 10 mM Tris [pH
8.0], 1 mM EDTA). Lysis buffer (500 ug of proteinase K per
ml, 0.5% sodium dodecyl sulfate [SDS], 10 mM Tris [pH
7.5], 30 mM NaCl, 20 mM EDTA) was added to a final
volume of 0.5 ml, and the cells were incubated for 2 h at
50°C. Samples were then phenol extracted and ethanol
precipitated.

Nested polymerase chain reaction (PCR) was used to
amplify the 3-kb env gene from the uncultured PBMC DNA.
The first 30 cycles were done with outer primers 5411/5428
(sequence derived from HXB2R; 5'-AGC ATC CAG GAA
GTC AGC-3') and 8546/8565 (5'-GTA CCT GAG GTG TGA
CTG GA-3') (51). Either 0.5 or 1 pg of the patient DNA
sample was used in a 100-pl reaction that included 0.5 pM
each of the primers, 800 uM total deoxynucleotide triphos-
phates, 2.0 mM MgCl,, 10 mM Tris-HCI [pH 8.3], 50 mM
KCl, 2.5 U of Amplitaq [Perkin Elmer Cetus]). All 30 cycles
consisted of a 30-s denaturing step at 94°C, a 30-s annealing
step at 60°C, and a 2-min extension step at 72°C except for
the first cycle, in which reactions were both denatured and
extended for 5 min. After 30 cycles, the reactions were
extended for an additional 7 min. Three successive 10-fold
dilutions were made from the amplified DNA, and an aliquot
of 8 pl of each dilution was placed into a new 100-pl reaction
mixture for a second 30 cycles, during which a region of
DNA was amplified from the previously amplified DNA. The
second round of PCR was done with nested primers 5503/
5537, containing an additional Xbal site (5'-AGC TTC GAG

TT AGG CAT CTC CTA TGG CAG GAA GAA
GCG GAG ACA-3'), and 8421/8463, containing an Xhol site
and an additional Milul site (5'-TAA GTA CTA TAC GCG
TCA TGT TTT TCC AGG TCT CGA GAT GCT GCT CCC
ACC CCA TCT GC-3'). The parameters for the second
round of amplification were the same as for cycles 2 through
30 except that the denaturing step in cycle 31 was 5 min and
the MgCl, concentration was 1.5 mM.

Only PCR reactions that were not overamplified were used
to avoid cloning env heteroduplexes that may have formed
by reannealing at high template concentrations. The reaction
mixtures were purified by binding to glass beads by the
manufacturer’s protocol (Geneclean II; Bio 101 Inc.), and
the amplified DNA was digested with the appropriate restric-
tion enzymes. DNA fragments were ligated into the phage-
mid pIBI31 (International Biotechnologies, Inc.), and bacte-
rial transformation was done by electroporation (16).

Recombinant clones containing the 3-kb insert were
screened on indicator plates containing 100 pg of ampicillin
per ml, 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG)
and 40 pg of 5-bromo-4-chloro-3-indolyl-B-p-galactoside (X-
Gal) per ml. Between 10 and 20% of the white colonies
(lacking lacZ) were transferred to nitrocellulose (Schleicher
& Schuell BAS8S) and screened for HIV-1 env DNA by
hybridization with an oligonucleotide probe as described
before (55, 84) except that the filters were hybridized at 80°C
in 10 ml of prehybridization solution containing 2.3 pmol of
a 3?P-5'-end-labeled oligonucleotide (56) and cooled slowly
to room temperature overnight. Plasmid clones identified in
the hybridization screen were then screened for the presence
of full-length env inserts.
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Taq error frequency. An error rate for Tag DNA poly-
merase was determined after 60 cycles of amplification.
Roughly 100 copies of pIBI20 containing the HIV-1 env gene
were mixed with 1 pg of uninfected high-molecular-weight
human cell DNA, and the env gene was amplified for 60
cycles under the conditions described above. The amplified
fragment was cloned and sequenced. V3 sequences were
obtained for 22 clones totalling 1,980 bp. One C-to-T transi-
tion was identified, for an estimated error frequency of
approximately 0.05% after 60 cycles of amplification.

DNA sequencing and sequence alignments. Single-stranded
DNA for sequencing was generated after rescue of the
env-containing phagemid with helper phage M13KO07 (76).
The sequences of the clones were determined by dideoxy
sequencing with Sequenase Version 2.0 according to the
manufacturer’s protocol (United States Biochemical). The
sequencing primer used for V3 was 5'-AAC CAT AAT AGT
ACA-3' (sequence derived from HXB2; primer 6616) (51).
The sequence analysis programs SeqEd, Translate, and
PileUp (23) were used to translate and align patient V3
sequences.

Statistical analysis. All P values were generated by using
the Fisher exact test as the significance test criterion (20).

