
JOURNAL OF VIROLOGY, Apr. 2003, p. 4836–4847 Vol. 77, No. 8
0022-538X/03/$08.00�0 DOI: 10.1128/JVI.77.8.4836–4847.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Mutation Patterns and Structural Correlates in Human
Immunodeficiency Virus Type 1 Protease following

Different Protease Inhibitor Treatments
Thomas D. Wu,1† Celia A. Schiffer,2 Matthew J. Gonzales,3 Jonathan Taylor,4

Rami Kantor,3 Sunwen Chou,5 Dennis Israelski,3 Andrew R. Zolopa,3
W. Jeffrey Fessel,6 and Robert W. Shafer3*

Department of Biochemistry,1 Division of Infectious Diseases, Department of Medicine,3 and Department of Statistics,4

Stanford University, Stanford, and AIDS Research, Kaiser-Permanente, Northern California, San Francisco,6 California;
Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School,

Worcester, Massachusetts2; and Division of Infectious Diseases, Oregon Health and
Science University, Portland, Oregon5

Received 13 September 2002/Accepted 14 January 2003

Although many human immunodeficiency virus type 1 (HIV-1)-infected persons are treated with multiple
protease inhibitors in combination or in succession, mutation patterns of protease isolates from these persons
have not been characterized. We collected and analyzed 2,244 subtype B HIV-1 isolates from 1,919 persons with
different protease inhibitor experiences: 1,004 isolates from untreated persons, 637 isolates from persons who
received one protease inhibitor, and 603 isolates from persons receiving two or more protease inhibitors. The
median number of protease mutations per isolate increased from 4 in untreated persons to 12 in persons who
had received four or more protease inhibitors. Mutations at 45 of the 99 amino acid positions in the
protease—including 22 not previously associated with drug resistance—were significantly associated with
protease inhibitor treatment. Mutations at 17 of the remaining 99 positions were polymorphic but not
associated with drug treatment. Pairs and clusters of correlated (covarying) mutations were significantly more
likely to occur in treated than in untreated persons: 115 versus 23 pairs and 30 versus 2 clusters, respectively.
Of the 115 statistically significant pairs of covarying residues in the treated isolates, 59 were within 8 Å of each
other—many more than would be expected by chance. In summary, nearly one-half of HIV-1 protease positions
are under selective drug pressure, including many residues not previously associated with drug resistance.
Structural factors appear to be responsible for the high frequency of covariation among many of the protease
residues. The presence of mutational clusters provides insight into the complex mutational patterns required
for HIV-1 protease inhibitor resistance.

Drug resistance is a major obstacle to the effective treatment
of human immunodeficiency virus type 1 (HIV-1) infection.
Although 16 antiretroviral drugs have been approved for the
treatment of HIV-1, cross-resistance within each of the three
antiretroviral drug classes—nucleoside reverse transcriptase
(RT) inhibitors, nonnucleoside RT inhibitors, and protease
inhibitors—often leads to the development of multidrug resis-
tance. HIV-1-specific protease inhibitors pose a high genetic
barrier to drug resistance because multiple protease mutations
are usually required for the development of resistance to these
inhibitors (4, 13, 19). Nonetheless, resistance to multiple pro-
tease inhibitors occurs commonly, attesting to the conforma-
tional flexibility of the HIV-1 protease enzyme (5, 10, 13, 26).

Most of the published sequence data on protease inhibitor-
associated mutations are based on isolates obtained from per-
sons treated for no more than 1 year with a single inhibitor (4,
17, 19–21). Few published data are available from persons with
carefully characterized treatment histories who have received

more than one inhibitor (12), and the genetic mechanisms by
which HIV-1 protease develops resistance to multiple inhibi-
tors have not been explored. Understanding the genetic basis
of multidrug resistance, however, is critical to designing new
non-cross-resistant protease inhibitors that are active against
current drug-resistant HIV-1 isolates.

To characterize the patterns of mutations in protease iso-
lates from heavily treated persons, we collected and analyzed a
large number of protease sequences of HIV-1 isolates obtained
from persons with a range of protease inhibitor experiences.
Our analysis allows us to extend previous observations of the
mutational flexibility of HIV-1 protease and to identify inter-
actions among protease mutations. We used published struc-
tural data to explore possible underlying causes for these in-
teractions.

MATERIALS AND METHODS

Virus isolates and sequences. We analyzed HIV-1 subtype B protease se-
quences from persons with well-characterized antiretroviral treatment histories.
These sequences were taken from previously published studies (appearing in the
15 April 2002 release of the Stanford University HIV RT and Protease Sequence
Database [http://hivdb.stanford.edu]) (25) and from sequencing performed at the
Stanford University Hospital Diagnostic Virology Laboratory between 1 July
1997 and 31 December 2001. The isolates were subtyped by comparing them to
reference sequences of known subtype (8, 15).

* Corresponding author. Mailing address: Division of Infectious
Diseases, Room S-156, Stanford University, Stanford, CA 94305.
Phone: (650) 725-2946. Fax: (650) 723-8596. E-mail: rshafer@stanford
.edu.

† Present address: Genentech, Inc., South San Francisco, Calif.

4836



If multiple isolates were obtained from the same person during the course of
protease inhibitor treatment, we included only the most recent isolate. We
included two isolates from the same person only if a pre-protease inhibitor
treatment isolate was also available. Only sequences that encompassed positions
10 to 90 were included in our analysis (96% included the complete protease,
positions 1 to 99). All isolates were sequenced by dideoxynucleotide sequencing
rather than by hybridization assays.

Mutations. Mutations were defined as differences from the HIV-1 protease
consensus B sequence (15). Of 2,244 sequences meeting the study criteria, 89%
(1,990) were determined by direct PCR (population-based) sequencing and 11%
(254) were determined by sequencing multiple clones of an isolate. About 1% of
nucleotide positions in the sequences determined by direct PCR sequencing
contained nucleotide mixtures (defined as the presence of a second electro-
phoretic peak of at least 20 to 30% of the primary peak). Positions with mixtures
were scored as mutations in our analysis of mutation prevalence. However,
because it is not possible to determine if these mutations were present in the
same genome as other mutations in the sequence, mutations present as mixtures
were excluded from our covariation analysis.

For the 254 isolates for which multiple clones were sequenced, we restricted
our analysis to the clone that occurred with the highest frequency. This restric-
tion caused us to exclude 128 mutations that were present in 30% or more of the
clones from an individual (but that were not present in the clone with the highest
prevalence) and to include 15 mutations that, although present in the most
prevalent clone, existed in �30% of the total. This restriction was necessary to
prevent the inclusion of mutations from different genomes in our covariation
analysis. It did not significantly change the results of our analysis of mutation
prevalence.

