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We studied the evolutionary relationships between the two protease inhibitor (PI) resistance mutations,

D30N and L90M, of human immunodeficiency virus type 1 (HIV-1). The former is highly specific for nelfinavir
resistance, while the latter is associated with resistance to several Pls, including nelfinavir. Among patients
with nelfinavir treatment failure, we found that D30N acquisition was strongly suppressed when LIOM
preexisted. Thus, D30N/L90M double mutations not only were detected in a very limited number of patients but
also accounted for a minor fraction within each patient. In the disease course, the D30N and L90M clones
readily evolved independently of each other, and later the D30N/L90M double mutants emerged. The double
mutants appeared to originate from the D30N lineage but not from the LIOM lineage, or were strongly
associated with the former. However, their evolutionary pathways appeared to be highly complex and to still
have something in common, as they always contained several additional polymorphisms, including L63P and
N88D, as common signatures. These results suggest that D30N and L9OM are mutually exclusive during the
evolutionary process. Supporting this notion, the D30N/L90M mutation was also quite rare in a large clinical
database. Recombinant viruses with the relevant mutations were generated and compared for the ability to
process p55%“¢ and p160”* precursor proteins as well as for their infectivity. L90M caused little impairment of
the cleavage activities, but D30N was detrimental, although significant residual activity was observed. In
contrast, D30N/L90M demonstrated severe impairment. Thus, the concept of mutual antagonism of the two
mutations was substantiated biochemically and functionally.

Protease is an essential enzyme for human immunodefi-
ciency virus type 1 (HIV-1) replication (11, 26) and thus has
been a target of anti-HIV-1 treatment (4, 11). One of the
characteristic features of the protease is its high polymorphism
and flexibility. Nearly 47% of the loci can be mutated naturally
(12). However, natural mutations are not randomly scattered
through the protease sequence, and variable regions and con-
served regions have been identified. These conserved regions
are located in the inner side of the protease homodimer and
form subsites which are important conformations for substrate
binding and expression of the enzyme activity (13).

Today, six protease inhibitors (PIs) are available clinically
(10, 16, 18, 25, 28, 30), and all induce drug resistance mutations
(2, 17, 23, 24, 27). Interestingly many of these PI resistance
mutations are located within the subsites (6, 8), indicating that
the acquisition of these mutations might affect protease activ-
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ity. Indeed, several PI resistance mutations have been reported
to demonstrate impaired enzyme activity (14) and reduced
viral fitness (15, 19, 34). This reduced activity could be due to
some conformational change in the protease, causing a re-
duced affinity to the natural substrates, p55¢*¢ and p1607”
precursors (32), or instability of the protease homodimer (33).
As flexible as the protease is, accumulation of mutations in the
protease continues after the acquisition of so-called primary
mutations responsible for drug resistance. The most fit virus
will be selected gradually along with the acquisition of addi-
tional mutations, which may complement reduced protease
activity, and will become the predominant population. A well-
known example of such complementary mutations is L63P in
protease, which recovers the viral fitness in a background of
multiple combinations of other resistance mutations (22). The
interactions of accumulated mutations are still not well under-
stood, but there should be more patterns of complementary
interaction among the mutations.

It is also plausible that there could be combinations of mu-
tations that are incompatible and might enhance the level of
protease activity impairment. However, this type of mutational
combination would be difficult to find, as virus with such mu-
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tations would be a minor or underrepresented population in
vivo. We have been interested in identifying such combina-
tions, as they would provide important information not only on
the structure-function relationships of the protease but possi-
bly on the strategic use of drugs. Here we report a specific pair
of mutations that greatly impair protease activity, with almost
complete loss of viral infectivity and replication capacity. This
combination comprises two major drug resistance mutations, a
substitution of asparagine (N) for aspartic acid (D) at codon 30
(D30N) and a substitution of methionine (M) for leucine (L) at
codon 90 (L90M). D30N is known to be a primary nelfinavir
resistance mutation, which appears to be very specific to this
inhibitor (24), whereas L90M is a primary mutation responsi-
ble for resistance to both nelfinavir and saquinavir (7, 27) and
also appears to be associated with resistance to other PIs (31).
We demonstrate an extremely low incidence of these two mu-
tations in combination in the clinical setting, suggesting a
highly exclusive relationship between the two mutations in the
evolutionary process within each patient. Furthermore, we
demonstrate their antagonism in vitro, including in protease
activity itself as well as viral infectivity and replication capacity.