Nucleotide sequence accession numbers. Patient sequences
were deposited in GenBank under accession numbers
L21769 to 1.21836, 1.21980, and 1.21981.

RESULTS

We examined two large data sets of published V3 se-
quences to identify patterns of sequence variability that can
be used to distinguish between the two different states of
HIV-1. Since the work of de Jong et al. and others (9, 14, 15,
21, 63) has shown that the addition of a basic charge (by
substitution) in V3 is associated with the more virulent state
of HIV-1, we were especially interested in determining the
distribution of basic amino acid substitutions within the V3
region. In an initial analysis, we examined the pattern of
basic amino acid substitutions within 175 distinct V3 se-
quences published previously by LaRosa et al. (37). We
chose the LaRosa data set as our starting point for several
reasons. First, the consensus sequence of this data set is the
same sequence as that of the HIV-1 isolates Bal.1 and JR-FL
(44, 46), both of which are known to confer a macrophage-
tropic phenotype (22, 31, 46). Second, an example of this
sequence is present in the list of V3 sequences, as are
examples of variants that are known to grow well in T-cell
lines. We assume that this extensive list contains numerous
examples of each type of virus.

Patterns of basic amino acid substitutions within V3. Anal-
ysis of the V3 sequences from the LaRosa data set show that
basic amino acids appear frequently, both within the con-
sensus sequence (at five positions) and as substitutions from
the consensus sequence (Fig. 2A). Some positions tolerated
conservative substitutions (9, 10, and 18), while two posi-
tions with arginine as the predominant amino acid had lysine
substitutions only rarely (positions 3 and 31). Nonconserva-
tive substitutions to basic amino acids were also discrimi-
nating. Basic substitutions were most frequently seen at
positions 11, 13, 19, 23, 24, 25, and 32, with substitutions at
the four most common positions, 11, 24, 25, and 32, repre-
senting approximately 67% of all nonconservative basic
substitutions. Basic substitutions at positions 13, 19, and 23
account for about 19% of all nonconservative basic substi-
tutions. Nonconservative basic amino acid changes were
also distributed asymmetrically at these seven positions.
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Four positions, 19, 24, 25, and 32, tolerated either arginine or
lysine, while at the other three positions (11, 13, and 23),
arginine predominated. At position 32, basic amino acid
substitutions were the only substitutions tolerated.
Analysis of an additional 83 V3 sequences, including
sequences from the HIV-1 data base (see Materials and
Methods), revealed similar basic amino acid substitution
patterns (data not shown). When V3 sequences from the two
data sets were combined, we found that 70% of all noncon-
servative basic substitutions occurred at the four noted
positions, 11, 24, 25, and 32. In addition, the subset of V3
sequences (approximately 42%) that contained a basic amino
acid at one of these four positions contained approximately
95% of all of the nonconservative basic substitutions present
within the total list of V3 sequences. Thus, basic substitu-
tions at four positions (11, 24, 25, and 32) can be used as a
reliable marker to identify virtually all sequence variants
with nonconservative basic substitutions. In addition, basic
substitutions in two of these four positions (11 and 25) have
been directly implicated in virus tropism (14, 21, 63, 79).
In analyzing the V3 sequences from the LaRosa data set
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FIG. 2. Distribution of basic and uncharged amino acid substi-
tutions within the LaRosa V3 sequence data set (37). Included in the
data set are 175 unique V3 sequences published by LaRosa et al.
(37). Identical sequences were used only once. Not included were 11
V3 sequences with either a QR or RG insert between Ile-14 and
Gly-15 of the consensus sequence (LaRosa V3 sequences 166 to 175
and 225). Also not included were nine V3 sequences with other
unusual insertions or deletions (LaRosa V3 sequences 64 to 66, 178
to 180, 212, 223, and 244). Seventeen sequences which contain a
single amino acid deletion at position 18, 22, 24, or 27 were included
in the data set (LaRosa V3 sequences 39, 63, 101, 121, 122, 133, 135,
144, 163, 164, 208 to 211, 222, 232, and 245). (A) Number of arginine
and lysine substitutions. (B) Number of uncharged amino acid
substitutions and deletions not including polymorphisms. Specific
polymorphisms are shown below the consensus sequence in panel
B. Numbers indicate how many times each polymorphism was
found among the 175 sequences.
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that had nonconservative basic amino acid substitutions, we
also noted that most of them also had a sequence change at
position 25, away from the consensus glutamic acid or its
conservative substitute, aspartic acid. This correlation was
also apparent if the sequences were first grouped as being
substituted at position 25. Of the 88 sequences in the list that
contained a nonacidic amino acid at position 25, 69 of them
had a basic amino acid at position 11, 13, 19, 23, 24, or 32. By
contrast, only 10 V3 sequences on the list had a basic amino
acid at one of these six positions and an acidic amino acid at
position 25. Thus, there was a significant correlation for a
change away from an acidic amino acid at position 25 and the
appearance of basic amino acids at the other six positions (P
< 107%.

