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Variable regions with sequence length variation in the human immunodeficiency virus type 1 envelope
exhibit an unusual pattern of codon usage with AAT, ACT, and AGT together composing >70% of all codons
used. We postulate that this distribution is caused by insertion ofAAT triplets followed by point mutations and
selection. Accumulation of the encoded amino acids (asparagine, serine, and threonine) leads to the creation
of new N-linked glycosylation sites, which helps the virus to escape from the immune pressure exerted by
virus-neutralizing antibodies.

The surface glycoprotein gpl20 of the human immunodefi-
ciency virus type 1 (HIV-1) contains a number of regions with
a relatively high degree of amino acid sequence variation,
designated variable regions 1 through 5 (Vl to V5 [11]).
Recently, evidence has been presented that, like variation in,
e.g., the V3 region, variation in the Vl and V2 regions
contributes to the determination of viral tropism and cyto-
pathic potential (2, 3, 8, 17, 19), indicating that these regions
are probably involved in the process of envelope-mediated
membrane fusion resulting in virus entry or in syncytium
formation. Sequence variation in these regions can then be
reflected in these processes, resulting in variations in cell
tropism and cytopathicity as described above. Virus-neutraliz-
ing antibodies to the V2 region that probably directly interfere
with virus entry have also been described previously (7, lOa,
14), and sequence variation could enable the virus to escape
from such antibodies. The addition of carbohydrates can alter
the recognition of envelope glycoproteins by the immune
system (1, 6). Here we describe a process of sequence length
variation in the HIV-1 envelope gene that results in the
selective insertion of new N-linked glycosylation sites in the
variable regions of the envelope glycoproteins as a mechanism
to escape immune pressure exerted by neutralizing antibodies.
The alignments of the variable-length sequences found in Vi

and V2 are shown in Fig. 1. We have used the HIV-1 envelope
sequence alignment presented by Myers et al. (12) as a starting
point and readjusted the alignment by eye. The numbers at the
top indicate the codons incorporated in the regions of variable
sequence length. The underlined blocks of three codons indi-
cate encoded potential N-linked glycosylation sites (see be-
low). We have noticed an apparent skewed usage of codons in
these regions. A relatively high number of codons begin with A
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and end with T, with an especially high frequency of AAT
codons.
To confirm this observation, we have counted the frequen-

cies of the four nucleotides adenosine (A), cytidine (C),
guanosine (G), and thymidine (T), at the first, second, and
third positions of each codon in the variable-length sequences
of the Vl and V2 regions. We find sharp deviations from the
distributions as found in the whole of gpl2O (we have used the
HXB2R gpl2O sequence for comparison). Most notably, we

find that approximately 84% of the codons in these regions
start with A (<1% start with C); only 1 to 4% of codons have
a T at position 2 (compared with 26% in gpl2O); and 67 to 76%
of codons end with T, with sharp decreased frequencies of A
and G at position 3. We have subsequently analyzed the
frequency distributions of all four nucleotides at each codon
position in the whole envelope gene alignment by a sliding
window method (see legend to Fig. 2 for details). The results
obtained for A at position 1 (Al), T at position 2 (T2), and T
at position 3 (T3) are plotted in Fig. 2 for a window size of 20
codons shifted by 1 codon, as are the number of sequences
counted in each window to map the regions with sequence
length variation (bottom panel). It can be seen that sharp
increases in frequencies of Al and T3 with concomitant
decreases in T2 occur in the Vi and V2 regions and also in two
other regions that display a high degree of sequence length
variation, the V4 and V5 regions. No other regions of the
envelope gene display similar concomitant nucleotide fre-
quency distributions. The Al and T3 peaks are not as pro-
nounced for V5 because of the relatively small size of the
region of variable sequence length in V5 relative to the window
size.
We postulate here that the skewed distribution of nucleoti-