Statistical analysis. (i) Mutation prevalence. We performed chi-square tests of
independence to determine if there was an association between drug treatment
and a mutation at each protease position. The chi-square statistic was based on
a 2-by-2 contingency table containing the numbers of isolates from treated and
untreated persons and the numbers of isolates with and without mutations.

To investigate whether there was a linear relationship between the number of
protease inhibitors received and the prevalence of a mutation, we performed a
logistic regression analysis in which the number of drugs was the independent
variable and the presence or absence of mutation was the dependent variable.
Persons were categorized in one of four groups according to the extent of
treatment: one, two, three, and four or more protease inhibitors. Untreated
persons were not included in this analysis.

For the chi-square and logistic regression analyses, we used the method of
Benjamini and Hochberg to identify results that were statistically significant in
the presence of multiple-hypothesis testing (1). This method was developed for
the problem of multiple-hypothesis testing when multiple significant findings are
not unexpected. As opposed to the Bonferroni correction, which divides the
significance cutoff by the number of hypotheses tested (n), the Benjamini-Hoch-
berg method ranks the hypotheses by their P values, and each hypothesis of rank
r is compared with a significance cutoff, now called a false-discovery rate (FDR),
divided by (n � r). In this study, FDRs of 0.01 and 0.05 were used to determine
statistical significance.

(ii) Mutation covariation. We investigated covariation between positions by
calculating the binomial (phi) correlation coefficient for the simultaneous pres-
ence of mutations at two positions in the same isolate. The correlation coeffi-
cients were computed separately for the subsets of protease inhibitor-treated and
untreated individuals. Statistically significant correlations were those with P
values of �0.05 using a Bonferroni correction for 2,080 (i.e., the binomial

coefficient �65
2�) pairwise comparisons. We further investigated the relation-

ships among positions by performing a principal-components analysis (PCA) of
positions found in the analysis described above to be mutated in treated persons.
The matrix of binomial correlation coefficients was used as a measure of simi-
larity between positions.

Mutational clusters were defined as clusters of three or more positions in
which each member of the cluster was significantly correlated with the presence
of each of the other members of the cluster (referred to as cliques in graph
theory). Mutational clusters were identified by an exhaustive search technique
that evaluated all possible clusters that could be formed from the statistically
significant pairs of covarying residues.

(iii) Structural analysis. We used two published X-ray crystallographic struc-
tures (1hsg [3] and 1hhp [27]) and one molecular-dynamics simulation (23) of
wild-type HIV-1 protease to examine the interresidue distances between posi-
tions with statistically significant frequencies of covariation. One X-ray crystal-
lographic structure (1hsg) was of HIV-1 protease bound to indinavir, and one
(1hhp) was of an unliganded enzyme. The molecular-dynamics simulation, based

on the 1hhp structure, showed the flaps of the protease curled inward. The
distance between two residues was considered to be the shortest interatomic
distance between any atoms in the two residues. Interresidue distances were
calculated between all positions in the protease dimer in each of the three
structures. Residues within 8 Å of each other in at least one structure were
considered to be neighboring pairs in the folded enzyme. This distance was
chosen as a conservative maximum distance at which two residues may interact.

When covariation could not be explained by the proximity of the two residues,
we investigated the possibility that covariation resulted from the presence of one
or more linking residues, a phenomenon called chained covariation (A. S. La-
pedes, B. G. Giraud, L. C. Liu, and G. D. Stormo, presented at the AMS/SIAM
Conference on Statistics in Molecular Biology, Seattle, Wash., 1997). To identify
chained covariation, we performed a Markov chain analysis of the statistically
significant pairs of covarying residues. This analysis finds the shortest chain
between a residue pair, where the chain consists entirely of correlated residues
within eight Å of one another. We then counted the number of covarying pairs
that could be explained by a chain of one, two, three, or more linking residues.
To determine whether such chains were statistically significant, we performed a
stepwise permutation analysis in which we randomly generated pairs of residues
and determined whether these residues could also be linked by a chain consisting
entirely of correlated, neighboring residues. Repeated permutations provided
the expected number and distribution of chains of one, two, three, or more
linking residues in a molecule having the size and topology of HIV-1 protease.

Nucleotide sequence accession numbers. The nucleotide sequences, muta-
tions, drug treatment histories, and GenBank accession numbers can be down-
loaded as a PDF file from http://hivdb.stanford.edu/data/pr1.html. Of the 599
previously unpublished isolates sequenced at the Stanford University Hospital
between 1 July 1997 and 31 December 2001, 383 had already been submitted to
GenBank for a study of HIV subtypes in northern California (8); 216 new
sequences were submitted to GenBank with this report (AF544406 to
AF544621).

RESULTS

Protease inhibitor treatments. Sequences of 2,244 protease
isolates from 1,919 persons met the study selection criteria.
Two isolates, one before and one after a protease inhibitor was
received, were included from each of 325 persons. The se-
quences of 1,645 isolates from 1,344 individuals were published
previously; the sequences of 599 isolates from 575 individuals
have not been published previously. Table 1 groups the isolates
in the study according to the protease inhibitor treatments of
the persons from whom isolates were obtained. Indinavir, sa-
quinavir, and nelfinavir were each received by �500 persons.
Ritonavir was received by 456 persons, �60% of whom were
receiving ritonavir at a low dose as part of a dual protease
inhibitor combination. One hundred fifteen persons received
amprenavir, which was approved in 1999, and eight persons
received lopinavir, which was approved in 2001.

Protease mutations and their association with treatment.

TABLE 1. HIV-1 isolates and protease inhibitor exposurea

No. of
PIs

No. of
isolates

No. of persons treated with:

APV IDV LPV NFV RTV SQV

0 1,004 0 0 0 0 0 0
1 637 25 232 0 175 61 144
2 180 7 112 3 100 47 91
3 234 30 184 1 116 161 210

4–6 189 53 182 5 177 187 183

Total 2,244 115 710 8 568 456 628

a PI, protease inhibitor; APV, amprenavir; IDV, indinavir; LPV, lopinavir;
NFV, nelfinavir; RTV, ritonavir; SQV, saquinavir.
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The median number of protease mutations per isolate in-
creased in proportion to the number of protease inhibitors
received, from 4 mutations per isolate in untreated persons to
12 mutations per isolate in persons receiving four or more
inhibitors (Fig. 1). Table 2 shows the mutation frequencies of
the 99 protease positions according to the number of protease
inhibitors received. Based on our chi-square analysis, muta-
tions at 45 positions were found to be treatment associated in
that mutation frequencies were significantly associated with
treatment with at least one protease inhibitor. An additional 17
positions had non-treatment-related polymorphisms; these po-
sitions had mutations, but the mutation frequencies were not
statistically associated with protease inhibitor treatment. The
remaining 37 positions had mutation frequencies of �0.5%,
even in isolates exposed to treatment, and were considered
invariant.