MATERIALS AND METHODS

Clinical specimens and database. Two different patient groups were analyzed
for their patterns of acquisition and frequencies of D30N, L90M, and other PI
resistance mutations. The first group was selected from the patient samples sent
to the National Institute of Infectious Diseases, Japan, for routine drug resis-
tance genotyping. Patients in whom plasma viral RNA levels were not below 50
copies/ml even after 3 months of a nelfinavir-containing regimen were defined as
nelfinavir resistant and selected for the study. A total 43 cases were selected
according to this definition. Of these 43 patients, 19 were naive to PI treatment
before nelfinavir administration (PI-naive patients), whereas 24 had previously
received the other PIs and had then been given nelfinavir treatment (PI-experi-
enced patients). For these 43 patients, genotypic analyses of HIV-1 protease
genes were performed. The incidence of the D30N mutation before and after
administration of nelfinavir and the subsequent occurrence of the mutation were
examined. To evaluate statistical significance, the chi-square test was performed
with the STAT View program (SAS Institute Inc., Cary, N.C.).

The other study group was derived from patient samples in a large database
(n = 16,996). We used the data to define the frequencies of D30N, L90M, N88D,
and V82A and their combinations. The samples were obtained from patients who
had received antiretroviral therapy. These were submitted in the United States
during 1998 and 1999 for routine assessment of drug susceptibility. Due to the
nature of sample collection, we were unable to obtain therapeutic and clinical
histories of the registered patients. The patients with viral loads of >1,000 HIV-1
RNA copies/ml were selected, and the frequencies of the mutations D30N,
L90M, N88D, and V82A as well as their combinations were determined.

Extraction, amplification, and sequencing of viral RNA. Viral RNA was ex-
tracted from 200 wl of patient plasma by using a commercially available kit
(Roche Diagnostics, Mannheim, Germany). Extracted RNA was reverse tran-
scribed using avian myeloblastosis virus reverse transcriptase (RT) (Takara,
Otsu, Japan) and the specific primer DRPRO-2 (5'-ATTTTCAGGCCCATTT
TTTGA). Subsequently, the protease region was amplified by nested PCR using
Taq (Takara) and Pyrobest (Takara) DNA polymerases, and the specific outer
and inner primers were used for outer and inner PCR, respectively. The outer
primers used were DRPRO-1 (5'-CCAACAGCCCCACCAGA) and DRPRO-2
in the reverse transcription reaction, and the inner primer pairs used were
DRPRO-3 (5'-AGCAGGAGACGATAGACAAGG) and DRPRO-4 (5'-CTG
GCTTTAATTTTACTGGTA). Outer and inner PCRs were performed with the
following program: a 2-min hold at 95°C and then 25 cycles of 95°C for 30 s, 55°C
for 30 s, and 72°C for 30 s. Nucleotide sequences of amplicons were analyzed by
cycle sequencing methods using Big-dye terminator (PE Biosystems, Foster City,
Calif.) and an ABI-377 autosequencer (PE Biosystems).

Clonal analysis for acquisition of PI resistance mutations. Clonal analyses of
the protease sequences were performed for eight cases, for which plasma sam-
ples could be obtained at multiple points, chosen from the PI-experienced cases
described above. These patients also demonstrated virological failure with a
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nelfinavir-containing regimen. The protease genes were cloned, and the nucle-
otide sequences were determined. For two patients (JPR-1 and JPR-3), the
sequence results were aligned by the Clustal-W program of the Phylip package
and then analyzed by both the neighbor-joining and the maximum-likelihood
methods.

