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Sequence Note

N88D Facilitates the Co-occurrence of D30N and L90OM and
the Development of Multidrug Resistance in HIV Type 1
Protease following Nelfinavir Treatment Failure

YUMI MITSUYA,' MARK A. WINTERS,' W. JEFFREY FESSEL,”> SOO-YON RHEE,' LEO HURLEY,?
MICHAEL HORBERG,? CELIA A. SCHIFFER,> ANDREW R. ZOLOPA,' and ROBERT W. SHAFER!'

ABSTRACT

Nelfinavir was once one of the most commonly used protease inhibitors (PIs). To investigate the genetic mech-
anisms of multidrug resistance in protease isolates with the primary nelfinavir resistance mutation D30N, we
analyzed patterns of protease mutations in 582 viruses with D30N from 460 persons undergoing HIV-1 geno-
typic resistance testing at Stanford University Hospital from 1997 to 2005. Three patterns of mutational as-
sociations were identified. First, D30N was positively associated with N88D but negatively associated with
N88S. Second, D30N and L90M were negatively associated except in the presence of N88D, which facilitated
the cooccurrence of D30N and L9OM. Third, D30N + N88D + L90OM formed a stable genetic backbone for
the accumulation of additional protease inhibitor (PI) resistance mutations. In 16 patients having isolates with
more than one combination of mutations at positions 30, 88, and 90, all exhibited one of the steps in the fol-
lowing progression: D30N — D30N + N88D — D30N + N88D + L90M — D30N + N88D + L90M + (L33F =
184V or M46I/L = 154V). Although nelfinavir is now used less frequently than other PIs, the well-delineated
mutational pathway we describe is likely to influence patterns of cross-resistance in viruses from persons who
experience virologic failure while receiving this PI.

INTRODUCTION

IGHT PROTEASE INHIBITORS (PIs) have been licensed in the
United States and Europe for the treatment of HIV-1 in-
fection. However, because of the high levels of cross-resistance
among these PlIs, patients in whom two or three PI drugs have
failed often develop viruses with decreased susceptibility to all
PIs. Indeed, with two exceptions—D30N, which reduces sus-
ceptibility solely to nelfinavir, and IS0L, which reduces sus-
ceptibility solely to atazanavir—all PI resistance mutations are
associated with decreased HIV-1 susceptibility to two or more
Pls.!
Most of the drug resistance mutations responsible for resis-
tance to multiple PIs such as V82A, 184V, and L9OM rarely oc-
cur in combination with D30N.>* To investigate the genetic

mechanisms of multiple PI resistance in protease isolates with
D30N, we analyzed the patterns of protease mutations in iso-
lates containing this mutation in a large population of individ-
uals undergoing genotypic resistance testing from 1997 to 2005.

MATERIALS AND METHODS

Patients and samples

Subjects included all patients for whom plasma samples were
submitted for genotypic resistance testing at Stanford Univer-
sity Hospital from July 1997 to July 2005. Genotypic resistance
testing of plasma HIV-1 samples was performed using a pre-
viously described sequencing protocol.’ Briefly, RNA was ex-

IDivision of Infectious Diseases, Department of Medicine, Stanford University, Stanford, California 94305.
2Kaiser-Permanente Medical Care Program—Northern California, Oakland, California 94612.
3Department of Biochemistry, University of Massachusetts Medical Center, Worcester, Massachusetts 01655.
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TaBLE 1. PATTERNS OF PROTEASE MUTATIONS AT PosiTions 30, 88, AND 90 IN
1623 VIRUSES FROM 1550 PERSONS
Percentage
of total with Percentage with
mutation at positions additional Pl

D30 N88 L90 Number 30, 88, 90 resistance mutation
— — M 1034 63.7 71
N D — 255 15.7 18
N — — 126 8.7 20
— S — 63 3.9 73
N D M 55 34 71
— D M 20 1.2 90
— S M 16 1.0 56
— D — 14 0.9 72
N — M 6 04 17
T — 6 0.4 83
— T M 4 0.2 100
— G M 4 0.3 75
N S — 3 0.2 0
N T — 1 0.1 100

tracted from 0.2 to 0.5 ml of plasma using a guanidine thio-  Analysis

cyanate lysis reagent. Reverse-strand cDNA was generated
from viral RNA, and first-round polymerase chain reaction
(PCR) was performed using Superscript One-Step RT-PCR
(Life Technologies, Rockville, MD). Nested PCR was used to
amplify a 1.3-kb product encompassing the protease gene and
the first 300 residues of the reverse transcriptase (RT) gene. Di-
rect PCR cycle sequencing was performed with AmpliTaqg DNA
FS polymerase and dRhodamine terminators (Applied Biosys-
tems Inc., Foster City, CA).

