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Two novel human immunodeficiency virus protease mutations, I84C and I84A, were identified in patient
isolates. The mutants with I84C displayed high-level resistance (median, at least 56-fold) to nelfinavir and
saquinavir, but the majority remained susceptible to lopinavir. In contrast, isolates with the I84A mutation
exhibited >33-fold median increased levels of resistance to nelfinavir, indinavir, amprenavir, ritonavir, lopi-
navir, saquinavir, and atazanavir. Isolates with the I84A or I84C mutation tended to be more resistant than
the isolates with the I84V mutation. Modeling of the structure of the mutant proteases indicated that the I84V,
I84C, and I84A mutations all create unoccupied volume in the active site, with I84A introducing the greatest
change in the accessible surface area from that of the wild-type structure.

The selection of human immunodeficiency virus (HIV) type 1
(HIV-1) variants that are resistant to protease (PR) inhibitors
(PIs) and reverse transcriptase (RT) inhibitors is an ongoing
problem in the treatment of HIV-1 infection (18). Novel muta-
tions may emerge as a consequence of the wider use of antiret-
roviral regimens. The identification and characterization of new
mutations associated with drug resistance are critical for both
individual treatment decisions and new drug design. I84V is an
important primary mutation associated with resistance to the PI
class of agents (1, 7, 9, 10, 12, 15–17). A mutation that results in
an alanine at position 84 (I84A) has also been observed in vari-
ants following in vitro passage with the experimental PI BILA
1906 BS (8). Although the I84A and I84C mutations are docu-
mented in patient isolates in the Stanford HIV Database, selec-
tion of these mutations has not been published to date. In the
present study, we describe the identification and the biological
and structural characterization of the I84A mutation and another
novel substitution, I84C, in clinical isolates.

Subject A1 was PI treatment naı̈ve before the initiation of
ritonavir (RTV)-saquinavir (SQV) dual-PI therapy in 1998,
with a baseline isolate containing no primary mutations but
four secondary mutations (L10I, L63H, V77I, and I93L) asso-
ciated with PI resistance and one polymorphism (Fig. 1), as
determined by population sequencing. After an initial re-
sponse, a viral rebound at day 168 was associated with the

appearance of I84V. The viral load declined again following
the intensification of treatment with zidovudine and lamivu-
dine but remained at approximately 2,000 to 7,000 RNA cop-
ies/ml from day 224 to day 560. At day 505, three new PR
mutations, M46I, A71V, and I84A, were observed, while I84V
was no longer detected. Notably, a valine substitution (I84V)
results from a single nucleotide change from the wild-type
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FIG. 1. Viral load and genotypic changes in isolates from subject A1.
RNA was extracted from plasma by use of a QIAamp viral RNA mini kit
(QIAGEN), according to the manufacturer’s protocol. Reverse transcrip-
tion-PCR was performed by using a QIAGEN One-Step RT-PCR kit.
Two independent PCRs were performed, and the PCR products were
pooled for DNA sequence analysis with an automated ABI 3101X1 se-
quencer (Applied Biosystems).
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(WT) sequence, while the alanine substitution (I84A) requires
two nucleotide changes but only a single change compared with
the sequence of the mutant with the valine substitution. The
initial appearance of I84V followed by replacement by I84A in
this subject suggests that the I84V mutant underwent further
evolution to I84A rather than I84A being selected from the
original I84 population.

To study the effect of the I84A mutation on drug susceptibility,
a fragment the spanning the C-terminal end of gag, all of PR, and
amino acids 1 to 305 of RT was amplified from the patient’s viral
RNA at the baseline and at day 505 by reverse transcription-PCR
and transferred to a luciferase-based resistance test vector
(Monogram Biosciences, Inc., South San Francisco, CA). The
phenotype and replication capacity (RC) were determined by
Monogram Biosciences, Inc., using the PhenoSense HIV assay, as
described previously (3, 17a). Briefly, RC was assessed by use of

a modification of the phenotypic drug susceptibility assay,
whereby the luciferase activity in infected cells in the absence of
drugs is compared to that of the NL4-3 reference virus, following
normalization based on luciferase activity in the transfected cells.
RC values are expressed as a percentage of the RC for the NL4-3
reference strain and adjusted so that the median value for WT
viruses approximates 100%. The baseline isolate from this subject
was sensitive to nelfinavir (NFV), SQV, indinavir (IDV), RTV,
amprenavir (APV), lopinavir (LPV), and atazanavir (ATV) (data
not shown). In contrast, the mutant identified at day 505 from this
subject exhibited �30-fold increased resistance to all PIs tested
except LPV (10-fold reduced susceptibility; isolate A1 in Table 1).
The RCs of the baseline and mutant identified at day 505 were
114% and 41% (isolate A1 in Table 1), respectively.

