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ABSTRAC T

Significant diversity exists in amino acid sequences encoding HIV-1 protease in individuals naive for protease

inhibitors, which could influence the rate of evolution of resistance. High-level resistance to indinavir requires

multiple substitutions among at least 11 amino acid sites, and no single substitution was observed in all of 29

resistant isolates obtained from patients on long-term indinavir monotherapy. W e have analyzed the evolu-

tion of PR in these sequences. The divergence from the baseline amino acid sequence by week 24 was 4% , in-

creasing more than 7% by week 60. The mean difference between sequences from different patients at base-

line was 6% (3± 9%), rising to 10% after 40 weeks (3± 16%), although at all time points nonsynonymous

substitutions were less frequent than synonymous nucleotide changes. Analysis of associations between vari-

ants at different amino acid sites using a mutual information statistic revealed four pairs of sites to be sig-

nificantly associated. In three cases these associations included residue 82. C lusters of baseline and week 24

amino acid sequences identified by maximum parsimony did not correlate significantly with the IC 95 to indi-

navir, although a weak correlation of baseline clusters with phenotype at the week 24 time point was sug-

gested.
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INTRODUC TION

W
H ILE INH IB ITO RS OF HIV-1 protease have been shown in

clinical trials to be highly effective antiretrovirals, the

evolution of resistance has been described for all inhibitors

tested. In an analysis of the development of resistance to indi-

navir (also known as Crixivan, MK-639, and L-735,524), iso-

lates were obtained from 21 patients on long-term monother-

apy.1 In 17 patients, isolates that showed a significant reduction

in sensitivity to the drug were obtained. Substitutions at up to

11 residues in the protease sequence were observed in several

isolates. Regression analysis indicated eight of these were as-

sociated with a statistically significant effect.

The requirement that several amino acid substitutions occur

before high-level resistance is attained is common to several

protease inhibitors.1±10 In this they differ from many inhibitors

of reverse transcriptase, either nucleoside analogs such as

lamivudine11,12 or nonnucleoside inhibitors such as nevira-

pine.13 High-level resistance to these antiretrovirals is achieved

by the acquisition of single substitutions, M184V14 and

Y181C15 in reverse transcriptase (RT), respectively. This is not

exclusively the case for RT inhibitors, however, as zidovudine

resistance is known to require substitutions at up to five sites

to achieve maximum levels of resistance.16 Possibly in conse-

quence, maximum levels of resistance to zidovudine are not

seen in all patients even after 1 year of monotherapy.17

The exact combination of mutations that gives rise to resis-

tance to indinavir can differ markedly between patients.1 In ad-

dition, the HIV-1 protease (PR) coding sequence is highly poly-

morphic in untreated patients.18,19 In vitro studies have

suggested that some amino acid substitutions are more likely

to spread in the viral population if certain others are already

present in the sequence.20 The polymorphic nature of the HIV-

1 PR means that there may be particular genotypes preexisting

in some patients that differ in the extent to which they predis-

pose to the evolution of drug resistance by certain routes. This

would be particularly significant if some combinations of amino

acids were more frequent in resistant strains than others.

Prediction of genotypic resistance from sequence data re-

quires the recognition of associations between amino acids at

different sites in the sequence, either preexisting or that have

arisen during the course of therapy. The associations of inter-
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est are those that have been selected by virtue of conferring a

higher fitness on the virus. Associations can also arise for other

reasons; these include chance, so any analysis must incorporate

a rigorous statistical element, as well as a recently shared com-

mon ancestry among some of the sequences being analyzed. To

assess the importance of this last source and as a check of the

integrity of the data set, a phylogenetic analysis was performed

on all sequences analyzed.

M ETHODS

Data on patients studied and phenotypic analysis of isolates

obtained have been published previously.1,10 Sequences were

grouped for analysis according to time on treatment. Baseline

(week 0) isolates from 13 patients were analyzed. Intermediate

time points, varying between week 12 (three patients) and week

24 (eight patients), were available for nine of these and one

other (collectively referred to as ª week 24º  isolates). Late time

point isolates from 10 patients were studied. These were re-

ferred to as ª week 60 isolates,º  but varied between week 32 (1

patient) and week 60 (5 patients). The subtype A sequence HIV-

1U455 was included to root the trees (the protease sequence from

the subtype D strain HIV-1EL I was not sufficiently distinct from

B subtype sequences to act as an outgroup).

Amino acid distances were calculated using a simple metric

due to Kimura (program PROTDIST in the PHYLIP package,

version 3.5c21). Maximum parsimony analyses were performed

on amino acid sequences using the program PROTPARS, and

the phylogenetic analysis of the entire data set was performed

using the neighbor-joining algorithm (program NEIGHBOR).