The 45 treatment-associated positions included 23 positions
previously associated with drug resistance (10, 20, 24, 30, 32,
33, 36, 46, 47, 48, 50, 53, 54, 60, 63, 71, 73, 77, 82, 84, 88, 90, 93)
and 22 positions which had not previously been associated with
drug resistance (11, 13, 22, 23, 34, 35, 43, 45, 55, 58, 62, 66, 72,
74, 75, 76, 79, 83, 85, 89, 92, 95). Thirteen of the 22 newly
described treatment-associated positions (positions 11, 22, 23,

45, 58, 66, 74, 75, 76, 79, 83, 85, 95) showed little or no
variation—mutation frequencies of �0.5%—in untreated per-
sons, as shown in Table 2, column 0. These 13 positions played
a significant role in HIV-1 protease variation, with mutations
occurring in 92 of 637 (14.4%) persons receiving a single in-
hibitor and 162 of 603 (26.9%) persons receiving two or more
inhibitors. These mutations usually occurred in isolates with
one or more primary protease inhibitor resistance mutations
(219 of 254 [85.8%]).

Our logistic regression analysis revealed that mutations at 24
positions had statistically significant positive linear relation-
ships between the number of protease inhibitors received and
the presence of a mutation (Table 2). The positions with the
strongest linear relationships were positions 10, 20, 46, 53, 54,
63, 71, 73, 82, 84, and 90. There was a statistically significant
negative linear relationship between the number of inhibitors
and the presence of a mutation at position 30.

Locations of protease mutations within the enzyme’s three-
dimensional structure. The invariant HIV-1 protease positions
include the active-site positions (positions 25 to 27); other
positions in or near the substrate cleft (positions 28 to 29, 31,
and 80 to 81); most of the N- and C-terminal domains, which
together with the active site make up the dimer interface; and
other positions that appear to be associated with maintaining
the enzyme’s conformation and flexibility (e.g., 10 conserved
glycines, including 3 in the flexible tips of the enzyme flap at
positions 49, 51, and 52). The polymorphic positions are found
almost entirely in surface loops.

The 23 known drug resistance positions include six substrate
cleft residues (positions 30, 32, 48, 50, 82, and 84); four flap tip
drug resistance mutations (positions 46, 47, 53, and 54); posi-
tion 90, which although not in the substrate cleft decreases
susceptibility to multiple protease inhibitors; three additional
residues which are generally mutated only in treated persons
(positions 24, 73, and 88); and nine polymorphic residues (po-
sitions 10, 20, 33, 36, 60, 63, 71, 77, and 93). The 22 new drug
resistance positions include one substrate cleft residue (posi-
tion 23), three flap residues (positions 43, 45, 55), one termi-
nal-domain residue (position 95), and 17 residues in the en-
zyme core. The substrate cleft residues at positions 48 and 50
are also in the protease flap tips.

Correlations between protease mutations. To identify pat-
terns of drug resistance mutations, we calculated the pairwise
binary (phi) correlation coefficients among the 45 treatment-
associated and 17 polymorphic protease residues. This analysis
was performed separately for the 1,004 isolates from untreated
persons and for the 1,240 isolates from treated persons to
detect associations that were independent of the treatment
status of the individuals from whom the sequenced isolates
were obtained. Among the untreated isolates, 23 of the 2,080
possible pairwise correlations were statistically significant, in-
cluding 19 positive (phi � 0.14 to 0.31) and 4 negative (phi �
�0.14 to �0.21) correlations. Among the treated isolates, 115
of the possible 2,080 correlations were statistically significant,
including 99 positive (phi � 0.13 to 0.63) and 16 negative (phi
� �0.13 to �0.34) correlations.

Table 3 shows the most strongly correlated pairs of positions
among the 115 statistically significant correlations in isolates
from treated persons. The three most strongly correlated pairs
of positions among the treated isolates were 54 and 82 (phi �

FIG. 1. Histograms of mutation frequency according to the number
of protease inhibitors (PIs) received. The median number of mutations
(differences from the consensus B sequence) increased from 4 in un-
treated persons to 12 in persons receiving �4 inhibitors.
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TABLE 2. Mutation frequencies at protease positions 1 to 99 according to the number of protease inhibitors received