Patterns of acidic and uncharged amino acid substitutions
within V3. In addition to identifying basic amino acid sub-
stitution patterns that may be associated with virus state, we
also wanted to address the broader question of sequence
variability within V3. To do this, we examined the distribu-
tion of acidic and uncharged amino acids in the 175 V3
sequences from the LaRosa data set. We found that, in
contrast to basic amino acids, acidic amino acids were rare
in V3 sequences both within the consensus sequence and as
sequence variants (data not shown). The predominant acidic
amino acid substitutions were a conservative substitution
(aspartic acid for glutamic acid) at position 25 and a change
from glycine to either aspartic acid or glutamic acid at
position 24.

Substitutions with uncharged amino acids were character-
ized by two patterns (Fig. 2B). First, at some positions there
was a single amino acid that accounted for 40% or more of all
substitutions at that position. Second, when these predomi-
nant amino acid polymorphisms were subtracted, V3 se-
quence heterogeneity was most significant at positions 13
and 20. The predominant amino acid at position 13 is
histidine, with the substitutions representing small amino
acids, while at position 20, the consensus phenylalanine is
usually replaced with a hydrophobic amino acid. The next
most heterogeneous position was position 25, which also had
a frequent change to glutamine. These results, together with
our analysis of charged substitutions, indicate that the ap-
parent sequence variability in V3 has several distinct fea-
tures, including substitution of basic amino acids at discrete
positions, an underrepresentation of acidic amino acids,
frequent substitutions that may represent polymorphisms,
and clustered heterogeneity of uncharged amino acid substi-
tutions at positions 13 and 20.

Sequence changes that correlate with altered tropism. Im-
portant determinants of macrophage tropism versus the
ability to grow in T-cell lines have been shown to lie within
the V3 loop (8, 9, 31, 63, 79), and the addition of basic amino
acids to the V3 sequence enhances growth and syncytium
formation in transformed T-cell lines (14, 15). It is likely that
the predominant nonconservative basic amino acid substitu-
tions at the positions seen in the examination of sequence
heterogeneity (Fig. 2A) represent the naturally occurring
positions for at least some of the sequence changes involved
in tropism (positions 11, 24, 25, and 32). We tested the
possibility that changes at these few positions could distin-
guish between macrophage-tropic and T-cell-line-tropic vi-
ruses by examining the V3 sequences of viruses with known
phenotypes (Fig. 3A). All 10 of the T-cell-line-tropic viruses
had a basic amino acid in at least one of these positions, and
as with the larger data set, basic substitutions at these four
positions accounted for approximately 75% of all noncon-
servative basic substitutions. In contrast, none of the 14
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macrophage-tropic viruses had a basic substitution at any of
the four positions. There was only one example of a non-
conservative basic amino acid substitution at any position
among the macrophage-tropic viruses (H13R in HIV-1
SF1703), while all V3 sequences from the group of T-cell-
line-tropic viruses contained one or more nonconservative
basic substitutions. The association of at least one noncon-
servative basic amino acid substitution with the T-cell-line-
tropic viruses compared with the macrophage-tropic viruses
was highly significant (P < 107%).

Comparison of V3 sequences from the two phenotypes
also showed that all but three of the T-cell-line-tropic viruses
had a nonacidic amino acid at position 25, while an acidic
amino acid or alanine predominated at this position among
macrophage-tropic viruses. Substitution of a nonacidic
amino acid at position 25 among T-cell-line-tropic viruses, in
contrast to the predominance of acidic amino acids at this
position among macrophage-tropic viruses, was found to be
significant (P = 0.01). Thus, three features that appear to
distinguish T-cell-line-tropic from macrophage-tropic vi-
ruses include (i) the presence of nonconservative basic
amino acid substitutions, (ii) frequent addition of basic
amino acids at predominantly four positions, and (iii) a
change from an acidic amino acid at position 25.

We next used these features to examine 10 pairs of V3
sequences derived from sequences present in vivo (Fig. 3B).
These pairs of sequences represent two distinct groups of
viral sequences present in each patient. In each case, there is
one sequence with nonconservative basic substitutions
which are frequently found at the positions noted among the
viruses with the known T-cell-line-tropic phenotype. With
one exception, the sequences in this group also had a
nonacidic amino acid at position 25. The opposite was true
for the second group of the paired sequences, in which
position 25 was predominantly acidic and only one noncon-
servative basic amino acid change was present (Q32K in
V12840). Thus, distinct features of viruses known to be
T-cell-line tropic are also present within virus populations in
vivo and appear to distinguish two different virus states in
infected patients.

The link between the sequences in the larger data sets,
which include sequences from cultured viruses, and the
sequences present in vivo is strengthened by the observation
that the consensus sequence of these in vivo-derived se-
quences is almost identical to the macrophage-tropic con-
sensus sequence that was identified in the LaRosa data set,
the only difference being an equal occurrence of glutamic
acid and glutamine at position 25 (data not shown).