Generation of recombinant virus clones with PI resistance mutations. A
recombinant virus was constructed using HXB2 and the NL4-3 clone as a back-
bone virus DNA. Initially, an NL4-3 DNA Apal (restriction site at nucleotide
2011 of NL4-3)-Kpnl (restriction site at nucleotide 3831) fragment, which con-
tained the complete protease gene and the 5’ half of the RT gene, was inserted
into pGEM7zf(—) (Promega, Madison, Wis.). The construct was designated
PGEM7/4-3 1, 01kpn1- Using pGEM7/4-3 4,1 k1 @s a template, two restriction
sites, a Notl site at nucleotide 2275 and a Smal site at nucleotide 2592, were
introduced into the pol gene as synonymous mutations. Mutagenesis reactions
were performed by employing the ExSite PCR-based site-directed mutagenesis
kit (Stratagene, La Jolla, Calif.). The introduced NorI and Smal sites corre-
sponded to the 10th codon of protease and the 15th codon of RT, respectively.
The following primer sets were used to introduce the restriction sites: NotI, 5'-
GATCACTCTTTGGCAGCGGCCGCTGCTCGTCACAATAAAGATA and
5"-TATCTTTATTGTGACGAGCGGCCGCTGCCAAAGAGTGATC; Smal,
5'-AAAATTAAAGCCCGGGATGGATGGCCCAA and 5'-TTGGGCCATCC
ATCCCGGGCTTTAATTTT. The entire sequence was verified after the mu-
tagenesis reaction, and a clone with introduced NotI and Smal sites was desig-
nated pGEM7/4-3 5, sma1- An Apal (restriction site at nucleotide 2011)-to-Agel
(restriction site at nucleotide 3486) fragment, which contained the NotI-to-Smal
fragment, was excised from pGEM7/4-3,,.s,..1 and cloned back into the wild-
type molecular clone HXB2. This HXB2/NL4-3 recombinant virus clone with
Notl and Smal sites was designated HXB2cv and used as the host vector for the
subsequent HIV-1 recombinant viruses with mutant proteases. The six protease
mutants D25N, D30N, L90M, N88D, D30N plus L90OM (D30N/L90M), and
D30N plus N88D plus L90OM (D30N/N88D/L90M) were constructed on the basis
of the pGEM7/4-3 4,11 clone. The primer pairs used to construct each pro-
tease mutation were as follows: D25N, 5'-TAAAGGAAGCTATATTAAATAC
AGGAGCAGATG and 5'-CATCTGTCCTGTATTTAATAGAGCTTCCTT
TA; D30N, 5'-GGAGCAGATAATACAGTA and 5'-TACTGTATTATCTGC
TCC; LI0M, 5'-AGAAATCTGATGACTCAG and 5'-CTGAGTCATCAGAT
TTCT; and N88D, 5'-ATAATTGGAAGAGATCTGTTGACTCAGATT and
5'-AATCTGAGTCAACAGATCTCTTCCAATTAT. After each mutagenesis
reaction, the entire sequence was verified and cloned back to HXB2cv as a
Notl-Smal fragment. The full-length virus DNA was transfected into Cos7 cells
by using Fugene6 (Roche Molecular Biochemicals), and culture supernatants
were harvested 72 h after transfection and used as virus stocks.

Analysis of p554°¢ and p160°°' processing of mutant viruses. The recombinant
DNA clones were transfected into 0.5 X 107 Cos7 cells by electroporation using
a Gene Pulser apparatus (Bio-Rad, Hercules, Calif.) at 250 V and 250 pF. The
transfected cells were transferred to Falcon T-150 (Becton Dickinson, Lincoln
Park, N.J.) culture flasks containing prewarmed Dulbecco modified Eagle me-
dium with 10% fetal calf serum, and the whole medium was changed 24 h after
transfection. Seventy-two hours after transfection, the culture supernatant was
harvested, and virus lysates were prepared according to a previously described
method (20) with a minor modification. In brief, cell debris was removed from
the collected culture supernatant by centrifugation at 3,000 rpm (Beckman Al-
legra 6KR centrifuge) for 15 min at 4°C. The cleared medium was filtered
through a 0.2-pm-pore-size filter (Millipore, Bedford, Mass.), overlaid onto a
20% sucrose cushion, and centrifuged at 25,000 rpm (Beckman SW28 rotor) for
1.5 h at 4°C by Optima L-90K (Beckman Coulter, Fullerton, Calif.). The virus
pellet was dissolved in an appropriate amount of radioimmunoprecipitation
assay lysis buffer (0.05 M Tris-Cl [pH 7.2], 0.15 M NaCl, 0.1% sodium dodecyl
sulfate, 1.0% TritonX-100, 1.0% sodium deoxycholate) and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins in the gels were
transferred to Immobilon P membranes (Millipore) by passive transfer. The
membranes were incubated with an HIV-1-seropositive serum for 1 h at 37°C,
followed by incubation with a biotinylated secondary antibody (Amersham Phar-
macia Biotec, Uppsala, Sweden) and then with avidin-horseradish peroxidase
(avidin-HRP) (Amersham Pharmacia Biotec). The HIV-1-positive control hu-
man serum used in this study was kindly supplied by T. Lee, Harvard School of
Public Health. 3,3’-Diaminobenzidine (Sigma, St Louis, Mo.) was used as a
substrate for HRP. For gp120 staining, sheep anti-gp120 C-terminal polyclonal
antibody (International Enzymes, Inc., Fallbrook, Calif.) was used, followed by
incubation with biotinylated anti-sheep immunoglobulin G secondary antibody
(Amersham Pharmacia Biotec) and then avidin-HRP. 3,3’-Diaminobenzidine
was used as a substrate for HRP.