des at the first, second, and third positions of the codons that
make up the regions of variable sequence length is the result of
the insertion of AAT triplets at these sites followed by point
mutations and selection for sequences that provide a selective
advantage to the virus by the insertion of N-linked glycosyla-
tion sites, resulting in escape from the immune system, as well
as selection against disadvantageous (in this case, hydropho-
bic) sequences. The implications of this mechanism will be
discussed below.
The use of a severely limited set of nucleotides at position 1
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A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
CON4SENSUS gATttga?g 2?? 2?? 2?? 2?? 2?? 2?? 2?? ??? ??? 2?? 2?? 2?? MAt gct act ??t 2?? 2?? AAt a?t a?t agt ?g? ??? 2?? 2?? ??? ?????gg?aa?g
HIVJRCSF G--GTG.--............... . . . . .T GCT ACT .--.....T ACC ACT AGT AGT AGT.........GAGGGAATG
HIVJRFL G--GTG.--............... . . . . .T GCT ACT.--.....T ACC ACT AAT GAT AGC.........GAGGGAACG
HIVALA1 G--TATTTG .............-.-....... . .T GCT ACT .--.....T ACC ACT AGT AGT AAC ........GGGACAAGA
HIVBRVA G--TTC.......... ~;................--T GCT ACT .--.....T GCC ACT AGT AAT AGC.........GGGAAAATG
HIVJH3 G--TGGGGG.....AAT GAT ATAGC CCC .--....... .T GCT ACT .--.....T ACC ACT AGT AGT.........TGGGGGGAAAAG
HIVSC A--TTGAGG.....AAT GAT ACT AGC ACC.--....... .T GCT ACT.......--T ACC ACT AGT AGT AAT.........CGGGGAAGA
HIVBAL1 G--TTGAGG.....AAT GCT ACT AAT GGG..--...... .T GAC ACT......--T ACC ACT AGT AGT AGC.........AGGGGAATG
HIVYU2 G--TTAAGG..-............-.. . . . .T GCT ACT..-...-T ACC ACT AGT AGT AGC.........TGGGAAACG
HIVMN G--TTGAGG.....AAT ACT ACT AAT ACC AAT.--..... .T AGT ACT GCT AAT ..--C AAT AGT AAT AGC...........GAGGGAACA
HIVHXB2R G--TTGAAG.......--T GAT ACT AAT ACC . --T AGT AGT AGC...........GGGAGAATGATA
HIVLAI G--TTGGGG.....AAT GCT 'A'CT A'AT 'AC'C.--T AGT AGT AAT ACC . --T AGT AGT AGC...........GGGGAAATGATG
HIVNL43 G--TTGAAG ..........................--T GAT ACT AAT ACC . --T AGT AGT AGC...........GGGAGAATGATA
HIVMFA G--TTGAAG ..........................--T GAT ACT AAT ACC . --T AGT AGT AAC...........GGGAGAATGATA
HIVCAM1 A--GTA.--............... . . . . .T AAT ACT AGG ACC .. -T AGT AGT GAT.....TGG GAC AGG AGGGAAGGAGAA
HIVNY5CG G--TTGACG.--............. . . . . .T GCT ACT TAT GCC ..--T GGT AGT AGT.................