Positiona aab
Mutation frequency at no. of PIsc Association

with PIs
(P)d

Association with no. of PIse
Common

substitutionsf
0 1 2 3 �4 Coefficient P

1 P 0.0 0.0 0.0 0.0 0.0
2 Q 0.2 0.2 0.6 0.0 0.0
3 I 0.4 0.0 2.2 0.0 0.0
4 T 0.1 0.0 0.6 0.4 0.5
5 L 0.0 0.5 0.6 0.4 0.0
6 W 0.1 0.3 0.6 0.9 0.5
7 Q 0.2 0.2 0.0 0.9 0.0
8 R 0.3 0.2 0.0 0.4 0.0
9 P 0.2 0.0 0.0 0.0 0.5
10 L 11.6 33.8 52.2 69.2 77.2 �1.0e-9g 0.66 �1.0e-9 IVFR
11h V 0.2 0.6 1.1 3.0 3.7 1.6e-3 0.60 4.7e-4 I
12 T 11.6 8.3 7.2 6.0 10.6 6.6e-3 0.02 7.6e-1 SPAKEI
13h I 12.5 21.0 23.9 15.8 15.9 8.0e-6 �0.11 5.2e-2 V
14 K 11.0 12.2 10.0 9.0 9.5 9.9e-1 �0.11 1.5e-1 R
15 I 15.0 18.5 14.4 21.4 21.7 1.7e-2 0.07 2.6e-1 V
16 G 2.6 2.8 2.2 2.1 3.7 9.3e-1 0.02 9.0e-1 EA
17 G 0.3 0.3 0.6 0.4 0.5
18 Q 2.0 1.7 1.7 1.7 3.2 9.5e-1 0.19 2.5e-1 H
19 L 8.6 9.7 13.3 9.4 13.2 1.0e-1 0.08 2.8e-1 IVTQ
20 K 1.6 12.1 19.4 27.8 29.6 �1.0e-9 0.37 �1.0e-9 RIMT
21 E 0.2 0.0 0.0 0.0 0.0
22h A 0.0 0.6 0.0 1.7 1.6 7.2e-3i 0.33 1.6e-1 V
23h L 0.1 0.6 2.2 3.8 1.6 5.0e-4 0.34 5.0e-1 I
24 L 0.1 5.2 5.6 10.7 9.5 �1.0e-9 0.24 7.5e-3 I
25 D 0.0 0.2 0.0 0.9 0.0
26 T 0.0 0.0 0.0 0.0 0.0
27 G 0.0 0.0 0.0 0.0 0.0
28 A 0.0 0.0 0.0 0.9 0.0
29 D 0.3 0.0 0.0 0.4 0.0
30 D 0.0 13.8 12.2 3.4 3.2 �1.0e-9 �0.54 1.4e-8 N
31 T 0.1 0.2 0.0 0.0 0.0
32 V 0.0 4.2 3.9 3.8 6.3 �1.0e-9 0.11 3.2e-1 I
33 L 2.9 4.7 4.4 7.3 14.8 5.9e-5 0.41 3.0e-6 FIV
34h E 0.5 0.9 2.8 3.0 4.8 1.6e-3 0.51 4.7e-4 QD
35h E 24.0 28.7 28.9 32.1 39.7 2.6e-4 0.13 1.3e-2 DG
36 M 13.3 27.8 30.6 33.8 44.4 �1.0e-9 0.20 5.6e-4 IVL
37 N 34.6 34.5 31.1 35.0 35.4 9.2e-1 0.01 7.7e-1 DSTEHCA
38 L 0.5 0.5 0.6 0.0 0.5 9.9e-1 �0.15 6.9e-1
39 P 3.2 3.5 1.1 1.3 2.6 4.7e-1 �0.23 1.6e-1 SQ
40 G 0.1 0.2 0.0 0.0 0.0
41 R 21.9 17.0 19.4 22.6 19.0 6.8e-1 0.07 2.6e-1 K
42 W 0.0 0.0 0.0 0.0 0.5
43h K 2.1 2.8 7.8 7.3 7.9 2.4e-4 0.31 1.6e-3 TR
44 P 0.1 0.0 0.0 0.0 0.0
45h K 0.4 3.0 0.6 3.8 4.2 1.1e-5 0.14 2.9e-1 KR
46 M 0.2 22.4 38.9 42.7 51.3 �1.0e-9 0.41 �1.0e-9 ILV
47 I 0.3 2.2 1.1 1.7 3.2 3.7e-4 0.10 5.3e-1 V
48 G 0.1 3.5 5.6 12.8 10.1 �1.0e-9 0.40 8.5e-6 V
49 G 0.1 0.0 0.0 0.0 0.0
50 I 0.1 1.4 0.6 0.9 1.4 5.0e-4 0.40 2.1e-2 V
51 G 0.1 0.3 0.6 0.9 0.0
52 G 0.1 0.2 0.0 0.0 0.0
53 F 0.4 1.4 5.0 11.1 15.3 �1.0e-9 0.68 �1.0e-9 LY
54 I 0.3 13.2 20.6 42.7 46.0 �1.0e-9 0.60 �1.0e-9 VLTM
55h K 0.7 2.2 4.4 03.4 7.4 1.3e-5 0.36 2.4e-3 R
56 V 0.0 0.0 0.0 0.0 0.0
57 R 7.5 8.5 8.3 8.1 15.9 1.0e-1 0.16 3.7e-2 K
58h Q 0.3 2.7 3.9 6.8 7.4 2.9e-9 0.36 9.7e-4 E
59 Y 0.3 0.2 0.0 0.0 0.0
60 D 3.7 6.4 7.2 13.7 13.8 1.0e-6 0.28 3.8e-4 E
61 Q 3.6 2.7 6.7 5.1 5.8 5.3e-1 0.23 3.2e-2 ENH
62h I 17.2 27.8 32.8 36.3 44.4 �1.0e-9 0.21 1.4e-5 V
63 L 68.0 82.6 90.6 91.5 96.8 �1.0e-9 0.52 �1.0e-9 PSAQTCHV
64 I 21.2 25.9 18.9 22.6 21.2 2.1e-1 �0.09 9.8e-2 VLM
65 E 2.0 2.0 2.2 1.3 1.1 8.2e-1 �0.21 2.6e-1 D

Continued on following page
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0.63), 32 and 47 (phi � 0.51), and 73 and 90 (phi � 0.47).
Mutations at two pairs of primary resistance positions had
significant positive correlations: positions 84 and 90 and posi-
tions 48 and 82. Mutations at positions 82 and 90, although
both common, were not significantly correlated with each
other. Position 30 was negatively correlated with each of the
other primary resistance positions. The positions with the
greatest number of positive correlations were positions 10 (16
correlations), 46 (13 correlations), 71 (12 correlations), 90 (10
correlations), 20 (10 correlations), 73 (10 correlations), 82 (9
correlations), 63 (7 correlations), 84 (6 correlations), and 54 (6
correlations).

Correlations usually involved the most common mutation at
each of the two correlated positions (Table 3). For example,
the strong positive correlation between positions 54 and 82
(phi � 0.63) is in large part due to the strong correlation
between I54V, the most common substitution at position 54,
and V82A, the most common substitution at position 82 (for

I54V and V82A, phi � 0.55). Other combinations of substitu-
tions for these two positions were less commonly observed:
I54T and V82A (phi � 0.21) and I54V and V82T (phi � 0.15).
In some cases, covariation was dominated very strongly by
particular combinations of substitutions. For example the pos-
itive correlation between positions 30 and 88 (phi � 0.40) was
represented entirely by D30N and N88D (phi � 0.52) rather
than by D30N and N88S (phi � �0.05), and the correlation
between positions 48 and 54 (phi � 0.29) was represented
largely by G48V and I54T (phi � 0.44) rather than G48V and
I54V (phi � 0.19).

We can use our measurements of comutation frequencies to
construct a graphical model that summarizes the relationships
among positions in HIV-1 protease. In this model, we attempt
to place positions with high degrees of comutation close to-
gether and positions with low or negative degrees of comuta-
tion far apart. These relationships are modeled as consistently
as possible within the framework of a two-dimensional plot.