Infectivity assay and replication kinetics of recombinant viruses with PI re-
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TABLE 1. Baseline L.90M incidence and acquisition of
the D30N nelfinavir resistance mutation

No. with acquisition of

Existence of L90M prior to D30N mutation after

nelfinavir treatment n nelfinavir treatment
+ _
+ 16 3 13
— 27 13 (10) 14 (9)

“ Numbers in parentheses indicate numbers of PI-naive cases.

sistance mutations. The infectivity of each protease mutant virus was assayed
using the reporter cell line MAGICS.B1-4. Details of this cell line are described
elsewhere (21). Briefly, the cell line expresses CD4, CXCR4, and CCRS5 on the
cell surface and also contains the HIV-1 long terminal repeat-driven B-galacto-
sidase gene. Thus, HIV-1-infected cells can be visualized as blue cells when
stained with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside). The
stocks of PI-resistant viruses were produced from transfected Cos7 cells as
described above. The amount of virus in each stock was determined by RT
activity assay as described below. MAGIC5.B1-4 cells were plated in six-well
culture plates at a density of 10° cells per well the day before infection and
inoculated with each virus adjusted to contain same amount of RT activity. Each
infection was done in triplicate wells. Forty-eight hours after infection, the cells
were fixed with 1% formaldehyde—0.5% glutaraldehyde in phosphate-buffered
saline and stained with an X-Gal staining kit (Roche Diagnostics). The number
of blue cells in each well was counted under a light microscope, and mean values
from three wells were calculated.

RESULTS

Relationship between baseline incidence of L90M mutation
and acquisition of D30N. The relationship between baseline
L90M mutation prior to nelfinavir administration and subse-
quent acquisition of D30N was studied with 43 nelfinavir-
resistant cases, and the results are summarized in Table 1.
There were 16 patients with the L90M mutation at baseline,
and of these, only three (19%) acquired the D30N mutation
after nelfinavir administration; this is significantly fewer than
for the patients without L90M mutations (P = 0.032).

Sequence analysis was done by direct sequencing of the
mixture of individual PCR products and hence did not rule out
the possibility that the D30N detected might not always add to
the preexisting L90M mutations at a clonal level but rather
could represent populations that newly emerged indepen-
dently of the preexisting L90OM population. To assess this pos-
sibility, we cloned PCR amplicons from three D30N/L90M
double-positive cases in direct sequencing, and the nucleotide
sequences were determined for individual clones. No D30N/
L90M double mutants were found in 15 clones derived from
one of the three patients (JPR-2) (Table 2). These clones were
positive for either D30N or L90M or were negative for both.
Thus, this patient acquired no detectable intrinsic double mu-
tations. In the other two patients (JPR-1 and JPR-3), minor
fractions (2 of 30 clones and 10 of 35 clones, respectively) had
the intrinsic double mutant (Table 2). Of 27 patients with
baseline mutations other than L90M, 13 (48%) developed the
D30N mutation (Table 1). The frequency of D30N acquisition
was therefore significantly higher in the absence of L90M than
in its presence. These results clearly demonstrated that the
D30N mutation readily arose without the preexisting LOOM
mutation but was strongly restricted in its presence, not only
among patients but also within a single patient. Thus, D30N
and L90OM appeared to be considerably incompatible with each
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other in clinical cases. Five cases were arbitrarily chosen from
the patients who did not acquire the D30N mutation, and
similar clonal analyses were performed. Neither D30N/LO90OM
nor D30N was found in a total of 57 clones. They were either
positive for only L90M or negative for both D30N and L90M
(Table 2). Thus, D30N/L90M double mutants were quite rare
in this group of patients.