Discrete patterns of basic amino acid substitutions. Since
the loss of an acidic amino acid at position 25 appeared to be
an important determinant of T-cell-line tropism, we consid-
ered the possibility that the identity of the amino acid at this
position affects the pattern of substitutions at other posi-
tions. We examined 46 V3 sequences with an uncharged
glutamine at position 25 and compared these with 45 V3
sequences with a basic amino acid at position 25 (Fig. 4). The
patterns of specific substitutions were considered as a func-
tion of increasing basic charge of the V3 loop. Overall, the
patterns of sequence changes between these two groups
appeared similar. However, there were two features that
distinguished the two groups, both of which were statisti-
cally significant. First, with a basic amino acid at position 25,
glycine replaced serine as the predominant uncharged amino
acid at position 11 (P < 10~*%). Second, basic amino acid
substitutions were found at position 13 only when a basic
amino acid was present at position 25 (P = 0.012). Compar-
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FIG. 3. Charge pattern of V3 sequences associated with known phenotypes and viruses present in vivo. Alignment with the V3 consensus
sequence of (A) sequences from viruses known to grow in T-cell lines (top) or macrophages (bottom) and (B) sequences representing two
distinct groups of viruses present in each of 10 HIV-1-infected patients at a single time point. These sequences represent a subset of the 83
V3 sequences from the HIV-1 data base (44) that are described in Materials and Methods. The sequences were obtained from uncultured
PBMC DNA or plasma RNA. Each pair includes the predominant macrophage-tropic-like sequence (bottom) and a variant that contains the
sequence elements characteristic of a T-cell-line-tropic virus (top). The pattern of basic charges and the amino acid present at position 25 were
features used to sort the sequences in each pair into the two groups of viruses. The actual phenotype of these viruses is unknown. Amino acids
shown represent nonconservative arginine and lysine substitutions. The identity of the amino acid at position 25 is also shown. Asterisks
represent other substitutions from the consensus sequence. Identity with the consensus sequence is shown with a dash. Numbers at the top
represent positions within the consensus sequence. TA9, T-cell adapted (i.e., T-cell-line tropic); MT, macrophage tropic. GenBank accession
numbers: a, M19921; b, M12508; c, M68893; d, M38429; e, M93258; f, M66533; g, M31451; h, M90851; i, L.21822; j, L21831; k, L.21981;
1, M90917; m, M90848; n, L.21770; o, L.21778; p, L.21980; q, M90918.

ison of the basic amino acid substitution patterns for these tamine rather than arginine or lysine was present at position
two groups also showed that there was a tendency for 25. These results suggest that basic amino acid substitutions
arginine to be substituted at position 11 as the first basic  tend to follow at least two different pathways, although there
amino acid substitution (outside of position 25) when glu- are a few examples of sequences with elements of both
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FIG. 4. Discrete patterns of basic amino acid substitutions
within V3. Specific amino acid changes are shown for V3 sequences
with either glutamine (top) or arginine or lysine (bottom) substituted
at position 25. Substitution patterns are presented as a function of
increasing basic charge in V3. Charges for individual V3 sequences
were based on amino acid substitutions at seven positions within the
LaRosa consensus sequence (11, 13, 19, 23, 24, 25, and 32). A total
of 91 V3 sequences are represented, including 43 sequences from the
LaRosa data set (see below) and 48 sequences from other sources
(17, 21, 30, 44, 64): from reference 30, sequences C2, C3, D5, D7,
and E3; from reference 21, sequences ACH-15.9, ACH-320, ACH-
168.7, AMS-55, AMS-16.1, ACH-479.5, ACH-182.69, ACH-
320.2A.5, and AMS-175; from reference 17, sequences W2-1al0,
W2-1a6, W12-2¢5, W1-1al, and W1-1bS; from reference 44, isolates
HIVWMI12, HIVNY5SNEW, HIVHAN, CANOB, and FO; from
reference 64, sequences 91-a, 91-c, 82-c, and 87-d; and from the
GenBank/EMBL data bases, accession numbers M90881, M90886,
M74658, M26727, M90885, M21138, M21098, M38430, M90938,
M90913, M90902, M90876, M90958, M90936, K02007, M90917,
M90905, M74676, M90851, and M12508. The 43 sequences from the
LaRosa data set include all sequences with a glutamine, arginine, or
lysine residue at position 25 except for LaRosa V3 sequences 50,
106, 117, 126, 130, 146, 148, 149, 201, 203, 229, 235, 236, 238, and
240. A total of 132 nonconservative basic substitutions were found
in the 91 V3 sequences, but in this analysis only the identity of the
amino acids at positions 11, 13, 19, 23, 24, 25, and 32 were
considered. Eighteen basic amino acid substitutions occurring at
other positions within V3 are not shown. Amino acid substitutions
are represented by a single letter. Shown in parentheses is the
number of sequences with each substitution. Numbers at the top
represent positions within the consensus sequence.
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FIG. 5. Extent of sequence heterogeneity associated with dis-
tinct groups of V3 sequences. The mean number of amino acid
differences from the V3 consensus sequence is shown for two
groups of sequences in each of three separate data sets: the LaRosa
data set (LR), 63 sequences from the HIV-1 data base (LA), and 10
pairs of in vivo-derived sequences (IV). The two groups represented
include viruses that are macrophage-tropic-like and have a low net
charge in V3 and sequence variants which have a high net charge in
V3 and are T-cell-line-tropic-like. The V3 sequences in each data set
were sorted into the two groups by the pattern of basic amino acid
substitutions and the identity of the amino acid at position 25. The
number of amino acid differences from the V3 consensus sequence,
not including nonconservative basic substitutions, and the amino
acid at position 25 was then determined for each sequence. Shown
are the means for each group in the three data sets +2 standard
errors. V3 sequences from the LaRosa data set are described in the
legend to Fig. 2. Sequences from the HIV-1 data base and the in
vivo-derived sequences used in this figure are described in Materials
and Methods and shown in Fig. 3B, respectively.