HIVADA G--TTGAGG ............--.. ...... . .T GTT ACT AAT ATC .. -T AAT AGT AGT..............GAGA....
HIVJFL A--TTGAAG ............--.. ...... . .T GTT ACT AAT ATC . --T AAT AGT...............TGGGGAAAG
HIVSIMI84 A--TGGAAG AGT GCT.--........... . . . .T AGT ACC AGT AAT ACC --T AGT AGT..................TTG
HIVD31 G--CTGAAG ............--.. ...... . .T GCT ACT AAT ACC AAT --T AGT AGT TGG ACG ATG.........ACAGGAGAA
HIVSF162 A--TTGAAG.--............. . . . . .T GCT ACT .--.....T ACC AAG AGT AGT AAT.........TGGAAAGAG
HIVOYI G--GTT.......AT ACC ACT AGT AGT AGT TTG AGG.--...T GCT ACT .--.....T ACC ACA AGT AGT AGT.........TGGGAAACG
HIVSF33 G--TATTTG GGG.--............. . . . .T GCT ACT AAT ACC ... --C MAT AGT AGT.............GGGAGAACG
HIVCDC4 G--TTGAAT ACT AAT.--........... . . . .T ACT ACT .--.....T ACT ACT GMA CTA TCA ATA ATA GTA GTTTGGGAACAA
HIVSF2 G--TTGGGG.--............. . . . .G GCT ACT MAT ACC ... --T AGT AGT MAT.............TGGAAAGAA
HIVSF2B13 G--TTGGGG.--............. . . . . .G GCT ACA ACC.--...T AGT MAT MAT.............TGGAAAGAA
HIVHAN G--TATAAT ............--.. ...... . .T GCC ACT .--.....C AGT AGT...............TGGGGAAGG
HIVRF G--GCTAAC TTG.--............. . . . .T GGT ACT.--.....T GTC ACT AGT AGT AGC.......GGGGGAACAATG
HIVWMJ2 G--AAG.--............... . . . . .C ATT ACT GAT TGG MAG --T ACA ACA ATA.................
HIVTB132 A--TTGAGG.--............. . . . . .T GAT ACT...............................
HIVGUN A--TTGGTG.--............. . . . .T GCT ACT TAT AGT ..--T AGT AGT...............TGGGAAAAG
HIVACH9 G--AATTTG.--............. . . . . .T AGT ACT MAT TTG GGG --T MAT ACT GAT.................
HIVACP1 G--GATTTG AGG.--............. . . . .T GAT.............................TGGGAACAG
HIVJM G--GCCTCG AGG ... MAT GTT ACT MAG AGG MAT GAT ACT MAT GAG --T GCT ACT GAT AGT MAT --T GGG ACT GCT ACT AGT GGG MAT ....AAAACTATG
HIVMAICON G--GCCACT ATT AGA MAT GCC ACT ATT AGA.....ACT MAT ACC --T ACT ACT .--.....T ACT AGT AGT AGC...........GGGGAAGTG
HIVMA208 G--GCCACT ATT AGA...............ACT MAT ACC --T ACT ACT MAT ACT ..--T AGT AGC...............GGGGAAGTG
HIVRJS A--TGGAAG.-.............. . . . . .T GAT ACT GAT ACT . --T ACC ACT MAT AGT AGT AGT.......GGGGAAAAA
HIVWM G--TGTGTA ACT TCA.--........... . . . .T TGC ACT MAT TTG AGG --T GTT ACC MAT ACC AAA AGT AGT AGC .. . AAGGAAATA