Phylogenetic analysis of D30N and L90M emergence within
a single patient. Patients JPR-1 and JPR-3, who acquired the
intrinsic D30N/L90M double mutations, were further analyzed
to determine the evolutionary pathways of D30N, L90M, and
D30N/L90M. Their blood was collected systematically at mul-
tiple time points (marked with uppercase letters A to H in Fig.
la and lowercase letters a to f in Fig. 1c). Subcloning and
sequencing of the protease genes were performed for samples
obtained at these time points. The sequence data were sub-
jected to phylogenetic analyses. The trees in Fig. 1b and d were
drawn by use of the maximum-likelihood method. The clones
in the trees were named after their sampling time points and
serial numbers at each point.

Patient JPR-1 was a 56-year-old male hemophiliac patient
infected with HIV-1 through contaminated blood products in
early 1980s. Although lack of drug adherence had not been
reported, the plasma viral load remained above 5,000 cop-
ies/ml during most of the observation period. The patient had
been treated with several nucleoside RT inhibitors for nearly 8
years and then had switched to zidovudine-lamivudine (3TC)-
indinavir triple therapy in May 1997. As this triple therapy
turned out to be ineffective in November 1997, the therapy was
then switched to 3TC plus stavudine (d4T) plus nelfinavir. At
the time of the treatment switch (point C), two of four clones
(C-3 and C-4) had the L9OM mutation. The second triple
therapy also did not lead to plasma viral RNA levels of less
than 50 copies/ml, and treatment was further changed to
dideoxyinosine plus d4T plus saquinavir plus nelfinavir. During
this second treatment, a total of 21 clones from four time
points (D to G) were sequenced, and it was found that 47%
were D30N clones and 43% were L90M clones. Interestingly,
the tree (Fig. 1b) clearly shows that L90M clones and D30N
clones evolved from the 30D/90L wild type independently and
clustered differently from each other (clusters I and II). It
appeared highly unlikely during the whole period that LOOM
reverted to D30N or vice versa.

It was quite late in the clinical process, after nelfinavir ther-
apy had been switched to saquinavir-ritonavir double-protease
therapy, that two D30N/L90M clones (H-4 and H-5) emerged,

TABLE 2. Clonal analyses of D30N acquisition pattern in eight
patients undergoing protease inhibitor treatment

No. of clones with

Genotype acquired D30N in: Total no. of clones
of clone without D30N
JPR-1 JPR-2 JPR-3
D30N~ L9OM ™ 4 2 11 11
D30N" L9OM ~ 12 4 6 0
D30N~ L9OM™ 12 9 8 46
D30N* LOOM™ 2 0 10 0
Total 30 15 35 57
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FIG. 1. (a and c) Clinical courses of JPR-1 (a) and JPR-3 (c). Treatment protocols and durations are demonstrated with arrows. AZT,
zidovudine; ddl, dideoxyinosine; IDV, idinavir; NFV, nelfinavir; SQV, saquinavir; RTV, ritonavir; ddC, dideoxycytosine. (b and d) Development
of clones with various mutations, and their phylogenetic relationships, of JPR-1(b) and JPR-3(d). A to H (JPR-1) and a to f (JPR-3) indicate the
sampling time points and are referred to the respective clone names with additional serial numbers. Codon 30 and 90 amino acid patterns of the
clones are indicated.
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TABLE 3. Frequencies of PI resistance mutations estimated
from a large database (n = 16,996)

Mutation pattern No. Frequency (%)
D30N 1,065 6.3
LI9OM 4,952 29.1
V82A 2,085 12.3
N88D 883 5.2
D30N/L90M 140 0.8
VE82A/L90OM 999 5.9
D30N/N8SD 759 4.5
D30N/N88D/L90M 139 0.8

suggesting a requirement of strong selection pressure for their
evolution. Both of the clones appeared to have descended
from the D30N lineage. However, their evolutionary process
was complex, because they contained several additional sub-
stitutions. Interestingly, these substitutions included L10V,
K14R, M641, L63P, and N88D in common, suggesting similar,
albeit complex, pathways for the evolution of these two mu-
tants.