A more complete discussion of the analysis that assured the in-

tegrity of this data set and the special considerations that ob-

tain in a conserved region of HIV can be found at: http://hiv-

w e b . l an l .g o v /H T M L/ C o n ta m / co n t am _c o n se r v ed . h t m l .

Frequencies of synonymous and nonsynonymous nucleotide

substitutions were calculated using MEGA.22

For analysis of association between residues at variable sites,

a method developed by A. Lapedes and B. Korber (Los Alamos

National Laboratory, Los Alamos, NM ) was used that was ear-

lier applied to HIV env V3 sequences.23 This uses a maximum

likelihood approach to estimate the association and calculates

a ª mutual information statisticº  between all pairs of sites, anal-

ogous to the linkage disequilibrium parameter. The power of

tests for association depends on both sample size and the level

of variation at the sites considered. For this purpose, a variable

site was defined as one where the commonest amino acid had

a frequency of not more than 85%. Monte Carlo randomization

of the dataset was used to estimate the probability of obtaining

the observed scores by chance. One thousand such randomiza-

tions were performed.

RESULTS

Analysis of complete sequences

To summarize the evolutionary change that had occurred in

these sequences, a majority-rule consensus was obtained for

each isolate. The average divergence between consensus se-

quences from different patients in baseline samples was 6%

(range, 3±9%), increasing to 10% by week 60. This variation

accrued at a large number of sites in the 99-amino acid PR se-

quence: 19 sites varied among 13 patients at week 0, but in the

week 60 isolates 28 amino acid sites were variable. Remark-

ably, despite the variation in protein sequence, there was more

divergence at synonymous nucleotide sites than at nonsynony-

mous sites at all time points (Table 1).

The distance between the consensus sequence of the week 0

isolate and those obtained from the week 24 and week 60 iso-

lates increased in almost all patients (Fig. 1), with the mean

amino acid distance from baseline increasing from 4.0% (week

0±week 24) to 7.3% (week 0±week 60). However, there was

substantial variability between patients in the rate at which se-

quence change accumulated, despite the appearance of the same

amino acid changes in several patients.1

A phylogenetic analysis of all sequences in the complete data

set was carried out using nucleotide and synonymous substitu-

tion distances to check for any possible misidentification. Of 422

sequences from different patients in the original data set, 3 se-

quences that clustered more clearly with those from another pa-

tient than with other sequences from the same patient were found.

These sequences were removed from the analysis (the presence

of these sequences would not have influenced the conclusions of

the original study1). A neighbor-joining tree obtained for all non-

identical sequences confirmed the conclusions of the analysis of

consensus sequences given above: samples from the same pa-

tient clustered together, although with relatively long branches

to the later sequences and bootstrap support for groups contain-

ing all sequences from a patient was often only 40% or less (not

shown). Sequences from baseline samples from different patients

are more similar than are sequences of later isolates and, as ex-

pected, the baseline sequences are usually located near the root

of the latter samples from the same patient. Again, despite the

acquisition of a limited group of resistance-associated substitu-

tions, later sequences from different patients do not usually be-

come more similar to each other overall.

Association of mutations at different sites

In the analysis of associations between sites, it is important

to avoid identifying associations between amino acid sites that

arise solely from common ancestry. In this analysis a single
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TABLE 1. D IV ER SITY IN PROTEA SE SEQ UEN CES

ACCUM UL ATED UND ER IND INA VIR TH ERA PY

Time point Amino acid dn ds

(week) N (%)a (%)b (%)c ds/dn

0 13 6.0 2.8 9.1 3.2

24 13 9.1 4.3 8.3 1.9

60 11 10.3 4.9 10.0 2.1

aMean proportion of amino acid differences between 

consensus sequences from N different patients at each time
point.

bMean proportion of nonsynonymous nucleotide differences

per nonsynonymous site.
cMean proportion of synonymous nucleotide differences per

synonymous site.

http://hiv-web.lanl.gov/HTML/Contam/contam_conserved.html
http://hiv-web.lanl.gov/HTML/Contam/contam_conserved.html


consensus sequence from each week 0 and week 60 patient iso-

late was used. The evolutionary distance between these two

(Fig. 1) is so great for most patients that it was considered un-

likely that amino acid pairs present in one would therefore be

present in both. However, the main associations found were

also detected in a reduced data set of week 60 sequences alone.