High Charge
(T cell line-tropic-like)

pathways. This indicates that while these patterns are pre-
ferred, they are not obligatory in the addition of basic amino
acids to V3.

Basic substitutions and position 25 changes predict other
sequence heterogeneity. From the previous analysis and the
work of others (9, 14, 21, 79), we propose that the presence
of basic amino acids predominantly at positions 11, 13, 19,
23, 24, and 32 of the V3 loop and the identity of the amino
acids at position 25 can be used to distinguish two distinct
sets of viral sequences. These features distinguish the se-
quences of viruses with known phenotypes as well as
discrete subsets of viruses present in vivo (Fig. 3), although
the effect on tropism of these individual substitutions in the
macrophage-tropic background has not yet been tested.
Nevertheless, we have used these features to sort V3 se-
quences from the three separate data sets (the LaRosa data
set, the sequences from the HIV-1 data base, and the in
vivo-derived sequences shown in Fig. 3B) into two groups.

Chesebro et al. have suggested that macrophage-tropic
viruses are more similar in sequence as a group than T-cell-
line-tropic viruses (9). We examined the extent of sequence
heterogeneity associated with each group of viral sequences
in each of the three data sets. As a measure of heterogeneity,
we determined the number of amino acid differences from
the consensus sequence for each sequence and did not
include nonconservative basic substitutions in the tally.

The mean number of amino acid differences from the
consensus sequence in each of the three data sets was
approximately twofold greater among viruses that have basic
amino acid substitutions, with approximately 2.6 changes as
the mean for the macrophage-tropic-like viral sequences and
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FIG. 6. Identification of discrete V3 sequence families in two HIV-1-infected patients. Individual V3 sequences from patients A and B are
plotted as V3 charge versus total number of amino acid changes from the predominant V3 sequence in each patient. V3 charge for each clone
was calculated from arginine and lysine substitutions and the amino acid residue at position 25. Represented are V3 sequences from 48 and
20 clones isolated at a single time point from patients A and B, respectively. The predominant or macrophage-tropic-like sequence in each
patient, indicated by the letter P, is as follows: A, CIRPNNNTRKSIPIGPGRAFYATGDIIGDIRQAHC; B, CIRPNNNTRRSIPIGPGRAF
YATGDIIGDIRQAHC. The subscript refers to the number of times that the predominant sequence appeared among the total V3 sequences
examined in each patient. Superscript numbers refer to individual clone designations. Shown in parentheses are the amino acids that differ
from the predominant sequence in each patient. The notation, e.g., A22V, includes the amino acid from the predominant V3 sequence, the
position number, and the amino acid change present in a particular clone. Doubly starred superscripts represent an initial variant in each
patient from which the highly divergent viruses must have evolved. Dashed arrows represent the monoclonal outgrowth of the initial variant
from the predominant V3 sequence. V3 sequences at the end of solid arrows contain all of the changes found in the previous clone in addition
to any new changes shown in parentheses. Nucleotide sequences for individual clones have GenBank accession numbers 1.21769 to 1.21836.