To sequence molecular clones, HIV-1 RNA was extracted
from four cryopreserved plasma samples that had previously
undergone genotypic testing and was reverse transcribed us-
ing Superscript III RT and was amplified with Pfu DNA poly-
merase (Stratagene). PCR product from these samples was
cloned using TOPO TA cloning reagents (Invitrogen Life Sci-
ences). Molecular clones from each sample were then se-
quenced using PCR cycle sequencing as described previously.
Phenotypic susceptibility tests were performed using the
PhenoSense Assay of Monogram Biosciences (South San
Francisco, CA).

For more than 90% of patients, one virus sequence per pa-
tient was analyzed. However, when a patient had viruses at dif-
ferent times with different patterns of mutations at positions 30,
88, and 90 then each of these nonredundant virus sequences
was used. The levels of statistical significance for analyses us-
ing only one virus sequence per patient were no different from
those obtained using the nonredundant dataset.

PI resistance mutations were defined as the following non-
polymorphic protease mutations: L23I, L241, D30N, V32I,
L33F, M46ILV, 147VA, G48VM, I50VL, F53L, IS4VTLMSA,
G73CSAT, V82ATFLSM, I84VAC, N88DST, and LO9OM. Mu-
tations present as part of an electrophoretic mixture (i.e., more
than one peak was present at a position on the sequence elec-
tropherogram) were classified as mutations.

To determine whether two mutations were associated, we
used chi-squared tests to compare the proportion of sequences
containing both mutations with the proportion of sequences ex-
pected to contain both mutations had the mutations been inde-
pendent (i.e., the expected proportion was determined by mul-

TaBLE 2. INTERACTION BETWEEN D30N AnD L90OM AND ITs MobpuLATION BY N88D
Expected
percentage
Number  Percentage Percentage  Percentage  with D30N +
of isolates D30N L90OM  D3ON + L9OM L9OM P
Interaction between D30N and L90M among all isolates with mutation at D30N and/or L90M
Mutant isolates 1623 28.5 70.2 3.8 20.0 <0.001
Effect of N88D on the interaction between D30N and L9OM
With N88D 344 90.1 21.8 16.0 19.6 0.2
Without N88D 1279 9.9 78.2 0.5% 7.7 <0.001

20f the six viruses containing D30N and L90M, four had electrophoretic mixtures at one or both

positions.
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Patterns of drug resistance mutations in 43 isolates containing the mutations D30N, N88D, and L90M. Each of these

isolates was obtained from a different person. Positions with electrophoretic mixtures are underlined.

tiplying the proportions of isolates with each individual muta-
tion). This analysis was performed using all sequences, as well
as using only those sequences for which electrophoretic mix-
tures were not present at either of the two positions examined
for cooccurrence. However, because the levels of statistical sig-
nificance were similar regardless of the approach, we reported
the results obtained using all sequences so that the number of
isolates used in different pair-wise comparisons was consistent.

RESULTS

Prevalence of mutations at positions 30, 88, and 90

From 1997 to 2005, we sequenced HIV-1 protease sequences
from 8060 plasma virus isolates from 5174 persons. One or
more PI resistance mutations were present in 43.0% (3463) of
viruses; and viruses with PI resistance mutations were present
in 39.0% (2018) of persons. Mutations at positions 30, 88,
and/or 90 were present in 31.7% (2556) of viruses; and viruses
with mutations at one of these three positions were present in
30.0% (1550) of persons. D30ON was present in 7.2% (582) of
8060 viruses and in viruses from 8.9% (460) of 5174 persons.
N88D, N88S, N88T, and N88G were present in 5.7%, 1.3%,
0.2%, and 0.1% of viruses and in 6.5%, 1.5%, 0.2%, and 0.1%

of persons. LOOM was present in 24.1% (1948) of viruses and
in 23.2% (1198) of persons.

Combinations of mutations at positions 30,
88, and 90

Table 1 summarizes the patterns of protease mutations at po-
sitions 30, 88, and 90 in 1623 viruses from 1550 persons. In 73
persons, more than one virus was included because different
patterns of mutations at these three positions were present at
different times. Table 1 reveals three significant features of the
relationship among the mutations at these three positions.