TABLE 2—Continued

Positiona aab
Mutation frequency at no. of PIsc Association

with PIs
(P)d

Association with no. of PIse
Common

substitutionsf
0 1 2 3 �4 Coefficient P

66h I 0.1 1.4 3.9 2.6 3.2 1.6e-5 0.21 1.7e-1 FV
67 C 1.9 2.4 3.3 1.7 5.3 2.0e-1 0.20 1.3e-1 SFY
68 G 0.2 0.0 0.6 0.5 0.4
69 H 5.4 5.2 7.2 6.0 11.1 2.9e-1 0.24 7.8e-3 HKYR
70 K 3.5 3.3 2.2 4.3 1.6 6.6e-1 �0.10 4.7e-1 RQ
71 A 6.8 34.4 50.0 57.3 69.3 �1.0e-9 0.46 �1.0e-9 VTI
72h I 8.3 15.2 13.9 21.8 16.4 1.1e-8 0.08 2.3e-1 VTMLE
73 G 0.0 6.1 14.4 27.4 34.9 �1.0e-9 0.66 �1.0e-9 STC
74h T 0.2 6.6 9.4 7.7 8.5 �1.0e-9 0.07 4.5e-1 SPA
75h V 0.1 1.3 1.7 2.1 0.0 2.8e-3 �0.14 5.1e-1 I
76h L 0.1 1.3 2.2 1.3 0.5 2.8e-3 �0.14 5.1e-1 V
77 V 23.4 28.6 36.7 34.6 34.9 1.2e-5 0.11 3.0e-2 I
78 G 0.0 0.0 0.0 0.0 0.0
79h P 0.0 0.5 1.7 1.7 4.2 3.2e-4 0.59 9.1e-4 A
80 T 0.0 0.0 0.0 0.0 0.0
81 P 0.0 0.2 0.0 0.0 0.0
82 V 1.2 25.0 33.3 46.2 42.3 �1.0e-9 0.30 1.6e-9 ATFI
83h N 0.0 0.5 1.1 0.9 1.6 1.1e-2i 0.31 2.1e-1 D
84 I 0.0 5.0 16.1 24.8 36.5 �1.0e-9 0.71 �1.0e-9 V
85h I 0.2 2.8 1.7 4.7 5.7 9.3e-8 0.26 3.6e-2 V
86 G 0.0 0.2 0.0 0.0 0.0
87 R 0.6 0.0 0.0 1.3 0.0
88 N 0.2 9.1 8.9 6.8 7.4 �1.0e-9 �0.09 3.2e-1 DS
89h L 0.7 1.4 5.0 7.3 4.2 1.9e-5 0.41 6.3e-4 MVI
90 L 0.1 22.3 40.6 55.6 66.7 �1.0e-9 0.64 �1.0e-9 M
91 T 0.6 0.2 0.0 0.4 0.0
92h Q 0.9 2.4 3.9 3.8 3.2 6.3e-4 0.16 2.4e-1 KR
93 I 24.1 34.5 36.7 42.3 48.7 �1.0e-9 0.17 3.0e-4 LM
94 G 0.0 0.0 0.0 0.0 0.0
95h C 0.3 0.6 2.2 3.8 3.2 1.3e-3 0.47 3.1e-3 F
96 T 0.0 0.0 0.0 0.0 0.0
97 L 0.1 0.0 0.0 0.0 0.0
98 N 0.3 0.2 0.0 0.0 0.0
99 F 0.0 0.0 0.6 0.0 0.0

a Positions that were associated with PIs are in boldface.
b aa, amino acid.
c PIs, protease inhibitors.
d Chi-square test of independence between presence of mutation and having received a PI.
e Logistic regression of the occurrence of mutation on the number of PIs. P values are shown for the 62 variable positions. Coefficient, logistic regression coefficient.
f Mutations occurring in five or more isolates listed in the order of frequency.
g P values in bold were significant at an FDR of 0.01 following correction for multiple comparisons.
h Newly described treatment-associated mutations.
i A22V and N83D were significant at an FDR of 0.05.
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TABLE 3. Most strongly correlated pairs of positions among 115 statistically significant correlations in isolates from treated personsa

Pos 1 Pos 2 Residue role(s)b Phi P valuec (Å)
Distanced

Correlations between specific amino acids

Pos 1 Pos 2 Phi P valuec

Positive correlations
82 54 Substrate cleft/flap 0.63 �1.0e-9 5.6 82A 54V 0.55 �1.0e-9

82A 54T 0.21 �1.0e-9
82T 54V 0.15 7.5e-7
82I 54M 0.15 1.4e-4

32 47 Substrate cleft/flap 0.51 �1.0e-9 3.9 32I 47V 0.51 �1.0e-9
90 73 90M/accessory 0.47 �1.0e-9 8.9 90M 73S 0.38 �1.0e-9

90M 73T 0.18 1.0e-9
36 35 Accessory/polymorphism 0.45 �1.0e-9 1.3 36I 35D 0.45 �1.0e-9
54 10 Flap/accessory 0.41 �1.0e-9 16.3 54V 10I 0.38 �1.0e-9
20 36 Accessory/accessory 0.41 �1.0e-9 3.2 20R 36I 0.40 �1.0e-9
30 88 Substrate cleft/accessory 0.40 �1.0e-9 3.5 30N 88D 0.52 �1.0e-9
90 71 90M/accessory 0.38 �1.0e-9 6.3 90M 71V 0.30 �1.0e-9
10 71 Accessory/accessory 0.37 �1.0e-9 15.1 10I 71V 0.32 �1.0e-9
90 10 90M/accessory 0.35 �1.0e-9 10.1 90M 10I 0.27 �1.0e-9
82 10 Substrate cleft/accessory 0.35 �1.0e-9 4.8 82A 10I 0.32 �1.0e-9

82T 10R 0.25 �1.0e-9
46 10 Flap/accessory 0.35 �1.0e-9 17.7 46I 10I 0.16 8.0e-8

46L 10I 0.15 1.5e-7
54 71 Flap/accessory 0.34 �1.0e-9 20.4 54V 71V 0.32 �1.0e-9
77 93 Accessory/accessory 0.31 �1.0e-9 17.6 77I 93L 0.20 �1.0e-9
84 10 Substrate cleft/accessory 0.30 �1.0e-9 7.8 84V 10I 0.28 �1.0e-9
84 90 Substrate cleft/90M 0.30 �1.0e-9 7.6 84V 90M 0.29 �1.0e-9
48 54 Substrate cleft/flap 0.29 �1.0e-9 5.0 48V 54T 0.44 �1.0e-9

