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Highly variable international human immunodeficiency virus type 1 envelope sequences can be assigned to
six major clades, or phylogenetically defined subtypes, designated A through F. These subtypes are
approximately equidistant in terms of evolutionary distance measured by nucleotide sequences. This radiation
from a common ancestral sequence may have been in step with the spread of the pandemic. In this study, V3
loop protein sequence relationships within these major clades are analyzed to determine how the different
lineages might be evolving with respect to this biologically important domain. The V3 loop has been shown to
influence viral phenotype and to elicit both humoral and cellular immune responses. To identify patterns in V3
loop amino acid evolution, we cluster the sequences by a phenetic principle which evaluates protein similarities
on the basis of amino acid identities and similarities irrespective of evolutionary relationships. When phenetic
clustering patterns are superimposed upon phylogenetic subtype classifications, two interesting mutational
trends are revealed. First, a set of identical, or highly similar, V3 loop protein sequences can be identified
within two otherwise dissimilar genetic subtypes, A and C. Second, the D subtype sequences are found to
possess the most radically divergent set of V3 loop sequences. These and other patterns characteristic of the
V3 loop reflect the acquisition of specific biological properties during the apparently recent evolution of the

human immunodeficiency virus type 1 lineages.

The genome of human immunodeficiency virus type 1
(HIV-1) is rapidly evolving, and the resulting spectrum of
genetic variation is being studied through the combined efforts
of many groups worldwide. On the basis of studies of the viral
envelope (env) gene, six nucleotide sequence subtypes, desig-
nated A through F, have been phylogenetically distinguished
(51). There is an additional outlier category that includes two
highly divergent HIV-1 sequences sampled from West Africa
(28, 78). Furthermore, seven gag gene subtypes that correlate
well with env gene subtypes have been identified (42). The
major subtypes in both gag and env genes are approximately
equidistant in terms of differences seen at the nucleotide level
(51) (Fig. 1), with the exception of the B and D subtypes, which
are slightly closer to each other than to the others (Fig. 1).
Estimates of the rate of divergence of HIV-1 env sequences
between infected individuals within a population suggest that
they may be diverging at rates up to 1% per year (37, 50, 52).
Using this estimate, one can hypothesize a look-back time to a
common ancestral sequence for the six HIV-1 subtypes on the
order of decades rather than centuries; this estimate is in
accord with the epidemiologic history of the pandemic and
with other estimates for the time of divergence between
African and North American derived viral sequences (41, 82).
Eigen and Neiselt-Struwe have traced the earliest node of the
primate immunodeficiency viral sequences back 600 to 1,200
years (16), but this estimate does not address the temporal
radiation of subtypes A through F, nor does it tell us what we
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might anticipate in terms of HIV-1 viral divergence over the
next few decades.

One of the urgent questions of HIV research concerns the
directions of change the virus will take in the course of its rapid
evolution and whether distinct phenotypes are emerging
among the global spectrum of variants. Hypotheses suggesting
that HIV-1 will become either more or less pathogenic and
transmissible as it evolves have been put forward (17, 18, 50,
76); it is possible that both potentials could be realized in
different viral populations. Because much of the viral sequenc-
ing of international isolates has been carried out with viruses
for which limited clinical and biological data have been avail-
able, it has not been possible to assess whether there are
unique characteristics associated with viruses of different lin-
eages in vivo. The duration of the asymptomatic phase of
human infection can vary widely, making it difficult to know
exactly how the clinical spectrum is influenced by the host,
cofactors, and viral strains (77). One case study of a group of
long-term asymptomatic Australians who were infected
through a single contaminated blood sample has emphasized
the importance of the viral strain (38). Nielsen and coworkers
have reported a correlation between rapid clinical progression
and the presence of syncytium-inducing (SI) HIV-1 strains at
seroconversion, which also argues for the importance of the
viral strain (54). It is difficult to determine not only whether
there are differences in pathogenicity among different viral
lineages but also whether transmissibility differs. In the Thai
epidemic, heterosexual transmission rates per encounter were
estimated to be far greater than transmission rates for the
North American population; however, the authors of the
analysis point out that the apparent efficiency in transmission
could be explained by the timing of viral infection and cofac-
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tors and that there are insufficient data to implicate the viral
genetic subtypes found in Thailand (44). Thus, clinical and
epidemiological data are simply not yet sufficient to permit a
full evaluation of the phenotypic trends among HIV-1 lineages.
It is possible, however, to discern differences in mutational
patterns in certain critical regions of the virus.

Because of the biological importance of the V3 region of the
Env protein and, consequently, the large collection of coding
sequences currently available for this region (51), V3 has been
the topic of our twofold analysis of HIV-1 phylogenetic and
phenetic relationships. With phylogenetics, the focus was upon
the network of evolutionary relationships as manifested in V3
region nucleotide sequences. With phenetics, the focus was
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FIG. 1. Phylogenetic analysis of representative gpl20 sequences
from the six subtypes. The same input sequence alignment was used for
the generation of phylogenetic trees by the weighted-parsimony (43,
74) (A), maximum likelihood (56) (B), and neighbor-joining (21) (C)
methods. The weighted-parsimony tree incorporated 1/f of the relative
frequencies of the character state changes shown in Table 1. The
relative branch lengths shown in panels A and B were drawn from the
most parsimonious (A) or the maximum likelihood (B) trees deter-
mined after 10 randomizations of the sequence input order. The
numbers given at the branch points are the 50% threshold majority
consensus values from 100 bootstrap replicates. Panels A and B were
both drawn with the phylogenetic tree drawing tools of PAUP for
direct comparison. The neighbor-joining tree (C) was drawn with the
drawtree program in PHYLIP, since drawtree best illustrates the
relative conservation of intersubtype branch lengths. These trees were
based on an alignment of gp120 encoding nucleotide sequences from
which columns containing gaps have been deleted, leaving 883 sites,
557 of which were varied.

upon amino acid sequence similarities irrespective of evolu-
tionary relatedness. For a discussion of cladistics versus phen-
etics, where cladistics is defined as the study of the pathways of
evolution, see reference 40. Embedded in the V3 region is the
V3 loop, which is approximately 35 amino acids long (30 to 40
amino acids, depending on the strain of HIV-1) and is bounded
by a cysteine-to-cysteine disulfide bridge. V3 loop peptides are
particularly immunogenic (25, 61, 66), and the loop structure
also plays an essential role in virus-cell fusion (4, 5, 23, 24).
Specific mutations on either side of the tip of the V3 loop can
influence cellular tropism and SI capabilities of viruses in
culture (12-14, 22, 67): SI, T-cell-tropic strains tend to have
positively charged amino acids adjacent to the tip of the loop
(13, 14, 22, 47). It is worth emphasizing that while mutations in
the V3 loop can result in large phenotypic effects, the loop
clearly functions in the context of the intact protein. Other
regions in Env are also partly responsible for features of the
viral phenotype influence by the V3 loop (2, 5, 8, 26). In
particular, mutations in other regions of Env can affect ligand
binding to the V3 loop and, similarly, mutations in the V3 loop
can affect ligand binding to the other regions (46, 48, 62, 81).
A growing body of evidence argues that non-SI, macrophage-
tropic forms of the virus are the predominant forms detected
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immediately postinfection and that SI strains emerge later
during the course of the infection (11). These phenotypic
properties appear to be dictated in part by the V3 loop
sequences (83, 85).

The biological consequences of specific V3 loop mutations
have generally been examined in North American and Euro-
pean isolates that are phylogenetically related members of the
B subtype. It is now important to understand the range and
implications of V3 loop mutations in the broader context of
global variation. Hence, lineage-specific evolutionary patterns
among the currently sequenced spectrum of HIV-1 variants
were sought in order to define patterns of conservation and
divergence among viral subtypes. When phylogenetic subtype
designations based on longer nucleotide sequences were su-
perimposed on shorter V3 protein clustering patterns to
identify common sequence elements in genetically distant
viruses, the phenetic clustering of V3 loop amino acid se-
quences did not always show a correspondence with the
phylogenetic analysis, that is, the association of sequences with
shared genetic lineages. There were more distinct kinds of V3
loop peptide clustering patterns (at least 14) than there were
nucleotide sequence subtypes (6). This lack of correspondence
has implications for HIV-1 serotyping and vaccine design.
Specifically, the phenetic analyses led to the identification of a
form of the loop which is highly similar among specific A and
C subtype viruses despite 30% differences at the env gp120
nucleotide coding sequences. This shared form represents an
apparently stable structure preserved through parallel evolu-
tion in the two separate lineages. Differences in the rates of V3
loop nonconservative amino acid substitutions in different
monophyletic groupings were also observed: specifically, intra-
subtype sequence comparisons show that D subtype V3 loop
sequences are radically divergent relative to the other sub-

types.