First, D30N was positively associated with N88D but nega-
tively associated with N88S. Whereas D30N and N88D were
present in the same sequence more frequently than expected
(19.6% vs. 6.0%; p < 0.001), D30N and N88S were present in
the same virus less frequently than expected (0.1% vs. 1.4%;
p < 0.001).

Second, D30ON and L90M were negatively associated with
one another except in the presence of N88D. Whereas D30N
and L90OM occurred together less frequently than expected in
all 1623 sequences (3.8% vs. 20.0% of sequences; p < 0.001),
there was no negative association between these two mutations
in the 333 viruses containing N88D (Table 2).

Third, only 18% and 20% of viruses with D30N and D30N +
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consensusB PQITLWQRPLVTIKIGGQLKEALLDTGADDTVLEEMNLPGRWKPKMIGGIGGFIKVRQYDQILIEICGHKAIGTVLVGPTPVNIIGRNLLTQIGCTLNF

41666A ......... Foo.o.o..... Ro........ N..I.DT..........ooou..n V..K..... Poo.Y. . T D.M..L......
41666B  ......... Foo.o.o.o.... R....Y....N..I.DT........cottn.n. V..K..... PM...... T D.M..L......
41666C ......... Fooo.oo.o... R N..I.DI...........ouu.n. V..K..... P D.M..L......
41666D ......... F.o.o....... R.o........ N..I.DI................. V..K..... P.o..Y...T... D.M..L......
45063A e N.............. Rooooiiioa, E.P.......... I..T.......... D.M..L......
45063B e N.............. 3 E.P...... ... ... I.......... D.M..L......
45063C ..., R..F.oo i, N.............. 3 E.P............. I.......... D.M..L......
61958A ......... D N..F...D...ooiiiin L.o.o...... P.o.o..o... ] D.M..L......
61958C ......... e N..F...D........ I....... L........ P....... ] D.M..L......
61958D ......... R N..F...D...oiiiii. LR....... P....... TT. i D.M.........
8749A  ......... F.SV.. oo 8 Voo, L.o.o...... Po...... L
8749B  ......... F.SV.. oo 8 Voo, L.o.o...... Po...... L
8749C ..., F.SV... ... .. . S L........ Po..oii I.......... D.M..L......
8749D  ......... F.SV.. ... N..F.o.oo i L........ Poo.oia. I.......... D.M..L......

FIG. 2. Sequences of molecular clones of HIV protease from four isolates that contained the protease mutations D30N, N88D,
and L90OM by direct PCR sequencing. The one-letter amino acid code is used to indicate differences from consensus B. The
residue at positions 30, 88, and 90 are shown in bold.

TaBLE 3. DRUG SUSCEPTIBILITIES OF ISOLATES CONTAINING MUTATIONS AT Positions 30, 88, aND 902

Mutation pattern APV ATV IDV LVP NFV RTV SQvV
LOOM 1.0 1.8 1.8 1.1 4.6 3.0 1.5
n=12) m=4) m=16) (m=10) (@m=15) (mr=16) (n=16)
D30N 0.5 1.8 0.9 0.7 14 0.6 0.4
n=9) (n=25) m=12) (m=23) m=12) (®=12) (n=12)
N88S 0.1 10 2.1 0.5 11 1.2 1.2
=7 m=2 mw=7 m=1) @=7) ©=7 ®©=7)
D30N N88D 0.9 3.6 1.5 0.85 50 1.4 2
m=19 @®=12) ®=22) m=12) @m=22) (m=22) (n=21)
D30N + N88D + L9OM 1.3 4.0 2.7 1.2 71 3.8 53
n=10) @m=1) m=10) m=1) r=10) ®=10) (r=10)
D30N + N88D + L90OM+ L33F 4.6 13 3.5 4.9 98 8.4 16
=3 @®@=2 ®@=3) ®=2 @®=3) @®@=3) ®=3
D30N + N88D + LI9OM + 154V 2.5 41 12 N/A 179 34 82
n=4 m@=1) (@nm=4 n=4 @m=4 @n=49
D30N + N88D + L90OM + 184V 83 79 16 12 600 7 1000
=1 @®@=1) @®=1) ®=1) &€= @=1) ®=1
D30N + N88D + L9OM + M461 2.5 6.6 6 24 121 2 15
n=1) @=1) @®@=1) ®G=1H @=1D ®=1) ®=1
D30N + N88D + L90OM + L33F + 154V 11 59 2 29 52 5.7 20
m=1) @®@=1) @=1) ®=D) @®@=1) @=1) ®=1
D30N + N88D + L90M + L33F + 184V 42 96 21 27 200 81 200
=1 @®@=1) @®=1) ®=1D) &= @®=1) @&=1
D30N + N88D + L9OM + M46L + 154V 1.8 34 14 7.9 600 37 87