approximately 5.4 changes as the mean for the sequences
that have basic substitutions (Fig. 5). The difference between
the means for the two types of sequences represented in the
in vivo data set was not as significant as the difference
between the means for the larger data sets, possibly because
of the smaller sample size. However, all three data sets
followed the same trend. These results suggest that V3
sequences derived from putative macrophage-tropic viruses
show about twofold less sequence heterogeneity than those
sequences which contain basic amino acid substitutions.
Detection of discrete V3 sequence families in vivo. We used
both the basic charge of the V3 loop and the total sequence
variability to compare individual V3 sequences present in
the virus population within an infected individual (Fig. 6).
We examined a total of 68 V3 sequences amplified from
PBMC DNA obtained from two HIV-l-infected patients
(patients A and B) at a single time point. The most frequent
(predominant) V3 sequence in each patient appeared to
represent a sequence from a macrophage-tropic virus char-
acterized by the presence of an acidic amino acid at position
25 and the absence of basic nonconservative amino acid
substitutions (Fig. 6); in addition, the predominant sequence
had a series of closely related sequences clustered around it.
Both patient samples also showed evidence of highly diver-

gent viral sequences. In these two patients, the pattern of V3
sequences among the divergent sequences shared three
features. First, there was evidence for a monoclonal out-
growth of the distinct variant, as shown by the presence of
several closely related sequences which were quite distinct
from the predominant sequence. Second, each of the vari-
ants had a change at position 25 and at least one other basic
substitution at position 11, 13, or 24. Third, in addition to the
basic amino acid substitutions in V3, the variant V3 se-
quences had acquired numerous other sequence changes.
These changes include substitutions of hydrophobic and
small amino acids at the two most variable positions shown
in Fig. 2B, position 20 (patient A; F20L) and position 13
(patient B; P13S), respectively. These results suggest that
the acquisition of basic amino acids in vivo occurs when
there is strong selective pressure for other sequence changes
and that only discrete sequence variants accumulate.

DISCUSSION

V3 is a region within the HIV-1 env gene that displays
significant sequence heterogeneity (37). In addition, this
region influences the ability of the virus to replicate in
macrophages and to grow in transformed T-cell lines (8, 9,
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31, 63). V3 serves as a major target for neutralizing antibod-
ies (25, 29, 32, 33, 34, 41, 45, 48, 53), suggesting that at least
some of the heterogeneity may be the result of humoral
selection. In this study, we have dissected V3 sequence
variability within two large data sets of V3 sequences in
order to separate sequence changes that correlate with virus
tropism from more diverse changes that contribute to overall
sequence heterogeneity. The consensus sequence, or aver-
age V3 sequence, is known to confer a macrophage-tropic
phenotype. This sequence provided a baseline from which
we were able to identify distinct features of the sequence
variability associated with the V3 region.

Charge changes in V3 associated with the ability to replicate
in transformed T cells. The addition of basic amino acids in
V3 plays a role in the phenotypic shift between the NSI and
the SI phenotypes (14, 15, 21). When we analyzed 175
published V3 sequences (37), we found very distinct patterns
of basic amino acid substitutions. Nonconservative basic
amino acid substitutions occurred predominantly at posi-
tions 11, 13, 19, 23, 24, 25, and 32 (Fig. 2A), with approxi-
mately 95% of all nonconservative basic substitutions either
in or linked to a basic substitution at position 11, 24, 25, or
32. In addition, the presence of a basic or uncharged amino
acid at position 25 correlated closely with basic amino acid
substitutions at the other six positions. Thus, these two
features of basic amino acid substitutions with a change at
position 25 define a distinct subset of V3 sequences.

Comparison of 24 V3 sequences from viruses with known
phenotypes provided strong evidence that the pattern of
basic substitutions and the change at position 25 that we
identified within the LaRosa data set are distinguishing
features of a virus with a T-cell-line-tropic phenotype (Fig.
3A). With one exception, there were no nonconservative,
basic amino acid substitutions present in the V3 sequences
of 14 macrophage-tropic viruses compared with the consen-
sus sequence. Among the group of 10 T-cell-line-tropic
viruses, nonconservative basic substitutions were common
and 75% of them occurred at the four predominant positions
noted in our analysis of the 175 V3 sequences, i.e., 11, 24,
25, and 32.

It was also evident from comparing the identity of the
amino acid at position 25 in the sequences of these two
groups of viruses that the amino acid at this position was
usually different for macrophage-tropic and T-cell-line-tropic
viruses. Most of the macrophage-tropic viruses had either an
acidic amino acid or alanine at position 25, in contrast to the
T-cell-line-tropic viruses, which usually had a nonacidic
amino acid at this position. Together, these observations
strongly suggest that although the loss of an acidic amino
acid at position 25 is a strong predictor of virus tropism, it is
the combination of substitution of amino acids with a basic
charge at a subset of residues in V3 (positions 11, 24, and 32)
and the identity of the amino acid at position 25 that together
can be used to distinguish between macrophage-tropic and
T-cell-line-tropic viruses.