MATERIALS AND METHODS

Sequence sets. C2V3 sequences representing 302 individuals
were derived from the collection of published sequences
currently available in the Human Retroviruses and AIDS 1993
database (51). The database sequence locus names have been
preserved, and detailed references and methods for generating
the set can be found in the compendium (51). Only one
sequence per individual was included in this set; consensus
sequences were used when multiple viral sequences from the
same individual were available. In studies of linked transmis-
sion cases, only the recipient was included. A minimum of 200
nucleotides was required for inclusion in the phylogenetic
analyses. To construct the consensus, the most common amino
acid in a given position was used; if there were equal numbers
of two or more amino acids in a column, then the first one that
appeared in the alignment was used. Phylogenetic analyses
were performed by comparing well-characterized, complete or
nearly complete gp120 sequences aligned with the sets of C2V3
region sequences. Generally, the individual trees used for
subtype classifications were based on a set of unknown se-
quences from a single publication compared with standard
reference sequences for which the subtypes were known.

This sequence set has several important limitations. (i) The
time from seroconversion and health status of patients were
not considered (this information often was not available for
international sequences). (ii) A consensus sequence may not
perfectly represent any of the actual sequences found in an
infected individual. (iii) The sampling was not systematic;
rather the pool of publicly available sequences was included.
And (iv) no distinction is made between cultured viral se-
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TABLE 1. Character state changes®

No. of observed changes? to:

Base

A C G T
A 144 (108-187) 283 (222-345) 117 (89-150)
C  85(53-122) 41 (25-64) 141 (108-179)
G 197(144-258) 37 (19-60) 42 (22-67)
T  88(57-120) 165 (127-206) 62 (40-92)

2 The character state changes are based on PAUP-generated parsimony trees,
using the sequences included in the trees in Fig. 1. This table was based on the
two most parsimonious trees found, using 10 randomizations of the input order.
Weighting a subsequent parsimony run on the basis of these values and
recalculating the frequencies of character state changes on the basis of the
weighted tree did not alter the values significantly.

b The average number of observed changes of each type is followed by the
minimum and maximum values shown in parentheses.

quences and those obtained directly from blood samples. On
the other hand, this set has compensatory virtues when one is
trying to comprehend the vast array of C2V3 regions se-
quences available to date. (i) The viral sequence of no single
infected individual is weighted too heavily, since only one
sequence per person is included. (ii) By using consensus
sequences from individuals when possible, there is less oppor-
tunity for the inclusion of an inappropriate amino acid in a
sequence due to sequencing errors or sequencing of nonviable
virus. (iii) The set is as internally consistent as possible, given
that many of the international sequences are a single direct
sequence of PCR-amplified products of peripheral blood DNA
(experimental consensus). And (iv) it provides a systematic
overview of the spectrum of international sequences currently
available. The entire C2V3 database includes thousands of
sequences, with the number of HIV-1 sequences from a single
individual ranging from 1 to more than 100.

The gag gene sequence set and phylogenetic subtype desig-
nations are those determined by Louwagie et al. (42) and taken
from the Human Retroviruses and AIDS database (51).

Phylogenetic analysis and distance measures. Alignments
and similarity analyses (simple distance measurements) were
generated by using MASE (19). Several approaches were taken
for the phylogenetic analysis of HIV nucleotide sequences.
Because of the highly skewed base composition of HIV and the
asymmetrical substitutional frequencies of mutations from one
base to another (Table 1), we are most confident of the trees
determined by a weighted-parsimony approach (31, 34) that
used PAUP 3.1.1 (74) in conjunction with MacClade version
3.03 (43). To generate weighted-parsimony trees, Table 1,
which summarizes the frequencies of character state changes
(f), was produced from a preliminary parsimony analysis using
PAUP and MacClade. The conversion 1/f was used to weight
the possible nucleotide changes, with truncation to avoid
violations of the triangle inequality (43). The resulting matrix
was then included as a character type assumption for subse-
quent phylogenetic reconstructions using PAUP. The con-
struction of a new most parsimonious tree minimized the sum
of the branch lengths calculated as the number of character
changes multiplied by the weights of the respective character
changes. The g, statistic for the phylogenetic analysis using
parsimony was very low (—1.9), indicating that there is a strong
signal in the data (33) and that parsimony is an appropriate
phylogenetic tool for application to this sequence set. Further-
more, the phylogenetic reconstructions obtained by weighted
parsimony had results very similar to those from other methods
applied to this particular sequence set. The other phylogenetic
methods used were neighbor joining, based on a Kimura
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two-parameter distance matrix generated with the PHYLIP
package (21), and maximum likelihood using fastDNAml (56).
Bootstrap values for the maximum-likelihood and weighted-
parsimony trees were calculated.

Synonymous and nonsynonymous substitution rates were
calculated on the basis of the method of Nei and Gojobori
(53). Ps is the number of observed divided by the number of
possible synonymous substitutions; Pn is the number of ob-
served divided by the number of possible nonsynonymous
substitutions. The synonymous substitution rate, ds, is the
Jukes-Cantor transformation of Ps: ds = 3/4In(1 — 4/3Ps); dn
is analogously calculated from Pn (53).

Phenetic analysis. The phenetic sorting methods described
herein are based on an adaptation of the PIMA program,
originally designed for generation of protein alignments (69,
70). This adaptation provided the option of choosing different
protein similarity matrices for the sake of comparison. Se-
quences were compared in a pairwise fashion, with gaps
inserted as needed by PIMA to achieve the best score. The
PIMA amino acid similarity matrix was based on a simple
hierarchical scheme: perfect identity between two sequences in
a position in an alignment is given a score of 5; chemically very
conservative substitutions are given a score of 4, while less
conservative substitutions are given a score of 3, etc. (69).
Insertions are penalized, with a default value (1X) of —6.67 for
the inserted gap and —1.33 for gap extensions. Different gap
scoring schemes used either 0.0X, 0.5X, or 2X of the default
values. The score at each position was totaled across the
sequence; for example, a perfect identity between two V3 loop
sequences of 35 amino acids yields a PIMA score of 175 (35 X
5). We also substituted a BLOSUM60 matrix (29) and an STR
matrix (30) in the PIMA program for comparison of the
phenetic clustering patterns from these schemes. The BLO-
SUM matrix was calculated by using observed amino acid
frequencies in alignments generated from a large database of
conserved protein sequences (29). The STR matrix (30) was
based on observed amino acid frequencies in a structure-based
alignment of otherwise variable proteins (60). The original
PIMA program for sequence alignment uses maximal linkage
to arrange the sequences; PIMA-generated similarity scores
were also put into UPGMA and neighbor-joining clustering
programs (21), basing the distance scores for the PHYLIP
infile matrix on the PIMA score for a perfectly homologous
pair of sequences minus the observed score. Phenograms based
on the cluster output from PIMA were generated by using the
programs drawtree-jt and XYPLOT.

RESULTS

Phylogenetic distances between major HIV-1 genetic sub-
types. For env sequences, the average nucleotide branch
lengths separating the various “leaves” or taxa of HIV-1
subtypes are remarkably similar (Fig. 1). All three phylogenetic
reconstruction methods tested—weighted parsimony, neighbor
joining, and maximum likelihood—give this result. The only
exception to the conservation of intersubtype distances is
found between B subtype sequences (associated with U.S,,
European, and some Asian samples) and D subtype sequences
(associated with central African samples), which appear to be
closer to each other in terms of genetic distance than to other
subtypes (Fig. 1 and Table 2). The general conservation in
distances between HIV-1 clades is also seen in trees based on
gag gene sequences (phylogenetic trees not shown; Table 3); B
and D sequences also group slightly closer together in gag.

Bootstrap tests of the relationships of gpl120 sequences
shown in Fig. 1 strongly support the notion of the subtype
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associations of the individual sequences (20, 32). A bootstrap
test of the nodes generated by weighted-parsimony trees
including 100 resamplings gave 100% recurrence of the nodes
representing the branch points that define the major subtypes,
A through D, for which multiple gp120 sequences were
available (Fig. 1A). Similarly, a bootstrap test of the subtype-
defining nodes using maximum likelihood trees gave bootstrap
values of 85 to 100% for the subtype associations of the
sequences. Therefore, the likely divisions between the major
clades were strongly indicated by both phylogenetic recon-
struction methods. The branching order of the clades relative
to the outlying HIV-1 group O and chimpanzee viral sequences
by the two methods differed, however, and the structure of the
tree at this level was not supported by bootstrap analysis by
either method. The equidistance between the different clades
is clearly seen in the neighbor-joining method-based tree,
shown in Fig. 1C.