n=1) @=1) @=1) @®@=1) @®@=1) @®=1) ®=1

2None of the isolates included in this table had electrophoretic mixtures at any of the nonpolymorphic Pl-resistance mutations.
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N88D, respectively, occurred in combination with additional PI
resistance mutations. In contrast, viruses with most other patterns
of mutations at these positions, including D30N + N88D +
L90M, usually did occur in combination with additional PI resis-
tance mutations. In particular, the mutations L33F, M46I/L, F53L,
I54V/L, and 184V occurred in 16-44% of viruses with D30N +
N88D + L90OM (Fig. 1). In 16 patients with isolates having dif-
ferent combinations of D30N, N88D, and L.90M, all exhibited one
of the steps in the following progression: D30N — D30N +
N88D — D30N + N88D + L90M — D30N + N88D +
L90OM + (L33F + M46I/L + F53L = I54V/L * I84V).

To confirm that the D30N, N88D, and L90M can coexist in
the same virus genomes, we sequenced several clones from four
isolates in which D30N, N88D, and L90M had originally been
detected by direct cycle sequencing. Sequences of these clones
showed that all three mutations were present in two or more
clones from each of the four isolates (Fig. 2).

Phenotypic impact of viruses with mutations at
positions 30, 88, and 90

Table 3 shows the phenotypic susceptibilities of clinical iso-
lates containing the most commonly occurring patterns of mu-
tations at positions 30, 88, and 90 obtained from the Stanford
HIV Drug Resistance Database. Approximately 25% of these
phenotypic results were obtained on samples from persons in
this study, including eight samples containing mutations at po-
sitions 30, 88, and 90. Only one pattern—D30N + N88D +
L90M—was associated with a decreased susceptibility of 3-fold
or more to more than one or two PIs. These mutations alone
reduced susceptibility to nelfinavir, ritonavir, atazanavir, and
saquinavir. But in combination with either L33F = 184V or
M4el/L = 154V, these mutations were associated with reduced
susceptibility to each of the PIs with a range of 3- to 10-fold
decreased susceptibility for Amprenavir and Loprinavir to
>100-fold for Nelfinavir and Saquinavir.

Replication capacity (Monogram Biosciences) was available
on five of eight isolates with D30N + N88D + L90M. Four
had replication capacity values of 46-82%. One had a replica-
tion capacity of 10%; but this isolate also had the NNRTI re-
sistance mutation G190Q, which is known to significantly im-
pair virus replication.®

Treatment history and virologic outcome associated
with mutations at positions 30, 88, and 90

Complete antiretroviral treatment histories were available on
27 of the 55 persons containing at least one isolate with muta-
tions at positions 30, 88, and 90. Four of these patients received
nelfinavir as their only PI for a median of 39 months (range:
30-46 months) and 10 received nelfinavir followed by riton-
avir-boosted saquinavir. Twelve of the remaining 13 patients
received nelfinavir followed by two or more Pls.

Of 25 persons with follow-up treatment history and plasma
HIV-1 RNA levels, 16 had sustained virologic response indi-
cated by at least two consecutive RNA levels below 50
copies/ml. Sustained responses occurred in four persons re-
ceiving efavirenz and two persons receiving lopinavir/ritonavir
in combination with two or more NRTIs. Ten responses oc-
curred in persons receiving efavirenz in combination with
lopinavir/ritonavir, indinavir/ritonavir, or amprenavir/ritonavir.

MITSUYA ET AL.