We identified the I84A mutation in an additional 25 clinical
samples, 14 of which did not contain recognized primary PI

TABLE 1. Genotypes, phenotypes, and RCs of resistant isolates

Isolatea

Mutation(s) in proteaseb Mutation in the following
cleavage sites: FC in IC50 compared to that for WTc

RC (% of
that for

WT)
Amino acid
at position

84
Other mutations p7/p1 p1/p6 NFV SQV IDV RTV APV LPV ATV

A1 I84A L10I, M46I, L63H, A71V, V77I A431V WT 600 1,000 73 60 32 10 38 41
A2 I84A L33F, M46I, L63P NA NA 600 141 27 85 31 NA NA NA
A3 I84A L10I, M46L, L63T, A71V NA NA 600 365 78 76 43 11 NA 22
A4 I84A L10F, M46I, L63P, A71V WT L449F 600 241 58 42 32 14 NA 2.5
A5 I84A L10V, M46I, L63A/P, A71V A431V L449Q 600 256 53 54 28 9.0 NA 18
A6 I84A L10I, M46I, L63P, A71V, L76V A431V WT 64 24 38 34 21 14 NA 1.0
A7 I84A L10F, L19I, M46I, I47V, I54V,

L63P, A71V
A431V S451I 600 1,000 92 141 74 124 NA NA

A8 I84A L10V, K20I, M36I, M46I, A71V,
G73S, L76V

A431V WT 600 265.5 400 86 252 94 NA 6.4

A9 I84A L10I, M46I, L63P, A71V, V77I WT L449F 600 1,000 138 167 33 16 52 64
A10 I84A L10F, K20I, M46I, I54M, L63P,

A71V, G73T, V77I
A431V L449L/V, R452R/K 600 1,000 400 400 400 59 700 27

A11 I84A L10F, M46I, L63P, A71A/V,
V77V/I

A431A/V L449F 600 1,000 73 73 47 14 63 31

A12 I84A L10I, L33F, M46I, I54V, L63P,
A71V, L76V

A431V L449L/Q, S451T 600 1,000 400 400 400 210 25 16

A13 I84A L10F, K20I, M36M/I, M46I,
I54V, L63P, A71V, G73S

WT R452S 196 1,000 178 400 43 50 700 5.7

A14 I84A L10I, M46I, I47V, L63P, A71V,
L76V

A431V WT 210 69 152 105 141 104 21 0.7

A15 I84A L10I, K20R, M36I, M46I, I54V,
Q58E, L63A/T, A71V, V82V/I

A431V WT 600 1,000 118 400 30 75 253 22

Median 600 1,000 92 86 43 33 57 18

C1 I84C WT WT 15 6.1 1.2 1.6 1.7 0.4 NA 12.0
C2 I84C K20I, M36I, V82I WT S451N 59 14 1.3 8.6 5.4 NA NA 11.0
C3 I84C L10I, L19L/I, L24I, L63H WT L449L/F 74 56 4.1 10 8.6 1.6 NA 8.9
C4 I84C L10F, L19L/V, L24I, M46L, L63P A431V L449F 395 92 11 9.1 10 3.1 NA 0.6
C5 I84C L10L/I, K20R, M36I, M46L,

L63P, V82IV/I
WT WT 51 41 3.8 15 20 3.1 NA 15.0

C6 I84C L10I, G16A, M46I, L63P, L76V A431V WT 144 24 63 22 64 47 NA 13.0
C7 I84C L10I, L24I, M46L, L63P, A71T,

G73S, V771
A431A/V L449F 600 1,000 42 60 23 7.2 NA 1.2

C8 I84C L10I, L19I, K20K/R, L24L/I,
M46I, K55K/R, L63P

WT WT 86 68 6.4 14 12 2.9 NA 38

C9 I84C L10V, L24L/I, M46L, I54L, L63P WT WT 70 115 5.5 20 30 2.3 9.1 NA
C10 I84C L10I, K20T, Q58E, V82I WT WT 286 242 5.5 29 53 5.1 19 64
C11 I84C L10I, L24I, L63H WT WT 91 121 5.7 15 18 2.8 5.0 25

Median 86 68 5.5 15 18 3.0 9.1 13

a Except for the patient from whom isolate A1 was obtained, the treatment histories of the patients from which the isolates were obtained are unknown.
b Reference sequences were compared with baseline sequences. Polymorphisms at the following positions are not listed: 12, 13, 14, 15, 18, 33 (other than L33F), 35, 37, 39,