The importance of position 25 in predicting virus state has
also been underscored previously in studies that used chi-
meric molecular clones and performed sequence compari-
sons of primary isolates. In a study by Westervelt et al. (79),
amino acids in V3 associated with macrophage tropism
included an acidic amino acid or alanine at position 25, while
isolates incapable of infecting macrophages had a basic
residue at this position and substitutions at positions 13 and
21. Fouchier et al. showed that among NSI viruses, the
amino acid at position 25 was either acidic or uncharged and
the amino acid residue at position 11 was uncharged (21). In
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contrast, either one or both of these residues were basic
among SI isolates. Positions 11, 25, and 29 were shown by
mutagenesis to contribute to an SI phenotype (14). Chesebro
et al. (9) used molecular recombinants to show that sequence
elements on either side of the GPGR motif can contribute to
the T-cell-line-tropic phenotype. In examining a larger set of
sequences, we have been able to generalize these patterns of
sequence difference from the consensus sequence to allow a
more consistent identification of two.naturally occurring
virus states.

Adaptive changes may follow several pathways. T-cell-line-
tropic viruses can have V3 sequences with a single noncon-
servative basic amino acid substitution or up to three such
substitutions (Fig. 3A). When we examined the positions of
these substitutions as a function of the number of basic
amino acid substitutions in the V3 sequence and whether the
amino acid at position 25 was basic or an uncharged glu-
tamine, we found several differences (Fig. 4). First, arginine
appeared at position 13 only when there was a basic amino
acid at position 25. Second, when there was a basic amino
acid at position 25, glycine became the predominant un-
charged amino acid at position 11 instead of serine. In this
type of analysis, it is not possible to determine which change
occurs first, although it is clear that the identities of the
amino acids at positions 11 and 25 are coordinately influ-
enced. Also, although these patterns represent strong ten-
dencies, they are not unique, in that some sequences with
elements of both patterns can be found. Nevertheless, the
existence of these patterns must ultimately be understood in
terms of the structural requirements for V3 function as
reflected in either the direct or indirect interactions of these
specific amino acids.

Some heterogeneity represents polymorphisms. When we
examined uncharged amino acid substitutions within the
consensus sequence, we found that a single amino acid
represented a significant fraction of the substitutions away
from the consensus sequence at many positions (Fig. 2B).
For example, of 81 uncharged amino acid substitutions at
position 22, 73 were from the consensus threonine to an
alanine. Although we found no linkage between these pre-
dominant uncharged amino acid substitutions, the apparent
selection for particular types of amino acid residues at
specific positions further suggests that variability in V3 is
limited by certain structural constraints. In a few cases, the
polymorphism was most apparent in the viral sequences with
nonconservative basic substitutions (A19V and E25Q), while
in the rest of the cases, the polymorphisms appeared irre-
spective of the presence of nonconservative basic amino
acid substitutions (Fig. 2B and data not shown).

Korber et al. found elements of sequence linkage after
examining a large data set of V3 sequences (35). In the
majority of cases, the most common amino acid combination
noted represents the consensus sequence. However, there
were examples among a small percentage of sequences in
which the appearance of an amino acid at one site was linked
to a particular amino acid at another position. These include
R13 and K25 or R25; V19 and T13; V20 and K24 or R24; and
G11 and H13 or R13.

Remaining sequence heterogeneity is partly clustered.
When the basic amino acid substitutions, which are corre-
lated with tropism, and the predominant, uncharged amino
acid substitutions (i.e., polymorphisms) were subtracted
from the total sequence heterogeneity in the LaRosa data
set, we found that the remaining sequence heterogeneity was
most significant at two positions, 13 and 20 (Fig. 2B). Both of
these positions are two amino acids away from the GPGR
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sequence. This sequence was initially modeled as a beta turn
(37), a hypothesis that was subsequently confirmed by
nuclear magnetic resonance analysis (4, 85). The initial
modeling also suggested that a beta sheet conformation
extends from the turn on each strand. In such a structure,
the side chains at positions 13 and 20 would each be two
residues away from the turn (on the N- and C-terminal sides,
respectively), putting their side chains on the same face of
the beta sheet and adjacent to each other across the sheet.
Thus, these two variable residues may be equivalently
placed to influence sequence heterogeneity, and therefore
antigenicity, in the vicinity of the tip of the V3 loop.

Charge changes and heterogeneity are linked. When we
sorted the published V3 sequences into two groups based on
the parameters we have proposed to reflect the two virus
states, we found that most of the sequence heterogeneity
was associated with sequences that contain the nonconser-
vative basic amino acid substitutions (Fig. 5). These findings
were consistent for three separate data sets analyzed, includ-
ing 10 pairs of V3 sequences present in vivo (Fig. 3B and 5).
In all three data sets, the mean number of amino acid
changes from the consensus sequence was approximately
twofold greater among the group of sequences that contain
basic amino acid substitutions than among the V3 sequences
representing macrophage-tropic-like viruses.