48V 54V 0.18 1.5e-9
12 19 Polymorphism/polymorphism 0.29 �1.0e-9 4.2 12E 19I 0.26 �1.0e-9
84 73 Substrate cleft/accessory 0.28 �1.0e-9 10.5 84V 73S 0.23 �1.0e-9
46 24 Flap/accessory 0.27 �1.0e-9 18.8 46L 24I 0.20 �1.0e-9

46I 24I 0.16 6.1e-8
10 73 Accessory/accessory 0.27 �1.0e-9 18.9 10I 73S 0.18 �1.0e-9
82 71 Substrate cleft/accessory 0.26 �1.0e-9 16.5 82A 71V 0.27 �1.0e-9
82 24 Substrate cleft/accessory 0.26 �1.0e-9 7.5 82A 24I 0.28 �1.0e-9
35 37 Polymorphism/polymorphism 0.26 �1.0e-9 4.6 35D 37D 0.18 �1.0e-9

35D 37E 0.17 5.2e-9
54 24 Flap/accessory 0.26 �1.0e-9 15.8 24I 54V 0.29 �1.0e-9
36 62 Accessory/polymorphism 0.26 �1.0e-9 7.3 36I 62V 0.21 �1.0e-9
82 48 Substrate cleft/substrate cleft 0.25 �1.0e-9 7.6 82A 48V 0.27 �1.0e-9
84 71 Substrate cleft/accessory 0.25 �1.0e-9 11.0 84V 71V 0.23 �1.0e-9
82 46 Substrate cleft/flap 0.25 �1.0e-9 14.1 82A 46L 0.28 �1.0e-9
90 63 90M/accessory 0.23 �1.0e-9 11.4 90M 63P 0.31 �1.0e-9
90 20 90M/accessory 0.22 �1.0e-9 12.9 90M 20I 0.19 �1.0e-9
90 93 90M/accessory 0.22 �1.0e-9 3.3 90M 93L 0.21 �1.0e-9
10 93 Accessory/accessory 0.22 �1.0e-9 10.6 10I 93L 0.20 �1.0e-9
46 55 Flap/polymorphism 0.22 �1.0e-9 3.8 46I 55R 0.15 4.7e-7
12 14 Polymorphism/polymorphism 0.22 �1.0e-9 4.4 12P 14R 0.31 �1.0e-9
10 24 Accessory/accessory 0.22 �1.0e-9 5.0 10I 24I 0.22 �1.0e-9
30 75 Substrate cleft/nonpolymorphic 0.22 �1.0e-9 6.7 30N 75I 0.22 �1.0e-9
54 20 Flap/accessory 0.22 �1.0e-9 14.5 20R 54V 0.24 �1.0e-9
60 61 Accessory/polymorphism 0.21 �1.0e-9 1.3 60E 61E 0.24 �1.0e-9
48 10 Substrate cleft/accessory 0.21 �1.0e-9 13.3 10I 48V 0.22 �1.0e-9
71 73 Accessory/accessory 0.21 �1.0e-9 4.1 71V 73A 0.27 �1.0e-9

71I 73T 0.24 �1.0e-9
73 62 Accessory/polymorphism 0.20 �1.0e-9 2.9 73S 62V 0.19 �1.0e-9
84 79 Substrate cleft/Nonpolymorphic 0.20 �1.0e-9 8.2 84V 79A 0.16 3.4e-7

Negative correlations
36 77 Accessory/accessory �0.34 �1.0e-9 3.4 36I 77I �0.31 �1.0e-9
71 64 Accessory/polymorphism �0.23 �1.0e-9 2.9 71V 64V �0.18 1.0e-9
63 64 Accessory/polymorphism �0.22 �1.0e-9 1.3 63P 64V �0.25 �1.0e-9
30 82 Substrate cleft/substrate cleft �0.22 �1.0e-9 8.8 30N 82A �0.17 2.4e-9
30 90 Substrate cleft/90M �0.21 �1.0e-9 7.9 30N 90M �0.20 �1.0e-9
30 10 Substrate cleft/accessory �0.20 �1.0e-9 13.3 30N 10I �0.18 �1.0e-9
90 24 90M/accessory �0.20 �1.0e-9 3.8 90M 24I �0.19 �1.0e-9

a The 43 positive correlations with phi of �0.20 and the 7 negative correlations with phi of ��0.20. Correlations between specific amino acids at these positions are
shown for those cases where phi � 0.15 or phi � �0.15. Pos, position.

b Substrate cleft residues are directly in contact with one or more inhibitors. Residues in the flap and at position L90M often directly confer or contribute to protease
inhibitor resistance even though they are not in direct inhibitor contact. Accessory mutations contribute to resistance only when present with a mutation in the substrate
cleft or flap or at position 90. Of the polymorphisms in this table, those at positions 35, 55, and 62 are significantly associated with drug therapy, whereas those at
positions 12, 14, 19, 37, and 64 are not associated with drug therapy (Table 2). The nonpolymorphic residues at positions 75 and 79 are significantly associated with
drug therapy (Table 2). The substrate cleft residues at positions 48 and 50 are also in the flap.

c P values shown have not been corrected for multiple comparisons.
d The distance between two residues was considered to be the shortest interatomic distance between each of the atoms in the two residues. Residues 82 and 54 are

8.3 Å apart in the 1hsg structure (3) but only 5.6 Å apart in the molecular-dynamics simulation, both described in Materials and Methods (23). The remaining distances
are based on the 1hsg structure.
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One computational technique that generates such graphical
models is called PCA. We performed PCA on the 45 positions
that were associated with protease inhibitor treatment and
used the matrix of correlation coefficients as a measure of
similarity between positions. The results of our PCA are shown
in Fig. 2. The figure shows that positions 30 and 88 cluster
together and are separate from most other positions. It also
shows a clustering of positions 54 and 82 and their separation
from positions 73, 84, 90, and 93.

Correlated mutations and protease residue contacts.
Among the 115 correlated residue pairs, 59 (51%) contained
residues that were within 8 Å of each other—many more than
the 5.5 pairs predicted when 115 pairs were selected at ran-
dom. Most of the 59 pairs were close in each of the three
structures we examined (liganded, unliganded, and open flap),
but four were close only in the open-flap structure from a
molecular-dynamics simulation. For example, residues 54 and
82 were separated by 5.4 Å in the open-flap structure but by 8.4
and 8.6 Å in the liganded and unliganded structures, respec-
tively. One of the residue pairs could be explained only by
contact between residues on different chains of the protease
dimer (residue pair 48 and 82).