41, 43, 45, 57, 60, 61, 62, 64, 65, 66, 67, 69, 70, 72, 74, 83, 89, 91, 93, and 95. Samples with a mixture of sequences at a particular codon were excluded from the analysis.
c The current reduced susceptibility cutoffs are 2.5 for RTV, 3.6 for NFV, 2.3 for SQV, 10 for IDV, 4.0 for APV, and 9 for LPV-RTV. For calculation purposes FC

values representing 50% inhibitory concentrations (IC50s) higher than the maximum measurable level were assigned an arbitrary value, based on the ratio between the
highest drug concentration tested and the reference virus 50% inhibitory concentration: 600 for NFV, 1,000 for SQV, 400 for IDV and APV, 700 for ATV. NA, not
available.
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mutations other than M46I or I54V or I54M (isolates A2 to
A15 in Table 1). In addition, another novel mutation, I84C,
was identified in 21 separate clinical isolates, 11 of which did
not contain recognized primary PI mutations other than L24I,
M46I or M46L, or I54V or I54M (isolates C1 to C11 in Table
1). As shown in Table 1, the M46I and A71V mutations were
observed in close association with the I84A mutation (15 of 15
and 14 of 15 I84A isolates, respectively). Similarly, L24I was
seen in 5 of 11 I84C isolates but was rare in I84V isolates
(�2%) and absent in I84A isolates. Previous studies have
demonstrated that M46I and A71V help to restore the repli-
cation capacity and increase the resistance level when they are
present in addition to primary mutations (4–6, 11), while the
L24I mutation alone displayed substantially reduced catalytic
activity and dimer stability (13). It is possible that the M46I and
A71V mutations and the L24I mutation also play similar roles in
these isolates with the I84A and I84C mutations, respectively. In
addition, 85% of samples with I84A or -C also contained muta-
tions at positions 10 (L10F/I/V) and 63 (L63A/H/P).

In order to understand the specific effects of various substi-
tutions at position 84, the RCs and the susceptibilities to PIs of
these isolates were compared to those of a large number of
analogous isolates containing the I84V mutation with matched
backgrounds and with all other primary PI mutations excluded
(Table 2). Multiple sequences were determined from the same
individual in some cases but at different time points; however,
the redundancy was only about 10% with more than one result.
The I84C-containing isolates, with or without M46I, displayed
high-level resistance to NFV and SQV (median fold change
[FC], at least 56) and low- to intermediate-level resistance to
IDV, RTV, and APV (median FCs, 4 to 10), but nearly all
remained susceptible to LPV (Tables 1 and 2). In contrast, the
I84A isolates, with or without I54M/V, displayed high-level
resistance to all PIs (median FCs, �31), with the exception of
a modest level of resistance to LPV (median FC, 14) in isolates
with the mutation I84A lacking I54M/V. In general, isolates
containing I84A or I84C tended to be more resistant than
isolates containing I84V.

To further evaluate the mechanism by which the I84V/C/A
mutations appear to contribute to resistance, a computational
analysis was carried out by using the protein crystal structures
of the inhibitor-HIV protease complexes (2). The central lo-
cation of the two occurrences of residue 84 within the active
site of the homodimeric enzyme is shown in Fig. 2. The calcu-
lated differences in total surface area (Connolly surface area,
30 surface points per Å2; 1.1-Å probe; InsightII software; Ac-
celrys, San Diego, CA) between the WT and the modeled
mutant enzymes are listed in Table 3. For all six inhibitors, the
trend in the increase of the protein surface area of the mutant

FIG. 2. Crystal structure of RTV bound to HIV protease showing
the two symmetry-related isoleucines at positions 84 and 184 in red and
blue, respectively. The surfaces of these two residues that contact the
inhibitor are shown with corresponding red and blue solid surfaces.

TABLE 3. Increases in surface area created by residue
84 mutations in HIV proteasea

Mutation
Surface area change (Å2) for the following inhibitor:

RTV SQV NFV LPV APV IDV

I84V 65.5 36.7 36.0 20.6 33.2 42.5
I84C 108.8 62.3 112.8 30.0 56.3 96.1
I84A 193.0 147.5 150.8 174.2 158.5 171.1

a The structures of each PI complex were obtained from the Protein Data
Bank (accession numbers are given in parentheses): LPV (1MUI), SQV
(1HXB), NFV (1OHR), RTV (1HXW), IDV (1HSG), and APV (1HPV) (2).
Surface area changes were calculated as the difference in total surface area
between the inhibited complexes of the WT enzymes and those of the modeled
mutant enzymes.