Similar observations on the extent of sequence heteroge-
neity among viruses representing the two tropism pheno-
types have been reported by others. Chesebro et al. noted
more extensive sequence heterogeneity among T-cell-line-
tropic viruses (9). Similarly, McNearney et al., in a study of
V3 sequences obtained sequentially from infected patients,
noted that V3 sequences obtained early in infection were
more homogeneous than sequences obtained at later time
points (42). This study also showed that the consensus
sequences obtained from different patients at early time
points were similar to each other and to the macrophage-
tropic consensus sequence.

Although the significance of the additional sequence het-
erogeneity is not known, it is likely that the total sequence
variability represents a sum of selective pressures. Early in
infection, changes in the V3 sequence may be restricted,
presumably because of some functional requirement, such as
the establishment of HIV-1 infection in macrophages during
transmission. As infection progresses, acquisition of basic
charges may produce variants that have new properties (as
evidenced by the ability to grow in transformed T-cell lines)
in which restraints on the level of sequence change within V3
are relaxed. Alternatively, viruses with basic substitutions in
V3 may replicate under conditions in which there is greater
selection for sequence heterogeneity, a selection presumably
supplied by the immune system.

Similar V3 sequence patterns are present in vivo. Basic
substitutions seem to define a distinct subset of HIV-1 V3
sequence variants, although it is not clear whether all of the
variants grow in transformed T-cell lines. Thus, sequence
analysis can be used to complement the identification of this
class of HIV-1 variants. We used this type of analysis to
identify different sequence variants present in vivo (Fig. 3B).
For each of 10 patients studied, two distinct groups of
viruses were represented that could be readily distinguished
from each other, in one case as a macrophage-tropic-like
sequence and in the other by frequent substitution of basic
amino acids at specific positions, and predominantly a nona-
cidic amino acid at position 25. In addition, these in vivo-
derived sequences also displayed enhanced sequence heter-
ogeneity among the sequences with basic amino acid
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substitutions (Fig. 5). Families of sequences representing
these two states were also present among the virus popula-
tions in two patients whom we examined (Fig. 6). Thus, the
major elements of both patterns of basic amino acid substi-
tutions and sequence heterogeneity appear to be similar in
each of the data sets examined. '

Implication of V3 sequence heterogeneity. The function of
V3 is not known, and at present, the V3 sequence can only
be used as a genetic marker. In our analysis of V3 se-
quences, we have dissected sequence heterogeneity into
three general classes: (i) patterns of basic amino acid substi-
tutions whose presence is known to be correlated with
improved virus replication in T cells (9, 14, 15, 21, 63); (ii)
polymorphisms representing frequent specific substitutions
not correlated with virus state; and (iii) residual heterogene-
ity that is linked to the presence of basic amino acid
substitutions. ’

The observation of reduced sequence heterogeneity in the
macrophage-tropic version of V3 isolated from diverse
sources has two implications. First, it implies that sequences
in this virus pool are separate from those in the T-cell-line-
tropic viruses. One way to explain this observation is that
the T-cell-line-tropic virus arises anew in each person from
the macrophage-tropic virus. When we examined V3 se-
quences in vivo, we found that the T-cell-line-tropic se-
quences represented a discrete outgrowth of a variant with
both charge changes and other sequence heterogeneity (Fig.
6). Thus, the increased heterogeneity associated with the
T-cell-line-tropic viruses as a group may represent the sum
of discrete viruses that evolve in different individuals rather
than the appearance of many sequence variants in each
individual. :

The second implication that can be drawn is that it is the
macrophage-tropic viruses that are most frequently transmit-
ted and that usually establish the chronic infection. Recent
examination of sequences from virus isolates obtained from
five individuals prior to seroconversion showed that the V3
sequences were similar to each other and to those associated
with a macrophage-tropic phenotype (83). McNearney et al.
made a similar observation in a. study of V3 sequences
obtained early after infection from different patients (42). In
each of these studies, the authors suggest that there is strong
selection for a limited population of sequence variants during
transmission and that only this subset of the HIV-1 quasis-
pecies is capable of causing primary HIV infection. Trans-
mission of a single virus species or the selective outgrowth of
certain genotypes during primary infection was also sug-
gested in a recent study of V3 sequences obtained at or soon
after birth from 10 HIV-1-infected infants and their infected
mothers (58). It is interesting that V3 sequences representing
macrophage-tropic-like viruses appear to have been trans-
mitted in all 10 of the mother-infant pairs studied even
though T-cell-line-tropic-like variants were present in the
virus pool of some of the mothers around the time of
transmission. However, Roos et al. have shown that syncy-
tium-inducing isolates can be transmitted (52), and in the
case of transmission from the Florida dentist, both the
dentist and one of the patients had two similar populations of
V3 sequences which had recognizable sequence elements of
macrophage-tropic and T-cell-line-tropic viruses (47). The
persistence of both sequence variants in this patient suggests
that the two virus types can be successfully transmitted,
although the relative efficiency of transmission of each type
of virus and the impact on disease course are not known.
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