A similar phylogenetic analysis of case JPR-3 is shown in
Fig. 1d, and the clinical and therapeutic courses are shown in
Fig. 1c. The patient is a 24-year old male hemophiliac patient
infected in 1980s who also experienced a long treatment his-
tory with RT inhibitors and PIs. Again, viral load suppression
was not complete during the observation period. It also ap-
peared that the D30N and L90M clones were derived from
30D/90L wild type clones and evolved independently of each
other (clusters III and IV). It was also late in nelfinavir therapy
(sampling point d and thereafter) that the D30N and LO90M
double mutants were detected. The evolutionary tree was more
complex than that of JPR-1, and hence it was difficult to define
the lineage from which the D30N/L90M double mutants
emerged. However, at least 8 out of 10 D30N/L90M clones
(d-2, d-3, e-1, e-2, e-8, e-9, f-1, and f-2) appeared to be asso-
ciated with a D30N lineage (Fig. 1d). This is compatible with
the view that D30N clones could acquire an additional L90OM
mutation much more easily than L90M clones could acquire a
D30N mutation. Another feature shared with case JPR-1 was
that all D30N/L90M mutants contained additional mutations,
including N88D and L63P. Overall, the longitudinal clonal
analyses of viral populations in the two clinical cases suggested
that D30N and L90M mutations tended to evolve indepen-
dently of each other. The D30N/L90M double mutants could
evolve only under strong selection pressure, possibly via acqui-
sition of particular substitutions such as N88D and L63P.

Frequency of PI resistance mutations in a large database.
The incidence of D30N, L90M, D30N/L90M, and other PI
resistance mutations was estimated using genotype data de-
rived from a large database (n = 16,996). As shown in Table 3,
the frequency of the D30N/L90M double mutation was only
0.8%, whereas that of another double mutation, V82A/L90M,
was 5.9%. The frequencies of D30N, L90M, N88D, and V82A
single point mutations were found to be 6.3, 29.1, 5.2, and
12.3%, respectively. Given that two residues in either pair,
D30N and L90M or V82 and L90M, can change independently
of each other, one can predict a value of nearly 1.8% (6.3% X
12.3%) for the D30N/L90M double mutation, which is about
half of that (3.6%) for V82A/L90M. The actual estimate
(0.8%) for D30N/L90M, however, was less than this prediction.
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Thus, the results derived from the database also suggest mu-
tual incompatibility between the D30N and L90M mutations.
In addition, as these data were derived from population-based
sequencing, the D30N/L90M double mutants observed may
not all have been together on the same viral genome.

Precursor protein processing by mutant proteases. The pro-
cessing of p55%“¢ and p1607*' precursors was analyzed by West-
ern blotting for the recombinant viruses containing D30N,
N88D, LI90M, D30N/L90M, and D30N/N88D/LIOM. The as-
partic acid residue at codon 25 is critically involved in the
catalytic activity, and its mutation was found to completely
abolish the protease activity. We therefore further created a
D25N virus and used it as a control of complete protease
activity knockout (11). Another control was HXB2cv wild-type
virions grown in the presence of 5 uM nelfinavir. The amount
of viral protein loaded in each lane was adjusted to give equal
intensities of the gp120 band.

As shown in Fig. 2, the products, CA (p24) and MA (pl7),
generated from p55%“¢ precursor were clearly seen for the
HXB2cv wild type (lane 2), whereas they were totally absent in
nelfinavir-treated virions (lane 3) and in the D25N virions
(lane 4). There was residual precursor p55%*¢ in HXB2cv, but
its intensity was much higher in nelfinavir-treated virions and
D25N virions (lane 3). The mature Pol products, p66 RT and
pS1 RT, were seen in HXB2cv, whereas they were not detect-
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FIG. 2. Analyses of Gag-Pol precursor protein processing of the
wild type (HXB2cv) and various mutant viruses by Western blotting.
Conditions and viruses used are indicated above each lane. The top
part of the membrane (a) was probed with anti-gp120 C-terminal
polyclonal antibody, and the bottom part (b) was probed with anti-
HIV-1-positive human serum. Positions of molecular markers are
indicated on the left, and positions of mature proteins, partially pro-
cessed intermediate products, and unprocessed precursors are indi-
cated on the right. nfv, nelfinavir.
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TABLE 4. Infectivities of protease mutant viruses evaluated
with MAGIC5B.1-4 reporter cells

No. of blue cells
(mean *= SD)”

Virus

D30N/L9OM...............
D30N/L90M/NSSD...

“ All infections were performed in triplicate.

able in nelfinavir-treated virions and D25N virions. With all
three single point mutations, D30N, N88D, and L90M, both
p24 and p17 were seen as clearly as they were in HXB2cv (Fig.
2, lanes 5, 6, and 7). At the same time, however, p55%*¢ pre-
cursor was found in remarkable amounts in two (D30N and
N88D) of the three mutants, whereas it was at a marginal level
in the third mutant (L90M), as in HXB2cv. The 39-kDa band
could represent an intermediate cleavage product of p55%“¢
and was seen clearly in the first two mutants but only in a trace
amount in the third and not at all in HXB2cv. The p1607*
products, p66 RT and p51 RT, were detected in these three
single point mutants as clearly as in the parental HXB2cv (Fig.
2). These results indicated that the protease could tolerate
almost completely the L90M as well as the D30N or N88D
mutation.