Another way to measure relatedness and nucleotide dis-
tances among the subtypes is through examination of synony-
mous and nonsynonymous substitution frequencies, as summa-
rized in Tables 2 and 3 (39, 53). The distances between clades,
as measured by synonymous changes between each of the
individual clade members and members of all other clades, are
remarkably consistent, in both env and gag. The average
number of synonymous substitutions which occur between
sequences in different clades (excluding the O, or outlier,
group) is 33 to 35% in env and 29 to 34% in gag. Increased
similarity is observed between clades B and D in gag, with
average synonymous substitutions of 21%. Intrasubtype dis-
tances are also shown in Tables 2 and 3; however, these values
are heavily biased by the sample selection.

The nonsynonymous substitution rates are two- to threefold
greater in env than they are in gag, as reflected in the ratios of
synonymous-to-nonsynonymous substitution rates (ds/dn) for
the two genes (39). As more distant env sequences are sam-
pled, the prominence of nonsynonymous substitution dimin-
ishes: intracladal ds/dn ratios are between 1 and 2, and
intercladal ratios are between 2 and 3. Further evidence for
this effect was observed within E intrasubtype V3 region
sequence comparisons. Thai E subtype sequences, which are
phylogenetically tightly clustered as a result of the recent
introduction of HIV-1 into Thailand (45, 59), manifest a very
high rate of change in that the ds/dn ratio is quite low (0.5)
because nonsynonymous substitutions predominate. For com-
parison, among the more highly diverged Central African
Republic E subtype sequences (49), with interpatient distances
comparable to interpatient distances found among B subtype
sequences in the United States (58), the ds/dn ratio is about
1.5. Synonymous substitutions between the outlier HIV-1 and
chimpanzee (CPZ) sequences, and between outliers and CPZs
when compared with subtypes A through F, are clearly satu-
rated; therefore, the ds/dn ratios at these genetic distances
have little meaning. The distances between the two outlier
sequences HIVANT70 and HIVMVP5180, however, are curi-
ously comparable to the synonymous and nonsynonymous
distances measured for intercladal relationships among sub-
types A through F.

The B subtype comparisons revealed an uncannily high level
of Gag protein conservation between two sequences, HIV-
CAMLI, a British isolate, and HIVSF2, a U.S. isolate, which
nevertheless had multiple synonymous substitutions (Ps =
0.10) (Table 3). The exceptional range of the B subtype
sequences in Table 3 reflects this unusual relationship: the
ds/dn ratio was 29.6 for this pair of sequences, and the value of
Pn was 0.003. There were only three amino acid differences, all
conservative changes, between the two sequences in p17 and
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TABLE 2. Medians and ranges for pairwise comparisons of sequences showing inter- and intrasubtype similarity relationships between

gp120 env sequences”
Compared Sub- Interclade Median (range) of pairwise comparisons for env subtype comparison:

value  type avg A B C D E F o

ds/dn A 2.6 2.1(1.9-2.1) 2.6 (2.1-3.7) 2.5(2.2-3.3) 2.6(22-32) 2.3 (2.3-2.5) 3.0 (2.5-3.4) 6.4 (4.5-sat)
B 24 1.4 (0.7-3.2) 2.4(1.8-3.2) 1.9 (1.3-2.8) 2.6 (2.0-3.1) 2.7(23-3.2) 4.5 (3.3-sat)
C 2.6 1.2 (0.7-1.2) 2.7(2.2-32) 2.7(2.4-29) 2.7 (2.5-2.8) 3.9(3.1-5.2)
D 2.5 ' 1.8 (1.1-2.8) 3.2(23-34) 2.7(22-2.7) 5.5 (5.1-sat)
E 2.7 3.0 7.1 (5.0-9.2)
F 2.8 2.7 (2.5-sat)
o 55

Pn A 0.16 0.11 (0.11-0.12)  0.16 (0.13-0.19)  0.16 (0.13-0.20)  0.17 (0.14-0.18)  0.17(0.15-0.17)  0.16 (0.15-0.18)  0.31 (0.26-0.38)
B 0.15 0.08 (0.04-0.12)  0.16 (0.14-0.18)  0.15(0.13-0.17)  0.15(0.14-0.17)  0.15(0.13-0.16)  0.32 (0.26-0.38)
C 0.15 0.08 (0.05-0.12)  0.16 (0.14-0.19)  0.15(0.15-0.18)  0.14 (0.14-0.16)  0.33 (0.27-0.37)
D 0.16 0.11 (0.07-0.15)  0.16 (0.14-0.17)  0.16 (0.14-0.17)  0.31 (0.25-0.37)
E 0.16 0.14 0.31 (0.26-0.35)
F 0.15 0.26 (0.18-0.35)
o 031 0.38

Ps A 0.35 0.22(0.21-0.22)  0.35(0.30-0.40)  0.35(0.33-0.37)  0.35(0.33-0.39)  0.34(0.30-0.36)  0.38 (0.37-0.39)  0.74 (0.65-0.76)
B 0.33 0.11(0.05-0.22)  0.32(0.27-0.41)  0.33(0.30-0.36)  0.33(0.29-0.36)  0.33(0.30-0.36)  0.69 (0.62-0.75)
C 0.34 0.09 (0.03-0.13)  0.36 (0.32-0.42)  0.35(0.34-0.36)  0.34 (0.31-0.34)  0.67 (0.65-0.68)
D 0.34 0.19 (0.14-0.23)  0.37(0.33-0.41)  0.34 (0.32-0.38)  0.72 (0.66-0.79)
E 0.34 0.35 0.70 (0.66-0.75)
F 0.34 0.64 (0.39-0.75)
o 0.69 0.73

% The matrices show the ratios of the synonymous substitution rates to nonsynonymous substitution rates (ds/dn values); the number of synonymous substitutions
divided by potential synonymous substitutions (Ps); and the number of nonsynonymous substitutions divided by potential nonsynonymous substitutions (Pr). Potential
synonymous substitutions in HIV-1 gp120 are about 21% of the possible substitutions, and nonsynonymous substitutions make up about 79%. sat indicates that the Ps
value was too high to calculate a ds value and the synonymous substitutions are saturated. These values were all calculated by the methods described by Nei and
Gojobori (53). The interclade averages were calculated excluding comparisons to outlier sequences. The alignments used were based on the alignments provided in the
Human Retroviruses and AIDS database (51). Highly variable regions with multiple insertions and deletions were excised from the alignments because these regions
are difficult to align with confidence. Therefore, the nonsynonymous substitutions are systematically underestimated and the numbers shown can be considered
appropriate estimates for the relatively conserved regions of gp120. Codons that contained an ambiguous base or a deletion in one of the two sequences being compared
were discounted. The boundaries of the gp120 region examined were dictated by the borders of the available Env F subtype sequence, HIVBR7944, which was kindly
provided by Marcia Kalish of the Centers for Disease Control and Prevention, and included 245 codons, or 735 nucleotides. The region begins with amino acid 120
in the Env sequence HIVMN (51) and ends at amino acid 396 (bounded by the amino acid strings: KLTPLC through SPLFNS, with the first K at 120 and the last S
at 396). Sequences included in the Env comparisons are the following: A subtype HIVU455, HIVZ321, and HIVSF170; B subtype HIV1D31, HIVADA, HIVALALI,
HIVBALI1, HIVBRVA, HIVCAMI1, HIVCDC42, HIVHAN, HIVJFL, HIVJH32, HIVIRFL, HIVLAI, HIVMN, HIVNY5CG, HIVOYI, HIVRF, HIVSC,
HIVSF162, HIVSF2, HIVSF33, and HIVWMIJ22; C subtype HIVD747, HIVD757, HIVNOF, and HIVD760; D subtype HIVELI, HIVJY1, HIVMAL, HIVNDK, and

HIVZ2Z6; E subtype HIVTN243; F subtype HIVBR7944; and outliers (O) HIVANT70 and CPZGAB. See reference 51 for complete sequence references.

p24. This rare occurrence points to preservation of a viral
protein that is probably significant in terms of structure and
function, analogous to what we shall report for V3 loop
conservation of A and C subtypes (as discussed below). The
number of synonymous substitutions separating the two gag
coding sequences makes linked transmission or cross-contam-
ination of samples highly unlikely. Also, there was nothing
extraordinary about the relative numbers of substitutions for
the two sequences observed in the gp120 gene (Ps = 0.13, Pn
= 0.07, and ds/dn = 1.9).