FIG. 3. Structural relationship among protease residues 30,
88, and 90. (A) Superimposition of the three-dimensional struc-
tures of mutant viruses reported by Mahalingam et al. contain-
ing D30N alone (2F80, blue ribbon), N88D alone (1FG 8§, green
ribbon), and 190M alone (2F8, red ribbon).® (B) van der Waals
surfaces of wild-type residues D30, N88, and L.90 deduced from
wild-type protease complexed with the PI TMC114 (1T7J).°

DISCUSSION

There are three genetic mechanisms of nelfinavir resistance
in patients receiving this drug as their first PI: D30N = N88D,
L90M = M46I/L, and less commonly N88S.” We identified
three new and strongly significant patterns of association among
mutations in viruses containing the primary nelfinavir-associ-
ated mutation, D30N. First, D30N was strongly associated with
N88D but negatively associated with N88S. Second, the two
highly antagonistic PI resistance mutations, D30N and L90M,
frequently occurred in the same viruses, but only when a third
PI resistance mutation, N88D, was also present. Third, the com-
bination of D30N, N88D, and L90M forms a stable genetic
backbone for the accumulation of additional mutations, partic-
ularly L33F, M46I/L, F53L, 154V/L, and 184V, which rarely
occurred in the presence of D30N alone or D30N and N88D
(without LOOM).

Sequences of molecular clones from four patients confirmed
that the mutations D30N + N88D + L90OM did occur in the
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same viral genomes. Phenotypic studies confirmed that isolates
with these plus additional mutations had reduced susceptibility
to multiple PIs. However, the reduction in susceptibility to am-
prenavir and lopinavir was generally not high and salvage ther-
apy with one of these PIs, in combination with ritonavir and
other antiretrovirals, was frequently successful at suppressing
virus replication.

D30N is the only charged substrate cleft PI resistance mu-
tation and N88D restores charge within the mutated protease
enzyme, potentially stabilizing the molecule for the addition of
the common PI resistance mutation L90OM. The three-dimen-
sional structures of proteases with D30N, N88D, and L90M in-
dividually have each been determined,®° but the structure of
protease with combinations of mutations at these positions has
not been studied. Figure 3A shows the superposition of three
structures containing D30N alone, N88D alone, and L9OM
alone.® Figure 3B shows the proximity of the van der Waals
surface of these three residues in the enzyme.

The concept that HIV-1 might develop multidrug resistance
through restricted mutational pathways was once believed to
afford a strategy for treating patients with drugs specifically in-
tended to limit HIV-1 evolution. This strategy, however, has
lost much of its relevance as more potent drugs and drug com-
binations, which completely suppress HIV-1 replication, have
become available. Nonetheless, the well-delineated mutational
pathway to multiple PI resistance that we describe is relevant
to the large number of persons who have been successfully
maintained on a nelfinavir-containing regimen or who have de-
veloped virologic failure with the protease mutation D30N
while receiving nelfinavir.

SEQUENCE DATA

Patient plasma HIV-1 protease sequences used in our anal-
ysis containing D30N + N88D + L90M mutations (114 se-
quences) have been submitted to GenBank under the following
accession IDs: AY796625, AY030574, AY030661, AY030740,
AY030814, AY030982, AY031012, AY798398, AY031117,
AY031132, AY031136, AY031249, AY031271, AF544562,
AYO031358, AY047419, AY031475, AY031485, AY031507,
AY796682, AY031648, AY031739, AY031782, AY032099,
AY797073, AY032240, AY032274, AY797172, AY796689,
AY797124, AY797096, AY032486, AY032495, AY032564,
AY032538, AY797524, AY796881, AF544574, AY797646,
AY797649, AY797671, AY796691, AY797735, AY047427,
AY797453, AF544599, AY031674, AY797231, AY030418,
AF085089, AY047380, AF544409, AY798344, AY031837,
AY797289, AY796756, AY047437, AY796757, AY031159,
AY797254, AY797255, AY032452, AY797416, AY030978,
AY797672, AY796996, AY797525, AY796442, AY797736,
AY797026, AY797097, AY797074, AY796758, AY796690,
AY797417, AY796998, AY798183, AY798212, AY796626,
AY798416, AY796692, AY796693, AY797526, AY797376,
AY797737, AY796997, AY797673 DQ780897, DQ780898,
DQ780899, DQ780900, DQ780901, DQ780902, DQ780903,
DQ780904, DQ780905, DQ780906, DQ780907, DQ780908,
DQ780909, DQ780910, DQ780911, DQ780912, DQ780913,

1305

DQ780914, DQ780915, DQ780916, DQ780917, DQ780918,
DQ780919, DQ780920, DQ780921, DQ780922, DQ780923.
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