In contrast, the D30N/L90M double mutation caused a se-
vere impairment, as the mutant generated only a trace amount
of p24 and no detectable p17 and reciprocally retained the
precursor p55%“¢ and the poorly processed intermediate 39-
kDa product in large amounts (Fig. 2, lane 8). Thus, the two
mutations in combination were found to be almost intolerable
for protease function in relation to p55%“® cleavage. However,
p160P’ processing to yield p66 RT and p51 RT appeared to be
retained at least partially. When an additional N88D mutation
was introduced into the double mutant, the processing capa-
bility was restored at least partially, as seen by the generation
of p24 and p17 and a concomitant decrease of p55%“ and the
39-kDa product (Fig. 2, lane 9).

Infectivities of recombinant viruses with protease muta-
tions. We next examined the infectivities of protease mutant
viruses by using the MAGICS.B.1-4 reporter cell assay. The
virus inocula were adjusted in each case to contain the same
level of RT activity. Each infection was performed in triplicate,
and mean blue cell numbers were determined. The wild-type
and D30N mutant viruses gave 350 = 28 and 308 = 15 positive
cells, and L90OM displayed 463 = 13 positive cells, the highest
among those tested (Table 4). The virus with D30N/L90OM
mutations gave only 35 * 9 positive cells, and this was the
lowest among those tested. This is consistent with the lowest
cleavage capacity of the mutant protease (Fig. 2). The addition
of N88D to D30/L90M (Fig. 2) to give the corresponding
D30N/L90M/NS88D virus resulted in significantly higher infec-
tivity (191 = 7 positive cells) than for D30N/L90M, which was
also consistent with the protease cleavage activities. Thus, the
greater the overall protease impairment, the lower the viral
infectivity.
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DISCUSSION

Previous reports have shown that some PI resistance muta-
tions can cause a reduction in protease activity and function
(15, 19, 34). These mutations are mostly located in substrate
binding subsites of the protease, and conformational changes
due to substitutions reduce the binding affinity between the
substrate and the protease, which can cause reduced protease
activity and impaired viral fitness (14, 15, 19, 34). Codon 30D
is located in the S2 subsite of the protease (24), and nelfinavir
resistance mutation D30N has been reported to demonstrate
reduced protease activity and viral growth compared to the
wild type (19). Codon 90L is not located in this subsite, which
is different from the case for most other primary PI resistance
mutations. The level of impairment conferred by the LOOM
mutation has been reported to be less significant than that
conferred by D30N (19). These different impacts of D30N and
L90M on virus fitness were also confirmed in our analyses of
p55%*¢ processing and study of virus growth. Interactions of
multiple mutations sometimes causes dramatic effects, and we
found that the combination of D30N and L90M strongly im-
paired the ability of the protease to process p55%“® precursor
into mature proteins, with the RT generating capacity being
somewhat retained. In a previous study, Martinez-Picado et al.
(19) described that the D30N/L90M double mutant clone
emerged in proviral DNA during a competition culture be-
tween a D30N clone and a L90M clone; however, they could
not detect the D30N/L90M double mutant virus in the culture
supernatant. This suggests that the D30N/L90M clone was less
fit in their study, agreeing with our findings.

Combinations of V32I plus I84V/A (3, 5) and G48V plus
L90M (9) also have been reported to demonstrate low pro-
tease activity and reduced viral fitness; however, the levels of
the impairment seem to be less than those we observed with
the D30N/L90M pair. Thus, to our knowledge, D30N/L9OM is
the most incompatible mutation pair described. The double
mutation caused almost complete elimination of infectivity and
replication capacity and can be regarded as being a virtually
mutually exclusive combination. On the other hand, the same
series of assays for processing, infectivity, and replication sug-
gested that either D30N or L90M did not compromise pro-
tease activity to any significant degree. These results explain
why either mutation is selected so frequently but the combi-
nation of the two is so infrequent (both in the large database
and in the smaller study group). We previously reported that
the frequency of D30N acquisition was higher in patients who
received nelfinavir as an initial PI than in those who received
nelfinavir as an alternative (29). Here we demonstrated that
the incidence of D30N acquisition was strikingly low when the
L90M mutation already existed as a background mutation.