Linear correlation analysis to determine if the use of PCR
gene fragments gives reasonable estimates of sequence dis-
tance relationships determined by intact genes. For phyloge-
netic analysis using genetic information, full-length coding
sequences typically yield a more accurate analysis of sequence
relationships than do PCR-amplified short gene fragments
(75). Because of the greater cost and technical difficulty of
obtaining complete gene sequences, many of the international
HIV-1 env sequences available to date are PCR-amplified
fragments 250 to 400 nucleotides long that cover the C2V3
region of env (51). To determine how well sequence relation-
ships between such fragments represent the relationships
between larger regions encoding envelope protein gp120,
linear correlation analysis comparing pairwise distances be-
tween the C2V3 region, excised from intact gp120 sequences,

to the cognate gpl120 env sequences with the C2V3 region
deleted was performed (Fig. 2). The boundaries of the C2V3
region were selected on the basis of being typical of sequences
obtained by the Centers for Disease Control and Prevention in
their efforts to survey international variation (63). The results
shown in Fig. 2 indicate that the C2V3 region fragments are
predictive of the sequence distances calculated for genes in
which they are embedded. Because the C2V3 region fragment
is evolving at a higher rate than the longer gp120 fragment, the
relationship is linear but is not one to one. Similar results were
obtained for a p17 fragment of the gag gene when compared
with the rest of the gag gene (data not shown). Thus, for
purposes of subtype classification, C2V3 and p17 gene frag-
ments provide reasonably accurate accounts of the genetic
lineages that would be derived for intact genes. In Fig. 2, the
distinct cluster of points between 18 and 35% divergent in
C2V3 represent intersubtype distances and the points less than
18% divergent represent intrasubtype distances, with the two
clusters of points being quite distinctive. In a very limited
number of cases, distance relationships determined on the
basis of the fragments can be misleading, however, and this
effect may be important in the range of sequence dissimilarity
that borders the closest intersubtype distances and the greatest
intrasubtype distances. For example, sequence distances of
15% obtained by Jukes-Cantor transformation in the C2V3
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TABLE 3. Medians and ranges for pairwise comparisons of sequences showing inter- and intrasubtype similarity relationships for the p17 and p24 coding regions in gag*

Median (range) of pairwise comparisons for p17 + p24 gag subtype comparison:

Compared Interclade

value  SUPPe avg A B c D F G H o

ds/dn A 6.3 4.4 (1.4-85) 6.3 (4.1-9.1) 5.7 (3.8-8.5) 6.3 (4.0-9.4) 7.9 (5.3-11.1) 6.0 (4.2-7.7) 5.6 (3.5-7.6) 8.5 (6.0-sat)
B 5.5 5.1(2.43-29.6) 5.0(3.7-7.2) 5.7 (3.3-8.5) 5.8 (4.8-7.3) 5.6 (4.4-7.3) 4.7 (3.6-5.3) 9.6 (7.1-sat)
C 5.4 29(2.24.1) 5.5(4.0-7.2) 7.1(5.4-8.2) 5.6 (5.1-6.8) 42(3.4-54) 7.7 (6.2-sat)
D 6.3 4.9 (25-9.1) 6.4 (4.6-9.1) 5.5(4.2-7.3) 4.9 (3.2-5.9) 9.3 (6.5-sat)
F 6.3 5.7 (5.4-6.6) 8.4 (7.1-10.9) 6.3 (5.8-6.9) 8.4 (8.8-11.8)
G 6.2 3.3(3.3-33) 5.8 (5.0-6.4) 10.8 (8.8-12.7)
H 5.3 4.1(4.14.1) 9.5 (7.3-sat)
(6] 12.1(7.3-16.2)

Pn A 0.07 0.05 (0.01-0.10) 0.07 (0.04-0.10) 0.08 (0.06-0.11)  0.07 (0.04-0.11)  0.06 (0.05-0.10)  0.07 (0.06-0.10)  0.07 (0.05-0.11)  0.17 (0.14-0.23)
B 0.07 0.02 (0.003-0.04) 0.07 (0.06-0.08)  0.04 (0.03-0.06)  0.06 (0.05-0.07)  0.08 (0.06-0.09)  0.07 (0.07-0.08)  0.18 (0.13-0.21)
C 0.07 0.04 (0.03-0.06)  0.06 (0.05-0.09)  0.06 (0.06-0.07)  0.08 (0.06-0.08)  0.08 (0.06-0.09)  0.18 (0.13-0.21)
D 0.06 0.04 (0.02-0.06)  0.06 (0.04-0.08)  0.07 (0.06-0.09) 0.07 (0.06-0.09)  0.17 (0.13-0.21)
F 0.06 0.03 (0.02-0.03)  0.06 (0.05-0.07)  0.07 (0.06-0.07)  0.18 (0.05-0.23)
G 0.07 0.05 (0.05-0.05)  0.07 (0.06-0.07)  0.16 (0.12-0.20)
H 0.07 0.05 (0.05-0.05)  0.17 (0.14-0.20)
(6] 0.17 0.21 (0.05-0.23)

Ps A 0.34 0.20 (0.01-0.30) 0.33 (0.25-0.43) 0.35(0.28-0.42)  0.34 (0.24-0.43)  0.38 (0.28-0.44)  0.33(0.27-0.38)  0.31 (0.26-0.36)  0.68 (0.63-0.80)
B 0.29 0.11 (0.04-0.17) 0.29 (0.24-0.34)  0.21 (0.14-0.27)  0.27(0.23-0.32)  0.34 (0.31-0.39)  0.29 (0.25-0.32)  0.69 (0.64-0.77)
C 0.32 0.12 (0.08-0.15)  0.29 (0.27-0.35)  0.35(0.31-0.38)  0.34 (0.32-0.35)  0.28 (0.25-0.30)  0.68 (0.62-0.77)
D 0.30 0.17 (0.06-0.23)  0.31 (0.28-0.34)  0.33 (0.29-0.38)  0.29 (0.25-0.32)  0.70 (0.62-0.78)
F 0.32 0.13(0.11-0.16)  0.38 (0.34-0.40)  0.32(0.30-0.35)  0.73 (0.29-0.81)
G 0.34 0.16 (0.16-0.16)  0.32(0.29-0.34)  0.69 (0.66-0.72)
H 0.30 0.18 (0.18-0.18)  0.68 (0.65-0.73)
(6] 0.69 0.76 (0.29-0.81)

“ The methodology was the same as the described in Table 2, footnote a. The included gag sequence was bounded by the coding regions of the p17 and the p24 proteins, excluding the gag sequence that shares an
overlapping reading frame with the pol gene. An unusual feature of these results is the extraordinary range of the B intrasubtype comparisons. This was due to the conservation of the protein sequences HIVCAM1 and
HIVSF2. Sequences included in the gag comparisons are the following: A subtype HIVU455, HIVMAL, HIVVI59, HIVVI310, HIVVI57, HIVK112, HIVK88, HIVK29, HIVK124, HIVK7, HIVK98, HIVK89, HIVVI32,
HIVVI415, HIVCI4, HIVG141, HIVLBV23, HIVTN243, HIVTN245, HIVTN240, HIVCI20, HIVCI59, HIVLBV2310, HIVCI51, HIVLBV105, HIVCI32, HIVIC144, HIVDJ258, HIVCM238, HIVUG266, and
HIVVI354; B subtype HIVSF2, HIVBZ167, HIVPH153, HIVPH136, HIVBZ200, HIVTB132, HIVBZ190, HIVLAI, HIVMN, HIVJH31, HIVIRCSF, HIVOYI, HIVNY5CG, HIVCDC41, HIVHAN, HIVCAM],
HIVRF, HIVD31, HIVUG280, and HIVYU?2; C subtype HIVUG268, HIVSM145, HIVZAM18, HIVZAM19, HIVZAM?20, HIVDJ259, and HIVVI313; D subtype HIVELIL, HIVNDK, HIVZ2Z6, HIVNDK, HIVVI205,
HIVG109, HIVK31, HIVUG274, HIVUG270, HIVSE365, and HIVVI203; F subtype HIVVI174, HIVVI69, and HIVBZ162; G subtype HIVLBV217 and HIVVI191; H subtype HIVVI525 and HIVVIS57; and outliers
(O) HIVANT?70, HIVMVP5180, and CPZGAB. See reference 51 for complete sequence references.
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FIG. 2. Pairwise sequence distance comparisons of C2V3 region
fragments with complete gp120 sequences. Pairwise sequence dis-
tances were determined for a commonly sequenced fragment of env,
289 nucleotides of the C2V3 region, and gp120 sequences from which
the C2V3 regions were excised, leaving 790 nucleotides (gp120-del-
C2V3). Sequence distances were calculated asd = 1 — s, where s is the
proportion of shared nucleotides between the two sequences, and then
modified by the Jukes-Cantor formula. Columns in the alignment that
contained an insertion incorporated to maintain the alignment were
deleted. The linear correlation coefficient, 7, was 0.983 (65), and N, the
number of pairwise combinations, was 1,326. Because the N value
given is the result of all pairwise combinations of sequences, not all
points are independent and the use of this statistic is not completely
valid. Therefore, we recalculated the 7 values for several sets of single
sequences compared with all others, and using these unlinked data sets
with much smaller values of N, we obtained similarly high  values (for
example, using MN compared with all others, r = 0.974). The least
divergent cluster of points represents intracladal comparisons; the
second cluster of points represents intercladal distances. The most
divergent cluster of points is made up of the highly diverged HIV-1
sequences HIVMVP5180 and HIVANT70 (15, 28, 55, 78) compared
with all others, and the second most divergent cluster of points
represents the distances between the chimpanzee viral sequence
CPZGAB and HIV-1 sequences. As an added statistical test, we
removed the two clusters of highly diverged sequence datum points,
which have great impact on the calculation of the linear correlation
coefficient, from the original data set. Even with these points removed,
we calculated a high linear correlation coefficient (r = 0.949). The
slope of a line drawn- through these points is approximately 0.6,
indicating that the C2V3 region fragment is evolving at a higher rate
than the gp120-del- C2V3 fragment.

region correspond to distances of 5 to 10% in gp120 (Fig. 2).
Such ranges indicate that on occasion there could be inappro-
priate phylogenetlc subtype associations of certain sequences
when C2V3 region fragments are used, particularly with meth-
ods that depend on simple distance measures.