B ~~~~~~~12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
CON4SENSUS cCAatAgat ?a? ??? 2?? 2?? 2?? ??? 2?? ??? 2?? ?'' ??? ''' '?? 2?? 2?? aAt act agc 2?? 2?? 2?? a?? TaTAggTTg
HIVJRCSF C--AT-GAT MAT MAG...........................A-T MAT ACC.......AAA -A--GG--A
HIVJRFL C--AT-GAT MAT.............................A-T MAT ACC.......AGC -A--GG--G
HIVALAl C--AT-GAT MAT.............................A-T MAT ACC.......AGC -A--TA--G
HIVBRVA C--AT-GAT MAT GAT AMA ACT.......................A-T ACT.........AGA -A--GG--G
HIVJH3 C--AT-AAT.M.......AT AGT ACC MAG GAT MAT ATA AMA MAT GAT . A-T AGT ACC.......AGA -A--GA--A
HIVSC C--AT-GAT...............................A-T ACG AGC ..-.......A--GG--G
HIVBALl C--AT-GAT...............................A-T MAT AGT ... MAT MAT AGA -A--GG--G
HIVYU2 C--AT-GAT...............................A-T GCT AGC .-........A--GG--G
HIVMN T--AT-GAT...............................A-T GAT AGT.....ACC AGC -A--GG--G
HIVHXB2R C--AT-GAT...............................A-T GAT ACT.....ACC AGC -A--CG--G
HIVLAI C--AT-GAT...............................A-T GAT ACT.....ACC AGC -A--CG--G
HIVNL43 C--AT-GAT...............................A-T ACC AGC .-........A--GG--G
HIVMFA C--AT-GAT...............................A-T ACC ACC .-........A--GG--G
HIVCAM1 C--AT-GAT MAG GCT...........................A-T ACA AGT .-........A--CA--G
HIVNY5CG C--AT-GAT MAG GAT...........................A-T ACA AGC ..........A--CA--G
HIVADA C--AT-GAT MAT GAT...........................A-T ACT AGC .-........A--GG--G
HIVJFL C--AT-GAT MAT GAT...........................A-T ACA AGC .-........A--CA--G
HIVSIMI84 C--AT-GAG GAT GAT...........................A-T ACT AGC .-........A--CA--G
HIVD31 C--AT-GAT MAT GAC...........................A-T ACT AGC ..-.......A--GG--G
HIVSF162 C--AT-GAT MAT GAT...........................A-T ACA AGC ..-.......A--AA--G
HIVOYI C--AT-GAT MAG MAT ..L ......................G-T ACT AMA..-.......T--GG--A
HIVSF33 C--AT-GAT GAT GAT.M...AT ACT...................A-T ACC AGC ..-.......A--GG--G
HIVCDC4 C--AT-GAT GAT MAT AMA ... MAT ACT ACC.................A-C MAC ACC.......AMA -A--GG--G
HIVSF2 C--AT-GAT .M.......AT GCT AGT ACT ACT ACC...........A-C TAT ACC .M.....AC -A--GG--G
HIVSF2B13 C--AT-GAT .M.......AT GCT AGT ACT ACT ACC .A.........K-C TAT ACC .M.....AC -A--GG--G
HIVHAN C--AT-GAT MAT.M.....AT MAG ACT AGT MAT AGG GAT .A.......K-T ACT ACC.......AGC -A--TG--G
HIVRF C--AT-GAG MAG GGT.M...AT ATT AGC CCT MAG ... MAT MAT ACT AGC ... A--T MAT ACT AGC TAT GGT MAC -A--CA--G
HIVWMJ2 C--AT-MAG GGT GAT.M...AT.....................A-C AGT AGT.......AGA -A--GA--G
HIVTB132 C--AT-MAT MAT GAT...........................A-T ACT AGC ..........A--GG--G
HIVGUN C--AT-GAT...............................A-G ACA AGC ..........A--CA--G
HIVACH9 C--AT-GAT .M.......AT AGT ACT AGC MAT.............A-T TAT ACT.......AGC -A--GG--G
HIVACP1 C--AC-GAT GAT GAT...........................A-T ACC AGC .-........A--AG--A
HIVJM C--GT-GAT MAT AGT MAT ... MAC MAT AGT MAT...............A-T MAT AGT ..........A--TA--G
HIVMAlCON C--AT-GGT .M.......AT GAT AGT ACT AGT MAT MAT MAT ACT AGT MAT A-T TAT ACT.......AGT -A--GG--G
HIVMA208 C--AT-GGT .M.......AT GAT AGT ACT AGT MAT MAT MAT ACT AGT MAT A-T TAT ACT.......AGT -A--GG--G
HIV'RJS C--AT-GAT MAT GAT...........................A-T ACA AGC ..........A--CG--G
HIVWM C--AT-GAT .M.......AT GAT AMA GAT...............A-T ACT AGC ..........A--GG--G