The longitudinal phylogenetic analysis of virus clones in a
nelfinavir treatment failure case, JPR-1, strongly suggested
that clones with D30N and those with L90M emerged directly
from a 30D/90L wild-type clone and formed two independent
clusters during almost the entire observation period. No clear
evidence which suggested conversion of L90M to D30N or vice
versa was obtained. These data strongly suggested mutual ex-
clusion of D30N and L90M in the process of evolution of PI
resistance mutants within a body. However, two clones with
D30N/L90M (H-4 and H-5) eventually clearly appeared from



714 SUGIURA ET AL.

the D30N lineage but not from the L90M lineage. Both of the
clones possessed additional mutations, many of which were
commonly shared. These included L10V, K14R, M641, L63P,
and N88D. Indeed, one such additional change, N88D, was
found to restore, at least in part, the impaired processing
activity and infectivity. In another nelfinavir treatment failure
case, JPR-3, D30N/L90M clones also appeared late in the
clinical course. In this case, their ascendants could not be
defined well. However, most of them were associated with the
D30N lineage. In addition, the L63P and N88D mutations
were again commonly found in all D30N/L90M clones from
JPR-3. Interestingly, correlation of the N88D mutation with
D30N/L90M was also observed in the large database study
(data not shown). These additional changes might have com-
pensated sufficiently to allow the enzyme to tolerate the D30N/
L90M mutational combination.

In the present study, we did not study drug susceptibility or
replication of the viruses under drug selective pressure in vitro.
However, in case JPR-1, the predominance of L90M clones
(D-3, D4, E-2 to -7, F-1, F-3, and F-4) during 3TC-d4T-
nelfinavir treatment indicates an advantage of L90M for viral
replication in vivo. Clones with D30N (G-1 to -6, H-2, and H-3)
appeared after the treatment was switched to dideoxyinosine-
d4T-saquinavir-ritonavir. It seems that D30N virus has en-
hanced fitness and higher drug resistance than clones with
L90OM.

The D30N/LY0OM protease processed p1607* precursor into
p51 and p66 RT proteins, although a little less efficiently than
HXB2cv, but it was hardly able to produce the final products of
pS5%“8, MA and CA,. Thus, D30N/L90M protease behaved
differently from the completely inactivated D25N protease and
the HXB2cv protease whose function was inhibited by 5 uM
nelfinavir. These results suggested that a certain level of cata-
lytic activity was retained by D30N/L90M protease, but the
substrate-enzyme interaction, particularly interaction with
pS5%°%, might be significantly disturbed or altered.

The exact mechanism of the incompatibility between D30N
and L90M is not understood. The three-dimensional structure
of the HIV-1 protease dimer shows that the 30D residue is
located in the S2 subsite (24), while the 90L residue is rather
distal to the catalytic site. Thus, these two loci are not juxta-
posed to each other. Therefore, direct steric hindrance or
interaction between these residues is unlikely to occur. Inter-
estingly, 88N is located between 30D and 90L, and the N88D
mutation was compensatory to some extent. Thus, some sur-
face area including 88N and 90L and the S2 subsite may be
involved in or important for anchoring the p55%“¢ substrate on
the enzyme. A subtle change of the nonpolar side chain due to
L90M and loss of negative charge due to D30N may somehow
disturb the enzyme-substrate interaction. Acquisition of a neg-
ative charge due to N88D may compensate for the loss of a
negative charge at codon 30 due to the D-to-N change.

Here we have identified an antagonistic relationship be-
tween the D30N and L90M mutations in the HIV-1 protease in
terms of protease function and viral infectivity. We have also
suggested that since the protease is highly flexible in structure,
it can accommodate additional mutations to overcome incom-
patible mutations. Theoretically, evolutionary forces drive an
impaired protease towards the recovery of its activity (1). Ac-
cumulation and selection of such mutations in vivo appeared to
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have taken a long time period in our clinical cases. The devel-
opment of mutations that reduce viral fitness might cause a
slowing of disease progression and possibly enable the partial
restoration of host immune systems. As our analyses were
performed mainly by using artificially constructed cloned vi-
ruses with limited mutation combinations, further investiga-
tions using clinically isolated viruses to identify interactions of
drug resistance mutations are required. Accumulation of clin-
ical data may provide guidance for a more rational multiple-
drug protocol to help control HIV-1 replication and HIV-1
disease progression.
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