Another way to inspect the phylogenetic information of
particular regions is to ask to what degree the subtype-defining
branch points of interest in env phylogenetic trees reflect the
information in short C2V3 fragments when compared with the
information available in intact env genes. Neighbor-joining
(21), parsimony (74), and maximym likelihood methods (21)
reconstructed the major subtype groupings by using either the
short C2V3 fragments or the remainder of the genes from
which the fragments had been deleted (gp120-del-C2V3) (data
not shown), further suggesting that C2V3 region fragments
were suitable for basic genetic subtyping. Despite the repro-
ducibility of the reconstruction of the major HIV-1 subtypes,
the clustering patterns within a subtype varied dramatically,
depending on both the input region of the gene used for the
analysis and the phylogenetic reconstruction method em-
ployed. Therefore, while short C2V3 fragments were useful for
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subtype classification, they did not clearly define sequence
relationships within clades.

Phenetic analysis of V3 loop protein sequences interpreted
in the context of phylogenetic subtyping. Phylogenetic charac-
terization for the purpose of genetic subtyping of international
C2V3 region sequences was initially reported in the 1992 and
1993 Human Retroviruses and AIDS database compendiums
(see Materials and Methods and reference 51). If protein
similarity-based cluster analysis is now performed with equally
long stretches of protein sequence, (i.e., the intact C2V3
region), the phenetic clustering patterns parallel the phyloge-
netic subtype classifications, as would be expected (data not
shown). The phenetic analysis presented here goes further in
that it is based on short variable stretches of amino acid
sequence of a biologically important domain. In this context,
clustering based on protein sequence similarity may reflect
associations dictated by evolutionary conservation of structure
rather than of genetic lineage.

For the phenetic analysis, the protein sequences were com-
pared on the basis of three amino acid similarity scoring
schemes to evaluate the overall protein conservation of the V3
loop: the amino acid class-covering scheme used in PIMA,
based on chemical properties of amino acids (69); the BLO
SUMG60 matrix, based on the frequency of particular amino
acid substitutions found in alignments of conserved protein
regions (29); and the STR matrix that was calculated similarly
to a BLOSUM matrix but used an alignment based on
structural similarities found in a variety of proteins (30). Once
a set of protein similarity scores was obtained, the scores were
converted to distances and different clustering algorithms
(maximum linkage, UPGMA, and neighbor joining) were used
to group the protein sequences. We performed phenetic
clustering analysis on three stretches of the V3 protein: first,
that bounded by the disulfide bridge at the base of the loop
(the complete loop, 30 to 40 amino acids); second, the loop
plus the glycosylation sites in both flanks (31 to 43 amino
acids); and third, an internal fragment of the loop that contains
the primary neutralizing epitopes and phenotypic determinants
(15 amino acids). This last fragment aligns with the sequence
SIHIGPGRAFYTTGE of the B subtype V3 consensus se-
quence. The use of different scoring systems, clustering meth-
ods, or protein sequence fragments gave rise to differences in
the fine structure of the final clustering pattern. The clustering
patterns and protein alignments shown in Fig. 3 and 4 were
generated by using the PIMA scoring system with a gap penalty
of 0.5X, a gap penalty selected because it resulted in clustering
patterns that most closely correlated with the genetic subtype
designations. Clustering patterns of sequences with unusual
insertions and deletions were particularly sensitive to the gap
penalty used; 0.5X improved the pattern for particular pairs of
sequences that were coupled on the basis of having insertions
or deletions of several amino acids but that were clearly
inappropriately coupled in terms of the remaining sequence.

We will restrict our comments to two general observations
that were robust, that is to say independent of the scoring
scheme, clustering method, and V3 loop protein fragment
boundaries used. A striking feature of the cluster analysis
based on protein similarity scores shown in Fig. 3 is that D
subtype V3 loop sequences possess the most divergent forms of
the V3 loop. This excess divergence is shown in the greater
depth of the branches among D subtype sequences; the actual
V3 loop sequences, aligned by PIMA to correspond to the
phenogram of Fig. 3, are shown in Fig. 4. As discussed above,
B and D subtype sequences are the most genetically similar of
the subtypes in both gag and env, suggesting that they may have
diverged most recently. Yet, the intersubtype relationships
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FIG. 3. HIV-1 V3 loop protein sequence relationships. The phe-
nogram of HIV-1 V3 loop protein similarities is based on PIMA amino
acid similarity scores obtained by using the maximum-linkage cluster-
ing algorithm (69, 70). The abscissa indicates the level of protein
amino acid similarity; two identical V3 sequences 35 amino acids long
would have a score of 175. Chemically conservative changes decrease
the score less than nonconservative changes. The nodes in these
phenograms do not reflect common ancestry but rather an amino acid
class covering pattern (69, 70) that is general enough to accommodate
all of the sequences which branch from that point. Each of the leaves
on the phenogram indicates a particular sequence; the ordinate simply
records the number of sequences analyzed. The genetic subtype
association of each of the sequences is indicated by a mark under the
columns labeled A through F for the different subtypes, and U for
unclassified; the phylogenetic association could not be clearly deter-
mined for the unclassified sequences (51). The alignment of sequences
shown in Fig. 4 corresponds to the organization of sequences shown
here, with the top sequence in the phenogram being the top sequence
in the alignment. The numbers on the branch points indicate clusters
that were used to organize the sequences into phenetically associated
groups for consensus sequence generation in Fig. 4.

characteristic of their V3 loop protein sequences are not
similar (Fig. 3 and Table 4). And notwithstanding the higher
level of protein variation in the D subtype V3 sequences, levels
of intracladal variation between D subtype C2V3 region nu-
cleotide sequences are not remarkable—a comparable range
of intrasubtype nucleotide distances is manifest in both A and
D subtype sequences (Table 4). The extent of the amino acid
sequence variation between the sampled forms in the V3 loop
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in the D subtype amino acid sequences suggests that there may
be different biological pressures shaping the evolution of the D
clade V3 loops. Several features of this variation are summa-
rized in Table 4. The median PIMA and STR protein similarity
scores among pairwise comparisons of D subtype sequences
are much lower than those for comparisons between any of the
other sequence subtypes (Table 4). D subtype sequences also
display a greater positive charge at the tips of their loops
(Table 4), consistent with the observation that positively
charged V3 loop sequences tend to show the greatest diversity
among B subtype sequences (47). In Table 4, the greater
positive charge is reflected in both the net charge and pl values
given. The charge calculations were based on the 15-amino-
acid internal fragment rather than the whole loop, because the
internal fragment was better at distinguishing SI versus non-SI
viruses in the set studied by Fouchier et al. (22) (data not
shown). The greatest range of V3 loop length variation is seen
in D subtype sequences (Table 4). Finally, the ds/dn ratios
calculated for the D subtype sequences are far lower in the V3
loop than in the V3 loop flanking region, suggesting that the
high rate of change within D subtype amino acid sequences is
restricted to the V3 loop and not found beyond its cysteine
borders (Table 4).