Associations were identified by the score of the ª mutual in-

formation statisticº  (M).23 Their statistical significance was

tested by a Monte Carlo procedure by comparison with the val-

ues observed by chance in multiple randomizations of the ini-

tial data set. Four significant associations were found (Table 2).

The 3 strongest all involve residue 82, with residues 71, 54, and

10, respectively. Residues 10 and 54 were also significantly as-

sociated (p , 0.05), but this is explained by their mutual asso-

ciation with residue 82. No other associations between pairs of

sites were significant, although for amino acids 63 and 64 the

probability of observing a similar value by chance was about

20%. The relative location of these four covarying sites on the

protease dimer is shown in Fig. 2.

The amino acid pairs observed at these sites are shown in

Table 3, together with the associated value of the derived in-

formation statistic M 9 (which has a range from 0 to 1). In Table

4 the complete combinations observed at all four significant

sites are shown. From these it can be seen that while substitu-

tions at site 82 are strongly associated with high-level resis-

tance, the appearance of six different genotypes at these four

sites among only nine strains showing highest levels of resis-

tance, confirms that viral populations can take multiple evolu-

tionary paths to reduce sensitivity to this drug.

Predictive power of genotypic analysis

As we had detected statistically significant associations be-

tween pairs of amino acids in the PR sequence, we wished to

investigate the possibility that similarities between genotypes

might predict later response. Maximum parsimony clustering

of amino acid sequences from each time point taken separately

was performed and the phenotypic response for each group was

analyzed. The lack of variation in phenotypic sensitivity ob-

served at week 0 (all isolates fully sensitive) and week 60 (only

2 of 10 patients with an IC95 less than 1000 nM)1 meant that

only week 24 isolate values were suitable for analyzing asso-

ciations between sequence clusters and resistance phenotype.

At this time point values from 25 to 400 nM were observed.

There was no clear association between genotypic clustering of

week 24 samples and phenotype (data not shown).

We also examined whether the clustering of the baseline iso-

lates is predictive of later phenotype. Among baseline sequences,

2 clusters were observed that contained 10 of the 13 patients (Fig.

3). The first of these contained patients L, E, I, and R, who at

week 24 had a mean IC95 of 144 nM. The second contained pa-

tients J, H, N, K, P, and A, who at week 24 had a mean IC95 of

300 nM. Despite the small sample size, this difference ap-

proached significance (t 5 1.86; p 5 0.1). No sites were diag-
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FIG. 1. Increase in amino acid distance from baseline sequence in relation to time on indinavir therapy. The amino acid dis-

tance between the consensus baseline sequence for each isolate and the consensus sequences of the week 24 and week 60 iso-

lates is shown for eight patients for whom data from all three time points were available.

TABLE 2. ASSOCIATIO NS BETW E EN AM INO ACID

SITES DETE CTE D BY M UTU A L IN FO RM ATIO N

Mutual
information Probability

a b (M) (P)

71 82 0.812 , 0.01

54 82 0.529 , 0.01

10 82 0.475 , 0.05
10 54 0.472 , 0.05

63 64 0.387 , 0.21

Amino acid site



nostic for the two clusters but there were differences at amino

acid 37, which was N ( 3 3) or D ( 3 1) in cluster 1 and S ( 3 2),

C ( 3 2), or N ( 3 2) in cluster 2. The second site that differed be-

tween the groups was site 63, which was P ( 3 3) or H ( 3 1) in

cluster 1 and L ( 3 3), S ( 3 1), or P ( 3 2) in cluster 2.

DISC USSION

Extensive studies of variation in protease sequences and its

association with phenotypic variation in sensitivity to many an-

tivirals have clearly shown that the development of resistance
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FIG. 2. Location of covarying amino acids on the protease dimer. The four covarying sites are indicated by representing each

of their side chains as a black ball-and-stick structure. Note that the sites are not in particularly close proximity. The active site
aspartic acid (residue 25) is indicated by a gray ball-and-stick structure. This diagram is based on the HIVLA I protease structure

with accession number 1hvk from the Protein Data Bank23a and was created using RasMol.