FIG. 1. Sequence alignments of variable-length sequences in Vl (A) and V2 (B). Sequences and alignment were adopted from the work of
Myers et al. (12) and adjusted by hand. Numbers in the top row indicate codons of the variable-length sequence region. Sequences outside of the
variable-length sequences discussed here are in italics. Dashes indicate nucleotides identical to the consensus sequence (top row), and dots indicate
deletions relative to the consensus sequence. Uppercase letters in the consensus sequence indicate bases conserved throughout all aligned
sequences; lowercase letters indicate bases found in at least 50% (but less than 100%) of the aligned sequences in reference 12. Blocks of three
codons encoding a potential N-linked glycosylation site (asparagine-X-serine/threonine) are underlined.

(as, in this case, mostly A) is reflected in the encoded amino gine, serine, threonine, lysine, and arginine. The virtual ab-
acid sequence. The preferential use of codons starting with an sence of T's at position 2 results in the exclusion of isoleucine
A (>80% in the Vi and V2 variable-length sequences) results (Ile) and methionine (Met), -the only two hydrophobic amino
in predominant insertion of isoleucine, methionine, aspara- acids whose codon starts with an A. Apparently, the insertion
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FIG. 2. Frequency distributions of Al (top panel), T2 (second
panel from top), and T3 (third panel from top) in the HIV-1 envelope
gene, as well as the relative number of sequences counted in each
window (bottom panel). Valleys in the bottom panel plot indicate
regions of variable sequence length. Frequencies of each nucleotide at
each position were counted in a window of 20 codons, shifted by 1

codon, with the aligned sequences taken from reference 12. Only Al,
T2, and T3 are shown. Variable regions Vl, V2, V4, and VS are

indicated (except V3). The 95% confidence interval upper and lower
limits, calculated as mean ± 1.96x standard deviation following square

root transformation of the data to achieve normality, are as follows:
Al, 0.71 and 0.15; T2, 0.56 and 0.08; and T3, 0.63 and 0.05, respec-

tively. The Al and T3 peaks in Vl, V2, and V4 exceed these limits, as

do the T2 valleys in Vi, V2, V4, and VS. A number of Al peaks are

found besides the Vl, V2, V4, and VS regions. The lack of concomitant
T2 valleys and T3 peaks indicates that these have been generated
through mechanisms different from the one postulated in this paper. A
T2 peak is found at positions corresponding to windows 754 to 769
(arrow). All codons with a T at position 2 code for hydrophobic amino
acids, and this peak corresponds to the location of the hydrophobic
membrane anchor sequences in gp4l. Both the alignments and the
computer program used to calculate this plot are available from the
authors upon request.

of hydrophobic amino acids in this region of env is disadvan-
tageous to the virus. The strong bias towards T, a remnant of
the postulated originally inserted AAT, and to a lesser extent
towards C as a result of mutation and selection, at position 3
now selectively inserts threonine, asparagine, and serine at
these positions. Both threonine and serine codons can be
generated from the AAT and AAC asparagine codons through
one mutation. Four of the six codons that can potentially code
for serine start with a T rather than with an A, namely, T-C-x.
These codons are not used in the insertion sequences de-
scribed here, although they normally compose approximately
60% of all serine codons in mammalian genes (18) and are

used throughout the Env open reading frame (not shown).
Random insertions and mutations followed by selection would
have resulted in a predominant use of T-C-x codons for serine.
The exclusive use of AGT and AGC codons to code for serine
is therefore a strong point in favor of the postulated mecha-
nism. We have counted the frequency of asparagine, threonine,
and serine in Vi and V2 and compared them with those in the
gpl20 amino acid sequence of HIVHXB2R. In the Vi and V2

variable-length sequences, the combination of Asn, Thr, and
Ser makes up 75% of all amino acids, compared with only 22%
of all amino acids in gpl20.