A second observation based on the phenetic organization of
sequences is that some members of the A and C subtypes show
remarkably similar V3 loop protein sequences despite having
highly divergent nucleotide sequences. This conservation is
reflected in Fig. 3 through the very close relationships of some
of the A and C subtype sequences. The V3 loop amino acid
sequences of the subset of the A and C subtype sequences are
highly similar, as can be seen in Fig. 4. The conservation
appears to be restricted to the V3 loop itself and does not
extend to its flanking region, as is illustrated in Fig. 5. The
ratios of the rates of synonymous over nonsynonymous substi-
tutions (ds/dn) are 25- to 60-fold higher for pairwise compar-
isons of specific A and C subtype 35-amino-acid V3 loop
sequences than for the 34 amino acids flanking either side of
the V3 loop; these values are extraordinary relative to pairwise
comparisons of all other sequences from all other clades
included in this study (Fig. 5). Intersubtype silent mutation
rates in the V3 loop encoding sequences are high and typical
for intercladal comparisons. For example, sequences A ZR.
6657 and CMW.6508 and sequences A UG2.117 and
CMW.12229, which are identical in V3 loop amino acid
sequences, have Ps values of 47 and 34%, respectively, in the
V3 loop. Moreover, intracladal sequence comparisons explor-
ing the relationship of ds/dn values of the V3 loop relative to its
flanking regions show that the V3 loop is relatively well
conserved among C subtype sequences, suggesting that there is
preservation of a form of the V3 loop within the C clade (Table
4). To explore the hypothesis of the retention of an ancestral A
and C clade form of the V3 loop, a hypothetical ancestral
sequence at the branch point of A and C subtype sequences
was reconstructed by parsimony (74) analysis of 24 A and C
subtype V3 region sequences. This hypothetical ancestral
sequence translates into an amino acid sequence that corre-
sponds closely to the similar form found in A and C subtypes,
differing from CONSENSUS 4 in the alignment shown in Fig.
4 by a single isoleucine-to-valine substitution in the V3 loop:
the amino acid sequence IRIGPGQ in CONSENSUS 4 is
VRIGPGAQ in the A and C ancestral sequence.

DISCUSSION

The phenetic analysis of the V3 loop protein sequences
resulted in two interesting observations of possible indications
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B_con CTRPNNNT . .RKSI.HI..GPGRAFY...TTGEIIGDIRQAHC B con CTRPNNNT. .RKSI.HI..GPGRAFY. ..TTGEIIGDIRQAHC
CONSENSUS1 . .——D B_UK.v82
B_US.HCO1 ..A B_US.HC24
B_US.HC46 B_US.HC44
B_US.HC23 B_NL1.H1
B_UK.V74 B_US.SF162
B_US.HC18 B_HT.H6012
B_US.HC42 B_HT.H6018
B_HT.H6020 B NL2.H495
B_US.HC34 B_US.HC40
B_US.SC C_CF.4067
B_US.HC30 C_CF.4068
U_CF.4056 C_CF.15166
B_HT.H13954 B_HT.H6004
B_BR.8625 B_HT.H5986
B_UK.V82 B_US.HCO8
B_HT.H6016 B_TH1.T8649
B_US.HC36 B_TH1.T8653
B_NL1.A10 B_TH1.T8647
A_TZ.TANS B_TH1.T8655
A_con B_US.HCO5
A_2R.6649 B_NL1.A7
A_UG2.116 B_US.MA
A_TZ.TAN9 B_UK.V91
A_UG2.72 B_US.HCO9
A_UG2.118 B_US.BRVA
A_UG2.111 B_US.HC13
A_UG2.115 B_US.RF
A_CF.11699 B_US.SF33
F_R0.14041 B_UK.CDC42
F_RO.14046 B_NL1.A13
F_RO.14036

F_RO.14027 CONSENSUS2
F_R0.14018 B_BR.7932
F_R0.14034 B_BR.7936
F_RO.14024 B_BR.8629
F_RO.14028 B_BR.8621
B NL1.All B_BR.8635
F_RO.14020 B_BR.7946
B_TH1.T8645 B_NL1.A9
B_TH1.T8669 B_BR.7930
B_TH1.T7787 B_BR.7934
B_TH1.T8651 B_US.HC12
B_TH1.T8643 B_NL3.NET6
B_TH1.T8641 B_BR.8633
B_HT.H6022 B_BR.10565
B_NL1.A2 B_UK.CAM1
B_HT.H5996 B_NL3.NET2
B_US.HC37 A_UG2.84
B_US.JRFL B_US.HC38
B_con B_US.NY5CG
B_US.BAL B_US.ACP1
B_US.ADA B_HT.H6008
B_NL3.NET1 B_NL3.NET4
B_NL1.AS5 B_JP.GUNNA
B_HT.H6006 A_CF.4058
B_HT.H6014 B_NLL.A4
B_US.HC35

B_US.HC45 B_FR.IAI
B_US.HC33

B_HT.H6002 CONSENSUS3
B_HT.H6000 B_US.HC31
B_HT.H5988 B_US.SBB
B_US.JM B_HT.H13958
B_US.SF2 B_US.HC06
B_US.HC16 B_DE.D31
B US.HC41 A  UG3.455
B_NL1.Al B_US_RJS
B_US.HC26

B_HT.H5990 A_CF.11423
B_US.HC21 B_TH2.TB132
B_US.SBA -
B_US.JFL CONSENSUS4
B_BR.7942 C_MW.12213
B_US.YU C_con
B_BR.10553 C_IN.D760
F_BR.7944 C_IN.D757
B_HT.H5994 A_ZR.6657
B_BR.8615 C_MW. 6508
B_US.HC22 A_UG2.117
B US.HC19 C_MW 12229
B Us.HC27 c MW.6506
B_DE.HAN A_ZR.6563
B_NL3.NETS cl T MW.12225
B_US.HC43 C_IN.D1044
B HT.H13960 A RW.SF1703
B HT.H13962 .S-. c MW.12199
B_GA.OYI .5-.. A_CF.4023
B BR.7940 Y- Cc IN.D747

FIG. 4. Alignment of V3 loop protein sequences on the basis of the phenogram in Fig. 3. Sequences are labeled with the envelope genetic
subtype association as the first letter of the name followed by an underscore, the two-letter country code designation, and the sequence
identification. These sequence designations follow those from the V3 section of Human Retroviruses and AIDS database (51). Consensus
sequences based on the most common amino acid in a given position were derived for each of the 14 clusters labeled in Fig. 3. Dashes represent
identity with the top sequence in the alignment (B_con); dots represent insertions.



VoL. 68, 1994

w
[¢]
o
=]

CTRPNNNT. .RKSI.HI..GPGRAFY...TTGEIIGDIRQAHC

Q

. CF.4081
.4033
.6653

% %

5

.4055
.4054

GQOO
0"1")0
[N
<
@©

.6518
.12233
.6557sh
.6663
.12203
.1227
.12205
.6512
.12209
.NOF
.H6024
.HC28
.HC25
.8623
.H5998
.HC29

G2.71

.65658h

_US.HC10

_0G2.109

_US.HCO7

V17

_2ZR.6571.8h

A_ZR.6559

%&85?%%%%%%5%5

GGQ;G%E

)‘UJU’UUUUG&UWMWOOOOO0??0077’073’7

CONSENSUSS
B_NL1.A3
B_US.SBC
B_NL3.NET3
B_US.WM
B_US.HC11
_ZR.2321

GIPWP

» a
H0O

S HCZO
S HC39
_US.HC32
MW 12215
UG2 124
UGZ 119
CF 4044
HT H5992
GH D687
UK v87
CF 1189
ZR MAL

«.~ER-.5-..
—--RIMHI- .
«.-RG-...HF---Q-L-..

U?’N?’WD’?D’ONW!‘DPOS’)’

B_HT.H13968 -R-VHSGHI-G--TLF.
U_CF.4087 ----G-T-..-R-M.R-..-===T--.

CONSENSUS6 ----SK--R.~RIH..-..
B_US.JH32 ----SKT-R.-RIH. .-
B_US.MN
A_UG.UGO6
B_UK.V12

----SK-IR.-SIH..-

.-IEGVA--V-K-Y-

B_US.ALAl ————o IYRK.GRIH. .-.. H...--RQ--EN
B_HT.WMJ22

CONSENSUS7 o o=T--.T- \R--D------K-Y-
E_TH2.TN244 .. v« R--D--———-K-Y-
E_con .T-

E_TH2.TN241
E_TH1.T8663
E_TH1.T8659
E_TH1.T8176
E_TH1.T8671
E_TH2.TN239
E_TH1.T8657
E_TH1.A7792
E_TH1.T8639
E_TH1.A8173
E_TH1.T8683
E_TH1.A7794 . . .==~=QV--...K--D-—-N--K-Y—

MUTATIONS IN HIV-1 V3 LOOP PROTEINS 6739

B_con CTRPNNNT. .RKSI.HI..GPGRAFY...TTGEIIGDIRQAHC

E_TH1.A10671 . “TM..---QV--...R--D------R-Y-
E_TH2.TN242
E_TH1.T8673
E_TH2.TN235
E_TH2.TN243
E_CF.4031
E_CF.4084
E_CF.4017
E_CF.4039

CONSENSUS8
E_CF.1697 ----FK-M..
E_CF.4071 ..
E_CF.4013 FKRV. .
E_CF.4002
E_CF.4069

CONSENSUS9
D_UG2.79
D_con
D_0G2.121
D_TZ.TAN11
D_TZ.TAN12 -Q-1F...-S.K---N-
D_UG.044342 . . .---Q-LFTKRV-TR
D_UG2.122
D_ZR.6555
D_TZ.TANS
U_CF.4040 . .
D_UGL.G1 ~I--Y-.KRT-QRT.--..=S-Q-L-...-=.K-Vommmem

CONSENSUS10
D_TZ.TAN2
D_TZ.TAN6
D_TZ.TAN7
D_UG2.110
D_TZ.TAN3
D_UG2.114
D_UG2.109 -M--Y--K..
D_TZ.TAN1 YSRV. .
D_UG2.74 ----YT-K..