Fifty-six (49%) of the 115 correlated pairs were separated by
�8 Å. Our Markov chain analysis showed that of these 56 pairs
of residues, 16 could be linked by one residue, 21 by two
residues, 13 by three residues, and 1 by five residues. However,
our permutation analysis, which was designed to determine
whether such chains were statistically significant, showed that

this amount of chained covariation would be expected by
chance in a molecule with 56 correlated, neighboring residues
having the size and topology of HIV-1 protease. Therefore,
compared with randomly selected residue pairs, the covarying
residues we observed were significantly more likely to be within
8 Å of one another but not significantly more likely to be linked
by chained covariation.

Figure 3 shows the strongest positive correlations superim-
posed on the structure of the protease. Most of the strong
correlations are in a plane that is adjacent to the substrate cleft
and include residues 10, 24, 30, 46, 54, 82, 84, and 90.

Clusters of correlated residues. Pairs of correlated residues
can be further grouped into clusters in which all possible pairs
within the cluster are mutually correlated. Among the 23 highly
correlated pairs found in isolates from untreated persons,
there were two mutational clusters, one of three residues and
one of four residues. Among the 115 correlated pairs found in
isolates from treated persons, there were 30 mutational clus-
ters, ranging in size from three to six residues (Table 4).

Twenty of the 30 clusters in treated isolates contained one or
more primary protease mutations, including L90M (12 clus-
ters), V82ATF (6 clusters), and D30N (6 clusters). The sub-
strate cleft mutation I84V was in four of the L90M clusters.
The substrate cleft mutation G48V was in one of the V82ATF
clusters. Flap tip positions were included in 4 of the 12 clusters
containing L90M (position 46, 4 clusters), and each of the 6
clusters containing V82ATF (position 46, 4 clusters; position
53, 1 cluster; position 54, 4 clusters).

FIG. 2. PCA of the 45 positions associated with protease inhibitor treatment. The graph is a two-dimensional projection of the distances among
the 45 positions, where the similarity between any two positions is measured by their binary (phi) correlation coefficient among persons who have
received at least one inhibitor. Positions with high degrees of comutation are close together, and positions with low or negative degrees of
comutation are far apart. These relationships are modeled as consistently as possible within the framework of a two-dimensional plot.
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Six representative clusters from Table 4 are shown in Fig. 4.
These six clusters occurred in 17% of isolates from all treated
persons and 29% of isolates from persons receiving two or
more protease inhibitors. Published in vitro susceptibility re-
sults for isolates containing each of these six patterns of mu-
tations (and no additional known resistance mutations) reveal
that each pattern is associated with reduced susceptibility to
each of the protease inhibitors: amprenavir, 2- to 5-fold; indi-
navir, 10- to 15-fold; lopinavir, 2- to 20-fold; nelfinavir, 10- to
30-fold; saquinavir, 3- to 30-fold; and ritonavir, 3- to 100-fold
(25).

DISCUSSION

Mutation prevalence. Of the 99 amino acids in HIV-1 pro-
tease, we found that 45 exhibit treatment-associated mutations,
17 have non-treatment-related polymorphisms, and 37 rarely if
ever vary. Only subtype B isolates were included in this analysis
because few sequences of non-B isolates from persons receiv-
ing antiretroviral therapy are available. However, although
each subtype is characterized by different polymorphisms, the
37 invariant positions in subtype B isolates are also highly
conserved in non-B protease isolates (�1% mutation fre-
quency) (8).

The large number of isolates analyzed in this study and the

fact that a large proportion were from patients who received
multiple protease inhibitors allowed us to identify 22 new
treatment-associated positions. Mutations at eight of these
new positions were observed to develop in a previous longitu-
dinal study of protease isolates from 178 treated persons, but
the associations of these mutations with treatment in that study
were in most cases not statistically significant (24). The newly
identified mutations occur primarily in combination with pre-
viously reported drug resistance mutations, suggesting that
they act as accessory mutations to increase the level of resis-
tance to multiple protease inhibitors or to compensate for
losses in fitness. Most of the new mutations involve the re-
placement of one hydrophobic residue with another, possibly
resulting in the repacking of hydrophobic regions in the core
domain of the monomer.

Of the newly identified sites of mutation, residue 23—lo-
cated at the base of the P1 pocket, where it is flanked by V82
and I84—is the position most likely to have a direct impact on
inhibitor binding. The mutation L23I likely tightens or re-
shapes the P1 pocket and may compensate for the increase in
size of the pocket that occurs with either V82A or I84V. Al-
ternatively, L23I may directly interfere with inhibitor binding,
as it is near the active site (30). Site-directed mutagenesis
experiments in which L23I is placed in a wild-type enzyme or

FIG. 3. The 50 most highly correlated residues in isolates from treated persons are shown superimposed on the locations of these residues
within the folded enzyme. The blue lines represent positively correlated residues (n � 44; phi � 0.2); the red lines represent negatively correlated
residues (n � 7; phi � �0.2). The diameter of each line is proportional to the correlation coefficient of the residue pair. The lines connect the
beta carbons of each residue, with the exception of the glycines at positions 48 and 73, which are connected to other residues by their alpha carbons.
Each correlated pair is shown twice, once in each monomer.
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in an enzyme containing other mutations (e.g., V82A or I84V)
are needed to clarify the effect of this mutation on protease
function and protease inhibitor resistance.

Our analysis of the association between mutation prevalence
and drug therapy has several limitations. First, the lack of
available data on the isolates used in this study made it impos-
sible to demonstrate a direct association between mutations
and reduced in vitro susceptibility. Second, we did not control
for the duration of HIV-1 infection or protease inhibitor treat-
ment. However, despite these limitations, our analyses do es-
tablish a conservative lower limit to the extent of HIV-1 pro-
tease mutability and generate hypotheses about specific
mutations. These hypotheses can be confirmed by demonstrat-
ing the longitudinal development of the mutations with treat-
ment or the effects of the mutations on in vitro drug suscepti-
bility.

Of the 22 newly described treatment-associated mutations,
the 13 that are conserved in untreated persons are of more
interest than the 9 polymorphic positions. Indeed, we cannot
exclude the possibility that the increased prevalence of muta-
tions at the nine polymorphic mutations reflects the increased
variability of virus populations in persons infected for a longer

period of time—a population that is likely to include more
treated than untreated persons.