Insertion of AAT triplets followed by mutation and selection
results in the insertion of predominantly asparagine (N),
threonine (T), and serine (S) as described above. Random
combination of these three amino acids will result in the
frequent occurrence of N-x-T and N-x-S sequence blocks,
where "x" stands for any amino acid. Both N-x-T and N-x-S are
potential N-linked glycosylation sites, and indeed the variable-
length sequences are characterized by the occurrence of mul-
tiple potential glycosylation sites. Approximately 55% of all
amino acids in the variable-length sequences are actually
involved in the formation of N-linked glycosylation sites (Fig.
1), demonstrating the efficiency of the postulated mechanism
for the generation of such sites. If glycosylation of these
regions confers selective advantage to the virus, then it might
be expected that virus genotypes that contain such a novel
glycosylation site would persist and appear in future virus
generations. Examples of such glycosylation sites that have
become stable features of the HIV-1 genome can be found in
both the Vl and V2 variable-length sequences (Vl codons 13
to 15 and 19 to 21 and V2 codons 16 to 18 [Fig. 1]) and the V4
and V5 regions (not shown). The occurrence of sequences with
variable length 5' and 3' of these conserved sites indicates that
the mechanism of AAT triplet insertion is ongoing; we postu-
late that the accumulation of more glycosylation sites provides
further selective advantages to the virus through better mask-
ing of the epitopes in this region from the immune system. We
predict, therefore, that the number of glycosylation sites in
these regions of the Env glycoproteins of viruses isolated from
infected individuals is directly related to the immune pressure
exerted on these regions, which may vary from person to
person, but in all probability will increase over time, especially
during the asymptomatic period of infection. Others have
shown a statistically significant sequence length increase and
addition of a novel N-linked glycosylation site at the V2
insertion sequence that correlates with increased viral viru-
lence (8). More virulent virus variants generally arise over time
in infected individuals and, as discussed above, so will the
length of the insertion sequences because of selective advan-
tages of the viruses that have acquired more glycosylation sites.
The observed correlation between viral virulence and sequence
length variation in V2, therefore, probably reflects the paral-
lelism in time of these two processes. Accumulation of se-
quences rich in potential glycosylation sites (both N-linked and
0-linked) has been reported for the Vi regions of simian
immunodeficiency virus (SIVMNE) isolates obtained from
monkeys that progressed towards AIDS (13). This region in
SIV shows evidence of ACA triplet reiteration (based on the
SIVenv alignment in the work of Myers et al. [12] and on the
work of Overbaugh and Rudensey [13], not shown), which
results in the accumulation of threonine residues, thereby
creating potential targets for 0-linked glycosylation (13). It
appears that the highly related lentiviruses SIV and HIV have
adopted very similar but not identical strategies (AAT versus
ACA reiteration) to achieve the same goal: glycosylation of
sites on the envelope glycoproteins that are important for the
virus life cycle, thereby shielding these sites from recognition
by antibodies.
The sequences in the Vi and V2 region play a direct role in

virus entry, as discussed above. No such functional properties
have been described for either the V4 or the V5 region, and yet
it appears from our analysis that they may be subject to the
same selective pressures as Vi and V2. The high degree of
variation in these regions hampers functional studies, e.g.,
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because of the difficulties of raising cross-reactive antibodies. It
is conceivable that functional roles for V4 and V5 will be
described in the future. Alternatively, glycosylation at V4 and
V5 could help mask other functional regions that are brought
into the proximity of V4 and/or V5 in the folded molecular
complex.
The mechanism by which the described triplet reiterations

arise is unclear. Recently, a number of human genetic diseases
characterized by trinucleotide repeats have been described
(reviewed in reference 15), and strand slippage during DNA
replication (5) has been proposed as a mechanism that could
introduce such repeats (16). Tandemly repeated sequences are
also observed in human hypervariable minisatellite sequences
(10), and an alternative mechanism involving double-stranded
breaks and gap repair has been proposed (9). Although it is
tempting to speculate that the viral reverse transcriptase is
primarily responsible for the observed phenomenon, in vitro
studies of the HIV-1 reverse transcriptase have not revealed
direct evidence for triplet insertion, although strand slippage
during replication of DNA or RNA is observed (4). The
examples quoted above are compatible with the idea that
cellular polymerases may be involved.

We are greatly indebted to Kees Siebelink for helpful suggestions
and critical reading of the manuscript and to Albert Osterhaus for
continued support.
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