N-F------R-
D=T=--===Y-

CONSENSUS11 ~ ----Y---.. .S-..-Q-Q- JU SV
D_TZ.TAN4 .

D_UGL.4132 KPT-Y----Y-
D_UG1.4133 -S--YKS-. . R-.N-Q------Y-
D_UG1.462 ----YR..AM-RRT.S-..-Q-Q-Y-TT.NITG-G-N----Y-

D_UG1.653 ----YKSI..-RI
U_ZR.23 ~~--GSDKKI-Q-

.-==-WQT...YYTT..NITGR---
. m=-KV--. . .AK-...-ITG-=--

CONSENSUS12 ---=-YD-IK.IQRT.P-..-Q-Q-L-.
D_UG1.G2 YD-IK.-QRT.
D_UG2.70 ~~--Y--IK.IQRT.P-.
D_UG1.2999 ----YH-.K.IQRT.
D_UG1.1665 YK-IT.IQRT.
D_UG1.1685 -S--YR-VT.IQRT.S-.

«.=-RITGYI.G---~

.-S-Q-L-.

CONSENSUS13
D_ZR.ELI

D_ZR.2226 --KTRS.I-G--Y-
D_UG1.31 ..-QRT.P-..-L-Q-L-TT.KGRGTTKV-G-~-~-
D_ZR.NDK ----YKY-..-QRT.S-. .~LROSL-TITGKKKKT-Y-G----

CONSENSUS14
D_CF.4020
D_UGL.5055
D_ZR.JY1
D_TZ.TAN13 ----YE-M..-QRT.P-..-L-Q-LV...-SR.-K-R--P-Y-

. .=-R.-K~~--K--—

D_UG1.5059 -A--YEKK..-RTT.P-..-L-Q-LI...-SR.NFEK-G----
D_UG2.83 -V--YS-Q..-RRT.P-..~L-Q-L-T..-RMDNMKN-K--Y-

Outliers:
ANT70 -E--.QIDIQEMR-.....--B US.MA.W-SMGIG-TAGNSS-A-Y-
MVP5180 -I-EGIAEVQDIYT..... --M- . WRSMTLKRSNNTSP-SRVAYC

FIG. 4—Continued.

of distinct mutational patterns in the V3 loop in different
HIV-1 lineages, with consequent changes in the biology of the
virus. The first observation is that the interpatient set of D
subtype V3 loop protein sequences are more divergent than

other subtypes. The D subtype V3 loop protein sequences may
actually be diverging more rapidly than the other subtypes; this
suggestion is supported by the results of two different analytical
methods. First, the intrasubtype nucleotide distances among D
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TABLE 4. Intrasubtype comparisons of properties of V3 loop amino acid sequences and V3 region nucleotide similarities®

Median (range) values for:

Sub N .

ope v3 ‘°%}‘l’{‘) mcd  y3160p PIMA (IR) V3 loop STR (IR) V3 loop length (R) pI (IR) Charge (IR)  ds/dn V3 loop/flank ratio
A 41 15.1(12.9-17.7) 148 (129-159) 173 (155-186) 35 (31-37) 6.0 (5.3-7.0) 0 (—0.5-0) 1714 =12

B 148 10.5(8.1-122)  148(139-157) 172 (160-184) 35 (31-36) 7.0 (6.1-9.1)  0(0-1) 0.9/0.7 = 1.3

C 23 115(85-17.5)  160(154-165) 190 (183-197) 35 (35-35) 6.0 (6.0-8.1)  0(0-0.5) 25/1.2=21

D 43 16.1(13.3-18.8) 108 (93-125) 126 (110-146) 34 (30-38) 10.0 (8.8-11.1) 1.5(1-2) 0.8/1.4 = 0.6

E 28 75(20-125)  153(131-168) 176 (154-199) 35 (32-35) 6.0(6.0-9.7) 0(0-2) NA

F 10 24(16-33) 172 (156-175) 202 (197-207) 35 (35-35) 50(5.0-50) —1(-1--1]) NA

% Medians and interquartile ranges (IR) or ranges (R) are given. N refers to the number of sequences available from each subtype; all pairwise combinations of
sequences were considered for nucleotide distances and PIMA and STR scores, and all sequences were considered for assessing the distribution of V3 loop lengths
and pls. Nucleotide distances (nuc d) are Hamming distances, or d = (1 — s) X 100%, where s is the fraction of shared bases in each position of an alignment. All
positions containing gaps inserted to maintain the alignment were removed. This left approximately 200 positions in the V3 region of envelope for comparison. The
E and F intrasubtype Hamming distances are small (and PIMA scores are high) because the E subtype sequences are predominately from Thailand and the F sequences
are predominately from Romania, and both of these sets were taken early in the epidemic for the respective countries and show strong similarity, presumably due to
a founder virus effect. The average distance between the Brazilian F subtype sequence and the Romanian F subtype sequences is 9.0%; Thai E subtype sequences and
Central African Republic E subtype sequences differ by 8 to 12%. All pairwise V3 loop PIMA and STR scores were calculated for each subtype, and median and
interquartile ranges are given. The higher the score, the greater is the amino acid conservation. The V3 loop length represents the number of amino acids from Cys
to Cys. pls were calculated by using MacVector (International Biotechnologies, Inc.), across the inner 15 amino acids of each loop, as discussed in Results. The net
charge at pH 7 is also calculated for this same region. NA, not applicable. The ds/dn ratios are the median values for the V3 loop and for 34 amino acids flanking either
side of the V3 loop (19 on the N-terminal side of the loop, and 15 on the C-terminal side). There are not enough changes in the E Thai and F Romanian sequences
to include a ds/dn comparison, as many of the pairwise sequence comparisons do not show a single change over the short regions considered here.

subtype V3 region sequences are similar to those found among ratios): the greater the ds/dn ratio, the greater is the relative
A subtype sequences (medians of 16% for D and 15% for A),  conservation. In a comparison of the V3 loop to the flanking
while the protein similarity scores for the D subtype V3 loops regions of the V3 loop, the D subtype viruses were found to
are much lower (with medians of 108 for D and 148 for A) have lower ds/dn ratios in the V3 loop. This suggests a greater
(Table 2). The second analysis is based on the ratio of rate of change at the protein level within the D subtype V3
synonymous divided by nonsynonymous substitutions (ds/dn loops than in the V3 loop flanking regions. All other subtypes

A) ) B) )
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FIG. 5. Ratio of synonymous/nonsynonymous substitutions in the region encoding the 34 amino acids flanking the V3 loop contrasted with the
region encoding the 35 amino acids of the V3 loop. Pairwise comparisons of all sequences included in this study were made, and ds/dn values were
calculated for both regions. The sequence lengths under consideration here are short; hence, there is naturally some variation in the relative levels
of conservation of the two regions. However, all of the points corresponding to sequences that are most extraordinarily conserved in the V3 region,
without showing great conservation in the V3 flanking region, are clade A sequence comparisons contrasted with clade C sequence comparisons.
Sequence comparisons for which there were no nonsynonymous substitutions are excluded to prevent denominators of zero. Part A is a plot of
28,516 pairwise comparisons of ds/dn values in the V3 loop (ordinate) and the V3 loop flanking regions (abscissa) of sequences, excluding clade
A and C comparisons (no AXC). Part B is comparable to part A but represents only the clade A and C sequence comparisons (AXC). The inserts
show the ordinate and abscissa with the same range (0 to 80) for direct comparison of the ds/dn values of the two regions.
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had higher ds/dn ratios in the V3 loop, suggesting that for the
other subtypes V3 loops were relatively more conserved than
V3 loop flanking regions (Table 2). For example, A and D
subtypes had comparable median ds/dn ratios in the V3
flanking regions (1.4), but within the V3 loop the D subtype
had a much lower median value (0.8 for D versus 1.7 for A).

The D subtype viruses are also more positively charged.
Given the association with positive charge in the V3 loop and
SI phenotype in culture (22) and the correlation of the
presence of SI viruses at seroconversion and rapid progression
to disease (54), the possibility arises that the D subtype viral
strains found in central Africa may represent a more patho-
genic form of the virus. Another disturbing consequence of the
greater variability in the V3 loop in the clade D viruses is that
they may be engendering a more elusive vaccine target than
are the viruses of other genetic lineages.