TABLE 2. Comparison between groups of samples containing I84C, I84A, and I84V with similar backgroundsa

Genotype at
position: Nb

Median (range) FC in resistance RC
(Nc)

Median
RC (%)

46 54 84 APV IDV LPV NFV RTV SQV

M I V 100 4.0 (1–400) 2.4 (1–30) 2.8 (1–174) 4.0 (0.3–228) 6.7 (2–400) 4.3 (1–1,000) 70 53
M I C 5 8.6 (2–53) 4.1 (1–6) 2.2 (0.4–5) 74 (15–286) 10 (2–29) 56 (6–242) 5 12
I I V 81 9.0 (1–91) 9.1 (1–78) 8.9 (1–162) 9.0 (1–119) 11 (2–82) 4.3 (1–110) 56 33
I I A 10 33 (21–252) 73 (27–400) 14 (9–94) �600d (64–600) 74 (34–167) 261 (24–1,000) 9 18
IL I C 6 21 (10–64) 8.6 (4–63) 3.1 (2–47) 115 (51–600) 18 (9–60) 80 (24–1,000) 5 13
I V V 51 36 (1–400) 19 (1–400) 80 (8–500) 16 (2–129) 49 (18–400) 20 (1–1,000) 38 27
I MV A 5 74 (30–400) 178 (92–400) 75 (50–211) �600d (64–600) �400d (141–400) �1,000d 4 19

a Samples containing I84A, I84C, or I84V and the indicated changes at position 46 or 54 but no mutation at positions 30, 32, 48, 50, 82 (except 82I), and 90.
b N, number of samples defined by mutation listed.
c N, number of RC data.
d The median FC for these groups was over the maximum measurable level of resistance; N, number of samples.
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relative to that of the WT was the same: I84V, I84C, and I84A
led to increases that ranged from 20 to 65, 30 to 112, and 150
to 193 Å2, respectively. This trend of increasing accessible
surface area matches the order of loss in inhibitory potency
against the mutant isolates observed and described above.
Since the binding enthalpy of protein-ligand interactions is
proportional to the degree of surface area buried upon com-
plexation (14), our results suggest that one factor in the loss of
inhibitor activity against the mutants is the increase in the
unliganded surface area. A more extensive study, including
experimental measures of binding thermodynamics, would be
required to fully dissect all the factors underlying the variations
in inhibition reported here.

It is notable that I84V and I84C isolates also containing
M46I exhibited median of 2.3- and 1.8-fold incremental in-
creases in resistance to all PIs, respectively, compared to those
of the I84V and I84C isolates lacking M46I (Table 2). Simi-
larly, the FC values increased by three to nine for I84V or I84A
isolates containing I54M/V compared to those for isolates
lacking I54M/V. Isolates with I84V plus I54V/M and I84A plus
I54V/M were especially resistant to LPV (median, 75- and
80-fold increased resistance, respectively). These findings sug-
gest that M46I and I54M/V are important mutations contrib-
uting to resistance to the PI class, particularly to LPV.

As shown in Tables 1 and 2, the RCs of both I84C and I84A
mutants were impaired (median RC, �20%). It is of note that
isolates with I84A (13/14) and isolates with I84C (5/11) also com-
monly contained mutations at the p7/p1 and/or p1/p6 cleavage
sites (A431V and/or L449F/Q, respectively). It has previously
been demonstrated that these cleavage site mutations may play a
role in restoring the impaired fitness of I84A mutants (8). It is
possible that because the mutants with the I84A and I84C muta-
tions are defective, these mutants are unlikely to be selected when
alternate pathways exist. In addition, both I84A and I84C require
two nucleic acid changes from the WT sequence, imposing a
higher genetic barrier for their emergence. Taken together, the
high genetic barriers and the poor RCs of the mutants with the
I84A and I84C mutations may account for the very low preva-
lence of these mutations in clinical samples.

The present study is limited by the fact that the antiretroviral
treatment history was available only for a single subject, who
experienced virologic failure during RTV-SQV therapy. Con-
sequently, the PIs most likely to select either I84C or I84A in
vivo are unknown. However, the substantial changes in the
susceptibilities of these isolates to multiple PIs suggest that
these mutations can theoretically emerge during a variety of
PI-based regimens. This study is also limited by the fact that
the contribution of I84C or I84A to PI resistance has not been
unequivocally established by site-directed mutagenesis or phe-
notypic analysis of molecular clones.

In summary, we have identified two novel PR mutations,
I84C and I84A, that appear at a low prevalence in isolates from
patients failing antiretroviral therapy and that are associated
with high-level resistance to the PI class. The RCs of the
majority of these mutants were impaired, despite the coemer-
gence of cleavage site mutations that likely increased viral
fitness. Computational analysis suggests that changes in the
accessible surface area for the mutant enzymes relative to that
for the WT enzyme contribute to the mechanism by which the
mutations appear to contribute to resistance.
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scribed in this study is gratefully acknowledged. In addition, we thank
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