TABLE 3. PAIR W ISE AM INO ACID ASSOCIATIO NS AT ASSOCIATED SITES

Residue: 10 54 63 64 71 82
No. pairs (total 

Consensus: L I P I A V M 9 sequences 5 34)

Variants: V (8)a T (2) 0.01 1

V (8) A (7) 0.29 7

T (1) F (4) 0.06 1

A (1) A (7) 0.05 1

V (8) F (4)
0.23b 3

V (8) A (7) 4

I (13) F (4) 4

I (13) A (7)
0.12

5

R (1) T (2) 0.08 1

I (13) V (8)
0.10

7

I (13) A (1) 1

L (6) V (9) 0.13 5

S (3) M (1) 0.07 1

aThe number of times each amino acid was observed is given in parentheses, and the number of times the pair was observed
is given in the end column.

bThe value of M 9 is the joint value for both pairs bracketed.
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in this protein is multifactorial.2±10 The previous study showed

that even among the patient isolates most resistant to indinavir,

many different genotypes were represented.1

To investigate further the evolution of indinavir resistance a

number of analyses have been performed. These revealed that

amino acid distance between baseline and week 60 samples was

in many cases substantially higher than between baseline and

week 24, indicating continued evolution of the sequence over

a prolonged period and that sequence divergence between pa-

tients in PR increased over time (Table 1), although in one 

patient there was no increase between week 24 and week 60

(Fig. 1).

We have quantified the association between amino acid vari-

ants in the protease sequence during the evolution of resistance

to indinavir in vivo. The strength of association has been tested

by resampling the data set and four pairs of amino acid sites

have been found to be significantly associated. All have previ-

ously been implicated as being associated with high-level re-

sistance. In addition, specific pairs of amino acids at these sites

that are strongly associated have been identified; these included

V82A with A71V, I54V, and L10I. These results show that the

contributions of the individual mutations to indinavir resistance

cannot be quantified directly, because of their nonindepen-

dence. Nevertheless despite these strong and significant asso-

ciations, six different genotypes were found at these four sites

among the nine most resistant isolates (Table 4). The reasons

why these specific amino acids covary are unclear, as they are

located in different regions of the molecule, although subtle

conformational effects may be involved, which might include

alterations in interdomain flexibility.24 Some may not be re-

lated to drug binding per se, but may rather be involved in the

recovery of enzymatic activity lost as a consequence of the sub-

stitutions at position 82.

The identification of significant associations among amino

acid sites has implications both for the evolution of resistance

and its analysis. Previous studies have shown that to achieve

levels of resistance to indinavir that can be detected in labora-

tory assays requires changes from wild type at (minimally) three

amino acid sites. This raises the question of how these associ-

ations are brought about initially, at a stage when they would

appear to impart little if any fitness difference. The proposal

that HIV populations may have a restricted effective popula-

tion site25,2 6 would offer one mechanismÐ under these condi-

tions chance effects could generate locally elevated frequencies

of such combinations in viral subpopulations (demes) in solid

tissue.27 Once established in a deme, these variants have both

an increased probability of exhibiting any fitness advantages

they already have, and a higher probability of incorporating an

additional mutation that would result in a significant fitness el-

evation.

One of the aspects of drug resistance of greatest interest from
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TABLE 4. OBSERV ED AM INO ACID COM BINATIO NS AT FOUR SIG NIFIC AN TLY ASSOCIAT ED SIT ES

Number of
Amino acid: 10 54 71 82 isolates Mean IC95

Baseline consensus: L I A V 15 118

Variants: V 1 100

V T 1 200
I A 1 800

V A 2 950

I 4 1083
I V T A 1 1500

I V V A 4 2450

R V V T 1 3000
I F 1 3000

I V T F 1 3000

I V F 2 3000

FIG. 3. Parsimony tree of sequences from baseline isolates
of 13 patients compared with their week 24 IC95 value. A sim-

ple majority consensus-rule maximum parsimony tree was ob-

tained using the PROTPARS program implemented in the
PHYLIP package version 3.5c and the consensus sequence of

each viral isolate.



the clinical perspective lies in the possibility of its prediction.

The identification of significant nonrandom associations be-

tween amino acids involved in resistance is a basic requirement

for such predictability and we have taken the analysis further

by clustering the consensus amino acid sequences by maximum

parsimony. Although there was no association between week

24 genotype clusters and resistance phenotype, analysis of con-

sensus sequences of week 0 isolates revealed two major clades

within the group that differed by a factor of 2 in their week 24

IC95 values, a result that approached statistical significance de-

spite the small numbers of individuals involved.

A major paradox in the evolution of resistance to indinavir

and ritonavir has been how the accumulation of multiple

changes that are required for detectable levels of resistance

comes about.1,2,10 However, standard population genetics the-

ory indicates that within populations under selection, fitness dif-

ferences of as little as 10% can result in replacement of the pop-

ulation by the favored variant within five generations. Thus

laboratory assays for drug susceptibility are probably not suf-

ficiently sensitive to detect biologically significant differences.

Such differences might, however, be detectable with appropri-

ately designed in vitro competition assays.28
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