One hypothesis that might account for wider divergence
among D subtype V3 loop sequences is that it is simply a
sampling artifact and our observation is a consequence of
differences in the stage of disease progression in infected
people from which the samples were originally derived. For
example, one might suspect that D subtype sequences were
more likely to have come from people with full-blown AIDS
and other subtype sequences to have come from healthy
HIV-1-seropositive individuals. While this is a possible expla-
nation, we consider it unlikely: many of the A and D samples
came from the same studies conducted in central Africa, and
therefore have been exposed to the same sampling biases, yet
the V3 protein sequence characteristics of the two subtypes are
very distinctive. Additionally, the World Health Organization
(WHO) Global Programme on AIDS has collected samples
from asymptomatic individuals from Rwanda, Uganda, Thai-
land, and Brazil; and the observations made here concerning
charge and V3 variability have been substantiated in that data
set, which includes D subtype sequences from 12 asymptomatic
Ugandans, compared with the total set of 56 WHO HIV-1
isolates from asymptomatic people with virus associated with
other subtypes by Myers and Korber and collaborators in the
WHO technical working group on HIV isolation and charac-
terization (50a).

The second observation based on the comparison of phen-
etic and phylogenetic clustering patterns pertains to a marked
similarity of V3 loop sequences from a subset of A and C
subtype sequences. There are three possible explanations of
the similarity of V3 loop sequences in the A and C subtypes: a
relatively recent recombination event between A and C sub-
type sequences, convergence, or a lack of divergence from a
common precursor. Recombination is unlikely, because silent
mutations permeate the A and C sequence comparisons over
the V3 loop and are typical of what one would expect to find
for intersubtype comparisons. Convergence at the molecular
level is probably rare, except over short functional domains
(71). It is extremely difficult to trace the convergent evolution
of particular amino acid patterns (however, this has been
claimed in comparisons of the lysozyme enzyme from the
foregut of ruminants [72, 73]). There are several studies of
HIV-1 sequences that propose convergence within the V3
loop. Holmes et al. have identified mutations within the V3
loop that they argue are a result of convergence due to
mutational events in viruses that are associated with different
phylogenetic branches found within a single patient (35).
Albert et al. (1) found a higher degree of similarity between
1990 Ugandan HIV-1 V3 loops and North American and
European isolates than in comparisons of the 1990 Ugandan
sequences with earlier Ugandan isolates, which they consid-
ered to be possible evidence of convergence. The Ugandan
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sequences they were comparing were from A and D clades, and
the North American and European sequences were from the B
clade.

While the V3 loop is an example of a limited region where
convergence may occur, we think that the third possible
explanation listed above is a more likely interpretation of the
similarity of the A and C subtype sequences: simply a lack of
divergence of a favorable form which was a common precursor
of both clades. Strong selection upon transmission for partic-
ular V3 regions has been proposed to be a contributing factor
to the observed homogeneity of viral sequences obtained from
recent seroconverters (83, 85). It has been further proposed
that such selection may be dictated by conservation of V3
sequences which are associated with macrophage tropism (12,
83). These studies of macrophage tropism and transmission
have concerned only viruses of the B clade. Similar selection
for natural viral transmissibility may be the basis for the
preservation of the form observed in many A and C subtype
viruses. By close examination of clustered V3 loop sequences
(Fig. 3 and 4), one can find a scattered set of sequences from
a range of subtypes which are relatively close to the similar A
and C forms; however, the most extraordinary V3 amino acid
conservation in phylogenetically distant clades is observed
between the A and C clades (Fig. 3 and 5). It is interesting that
the V3 loop sequences of a subset of phylogenetically distinct
HIV-2 sequences are relatively similar when compared by
phenetic analysis (50) and that some simian immunodeficiency
virus V3 loop sequences are highly similar (68). The similarity
in these viral V3 loops may also reflect preservation of a
biologically distinct form of the virus. It is also important to
note that while the similarity of the A and C forms of the V3
loop (as well as the similarity of the two Gag protein sequences
from HIVSF2 and HIVCAM]I) is striking, it is also unusual
and the general trend among the international set of HIV-1
protein sequences is divergence.

Phenetic cluster analysis may be particularly useful for
designing an appropriate set of peptides for inclusion in a
linear peptide vaccine cocktail. For example, clusters in Fig. 3
are numbered and the consensus sequences for each of the 14
clusters are included in the alignment in Fig. 4. These consen-
sus sequences are derived from sequences associated on the
basis of protein similarity. As such, these would better repre-
sent the range of possible forms of the V3 loop for inclusion in
a vaccine than a set of peptides based on phylogenetically
defined subtype consensus sequences. Phenetic associations
could be used as a qualitative guide in conjunction with other
available data, such as geographic distribution of variants (1,
45, 49, 51, 57, 59, 63, 64), antigenic cross-reactivity (6, 7, 10),
structural information (27), and coordinate mutations found
between sites in this region (36). The best utilization of
phenetic analysis for vaccine design would be to use variants
defined within the narrow boundaries of the highly immuno-
genic tip of the V3 loop, rather than the intact loop, as shown
here. When peptides from other regions of HIV-1 proteins are
employed for either vaccine design or peptide enzyme-linked
immunosorbent assay, phenetic organization of sequences
representing these protein fragments could provide additional
insight into appropriate peptide cocktails.

Although phenetic organization of short peptide fragments
is potentially useful for peptide-based vaccine design, most
vaccine strategies currently being considered (9) employ intact
proteins, either as subunit vaccines or through recombinant
viral vectors or as live attenuated or whole killed virus. These
strategies could elicit an immune response to discontinuous
B-cell epitopes and a range of T-cell epitopes. For these
strategies, representatives from the phylogenetically defined
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HIV-1 clades that are present in target populations could serve
as a guide for selecting a substrate for vaccine design, since the
phenetic and phylogenetic clustering patterns are highly simi-
lar when longer stretches of sequence information are em-
ployed.

Several scenarios that account for the phylogenetic cluster-
ing of distinct clades could be imagined. The equidistance of
the branch lengths between these major groups suggests that
the HIV-1 clades may reflect a star phylogeny, where an
instantaneous burst of new lineages arose from a single
progenitor. The scenario that we think is the most plausible
interpretation is that HIV-1 has been diverging within the
human host and that genetic subtypes identified to date (A
through F in env) reflect the spread of the virus into different
human populations. The theory that a common ancestral
sequence of the distinct genetic lineages of HIV-1 A through F
may have existed contemporaneously with the beginning of the
pandemic is consistent with available information concerning
the macroscopic rates of evolution of lentiviruses (50). The
equidistance of the branch lengths between clades is suggestive
evidence that cladal founder viruses may have spread into
different human subpopulations at a specific historical mo-
ment. This moment may have been dictated by changes in the
behavior of the human host which allowed the virus to spread,
such as increased density of urban populations or increased
international travel. In this context, it is interesting that
internal genetic distances between the available HIV-1 outlier
sequences (28, 78) are comparable to those observed among
sequences in the clades A through F. An alternative scenario
that we regard as less likely because of the conservation of the
genetic distances between the clades is that distinct zoonotic
transmission events from simian precursers led to the intro-
duction of each of the distinct HIV-1 clades in humans.

The scenario described above, that of the HIV-1 clades A
through F diverging in the human host, can be envisioned
hypothetically through the example of the E subtype viruses
found in Thailand and the Central African Republic (45, 49,
59). The extreme genetic similarity of E subtype sequences
found in Thailand testifies to the recent introduction of an E
subtype virus that has spread rapidly through the Thai popu-
lation. We think it is likely that the level of HIV-1 variation in
Thailand will increase with the duration of the epidemic until,
within a decade or two, it achieves the level of variation found
in recently isolated U.S. or European B subtype viruses (37,
58) and comparable to that observed among E subtype viruses
found in the Central African Republic (49). If a different E
subtype strain had served as a founder virus in a distinct
population in the late 1980s, coincident with the beginning of
the epidemic in Thailand, two independent E sublineages with
founder viruses approximately 12% distant in env would have
emerged. This eventually could have resulted in intercladal
distances between the two hypothetical E sublineages that
were comparable to those observed between subtypes A
through F. The plausibility of such a scenario happening within
decades is put into perspective through consideration of the
extraordinary level of intrapatient variation that develops
within the course of a single infection (3, 35, 80, 84) from the
relatively homogeneous viral forms found within an individual
upon primary infection (79, 83, 85).

The differences in the phenetic clustering patterns of the V3
loop are most interesting when considered in the context of the
phylogenetic relationships of the sequences. The equidistance
of the branch lengths of the major clades to an ancestral node
suggests that the viruses are diverging from an ancestral
source, quite possibly at the same rate when averaged over
long sequences of specific genes. However, the phenetic rela-
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tionships in the V3 loop identify different mutational patterns
in the different clades within the narrow boundaries of this
important domain. The combined phylogenetic and phenetic
analyses in this paper suggest that within the different lineages,
the biologically important V3 loop may have adopted distinc-
tive mutational characteristics. This analysis is consistent with
the hypothesis that biologically distinct variants are emerging.
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