A recent computational study evaluated the variability of
protease residues in HIV-1, other primate lentiviruses, and
feline immunodeficiency virus, as well as the theoretical free-
energy contribution of each residue to the binding of HIV-1
substrates and inhibitors (29). Our analyses complement this
effort by quantifying the variability of this enzyme in isolates
that have evolved in the presence of one or more protease
inhibitors. However, positions reported to be invariant may
develop mutations within virus populations under different
selection pressures. Mutations other than those described in
this paper have been reported during in vitro passage experi-
ments. Mutation at the invariant residue 91 (T91S) has been
reported during in vitro passage with lopinavir (2). The sub-
strate cleft mutations R8QK and A28S have been reported
after passage with the experimental inhibitors A-77003 and
TMC-126, respectively (11, 31).

Mutation covariation. The presence of positions within a
molecule that covary, or mutate in a correlated manner, sug-
gests that mutations at one position may require a compensa-
tory mutation at a second position for optimal function (7, 16;

TABLE 4. Clusters of correlated protease positions

Primary mutation Other mutations Clustera No. (%) of isolates

Treated isolates
L90M L10I � A71VT � G73S 10 63 71 90 93 118 (9.5)

10 63 71 73 90 82 (6.6)
10 62 63 90 93 75 (6.0)
10 62 63 73 90 62 (5.0)
10 20 71 73 90 24 (1.9)
10 20 62 73 90 20 (1.6)

L10I � M46I � I84V 10 46 71 90 93 56 (4.5)
10 (30) 73 84 90 53 (4.3)
10 (30) 46 84 90 47 (3.8)
10 71 73 84 90 42 (3.4)
10 46 71 84 90 34 (2.7)
10 24 46; 10 46 90b 52 (4.2); 142 (11.4)b

V82A M46I � I54V 10 (30) 46 54 82 82 (6.6)
10 48 54 82 40 (3.2)
10 24 46 54 82 32 (2.6)
32 46 82 23 (1.9)
10 46 53 54 71 82 6 (0.5)

D30N N88D 30 (82) 88 44 (3.5)
13 30 88 18 (1.5)
30 75 88 3 (0.2)

None M46I � I54V 10 46 63 71 93 82 (6.6)
20 36 54 75 (6.0)
10 20 54 71 57 (4.6)

Miscellaneous 63 (64) 71 417 (33.6)
10 77 93 134 (10.8)
20 36 62 73 (5.8)
20 35 36 (77) 70 (5.6)
15 20 36 (77) 41 (3.3)
10 24 89 11 (0.9)
10 20 73; 10 73 77c 36 (2.9); 69 (5.6)c

Untreated isolates
None A71VT � I93L 71, 77, 93 25 (0.2)

62, 63, 71, 93 22 (0.2)

a Clusters in boldface are shown in Fig. 4. Residues within parentheses are negatively correlated with the other residues in the cluster.
b 10 � 46 � 90 occurred in 142 isolates; 10 � 24 � 46 occurred in 52 isolates; 24 and 90 were negatively correlated.
c 10 � 73 � 77 occurred in 69 isolates; 10 � 20 � 73 occurred in 36 isolates; 20 and 77 were negatively correlated.
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Lapedes et al., AMS/SIAM Conference on Statistics in Molec-
ular Biology). Covariation analysis has been used to help pre-
dict unsolved protein structures and to better understand the
functions of proteins with known structures. Previous analyses
of covariation have used alignments of sequences in a protein
family rather than an alignment of variants of a single protein.
However, the high mutation rate and mutation tolerance of
HIV-1 have made it possible for us and others (14) to identify

statistically significant covariation within a single HIV-1 sub-
type.

One of the major challenges of covariation analysis is to
differentiate covariation resulting from the functional depen-
dency between two positions from the shared inheritance of
both mutations from a founder virus. In this study, covariation
almost certainly reflects functionality rather than evolutionary
relatedness. The fact that mutational correlations were so

FIG. 4. Six representative clusters from Table 4. Each position in a cluster demonstrates statistically significant mutational covariation with each
of the other positions within a cluster. (A) Positions 10, 63, 71, 90, and 93; (B) positions 10, 46, 71, 90, and 93; (C) positions 10, 71, 73, 84, and
90; (D) positions 10, 46, 71, 84, and 90; (E) positions 10, 48, 54, and 82; (F) positions 10, 24, 46, 54, and 82. The clusters are only shown on one
monomer of the protease dimer. The side chains of the residues within each cluster are shown on the protease backbone. Oxygen is shown in red,
nitrogen in blue, carbon in gray, and sulfur in yellow.
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much more common among treated isolates is consistent with
the repeated selection of the correlated mutations in many
different isolates during selective drug pressure rather than
with the inheritance of the correlated mutations from a small
number of ancestral isolates.

Although biochemical and biophysical experiments are re-
quired to demonstrate the mechanism for the correlation be-
tween pairs of residues, our analyses provide preliminary hy-
potheses that help prioritize which residues to study. For
example, more than one-half of the 115 pairs of significantly
correlated positions were within 8 Å of each other. This pro-
portion exceeds that expected by chance, suggesting that in
many cases covariation results from a direct interaction be-
tween the correlated mutations.

The correlations between amino acids that were not close to
one another in the three-dimensional protease structure are
more difficult to explain. For example, mutations at position 46
were highly correlated with mutations at many distant posi-
tions (Fig. 3 and 4). Although we found that many nonneigh-
boring but highly correlated residues could be linked through
a chain of covarying residues, our statistical analysis suggested
that the compact shape of the protease and the large number
of correlated residues could cause this to occur by chance. An
alternative explanation for correlation between distant resi-
dues comes from the work of others who have shown that the
wild-type protease enzyme may be partially down-regulated
and that mutations at certain residues, such as M46I and L63P,
increase catalytic activity and may be selected in enzymes with
other mutations that decrease catalytic activity, regardless of
the locations of these other mutations (9, 22).

The negative correlation between D30N and the other pri-
mary protease inhibitor resistance mutations may reflect the
fact that D30N decreases protease fitness without contributing
resistance to any protease inhibitor other than nelfinavir (6, 12,
18). Alternatively, enzymes containing D30N together with
other primary mutations appear to have decreased activity
(28).

The frequent occurrence of mutational clusters, as well as
other common patterns of mutations, suggests that mutations
can interact as part of higher-order networks. These mutation
patterns are tangible evidence for the high genetic barrier to
resistance to the protease inhibitors. However, these patterns
are complex and frequently overlapping, suggesting that there
are few, if any, absolute dependencies between drug resistance
mutations. Determining the biochemical and biophysical prop-
erties of enzymes with these patterns of mutations will be
important for designing new protease inhibitors that are less
likely to trigger resistance or are effective against already drug-
resistant isolates.
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