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GS-8374, a Prototype Phosphonate-Containing Inhibitor of HIV-1
Protease, Effectively Inhibits Protease Mutants with Amino Acid
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Insertions in the protease (PR) region of human immunodeficiency virus (HIV) represent an interesting mechanism of antiviral
resistance against HIV PR inhibitors (PIs). Here, we demonstrate the improved ability of a phosphonate-containing experimen-
tal HIV PI, GS-8374, relative to that of other PIs, to effectively inhibit patient-derived recombinant HIV strains bearing PR inser-
tions and numerous other mutations. We correlate enzyme inhibition with the catalytic activities of corresponding recombinant
PRs in vitro and provide a biochemical and structural analysis of the PR-inhibitor complex.

H uman immunodeficiency virus (HIV) protease (PR), which
processes Gag and Gag-Pol polyprotein precursors into func-
tional enzymes and structural proteins, is indispensable for the
formation of mature viral particles (1). HIV PR is therefore a
major target for anti-HIV treatments (reviewed in references 2,
and 3 and others), and nine PR inhibitors (PIs) have been ap-
proved by the U.S. Food and Drug Administration for treatment
of HIV-infected patients. However, evolution of drug-resistant
PR variants remains a major issue in effective long-term clinical
use of PIs (4, 5). PI-selected mutations include amino acid substi-
tutions as well as insertions. Insertions of 1 to 6 amino acids have
been detected at various sites in the viral PR sequence, such as the
regions between codons 17 and 18, 22 and 25, 31 and 32, 35 and
38, 70 and 71, and 95 and 96 (6-9). Surveys indicate that the
prevalence of insertions in the PR coding regions of HIV-positive
patients ranges between 0.1% and 4.5% (8), with most insertions
detected in the region between amino acids 33 and 39. Position 35
seems to be most prone to insertions (6, 10, 11).

We recently characterized the role of E35EE and L33LL amino
acid insertions in antiviral resistance. In vitro characterization
confirmed that these insertions contribute to viral resistance in
most of the clinically used PIs (7). Recently, Gilead Sciences re-
ported the design and profiling of GS-8374, a novel phosphonate-
containing PI that exhibits potent inhibitory activity against a
large panel of Pl-resistant viruses (12). GS-8374, a diethylphos-
phonate derivative of TMC-126 (13, 14), exhibits favorable in
vitro pharmacological properties and a resistance profile that is
superior to all clinically approved PIs and to structurally similar
compounds lacking a phosphonate moiety.

In this work, we set out to analyze the interaction of GS-8374
with drug-resistant PR variants containing amino acid insertions.
We also aimed to uncover the structural basis for the ability of
(GS-8374 to effectively inhibit these rare but clinically relevant
drug-resistant PR variants.

Compounds. GS-8374, (3R,3aS,6aR)-hexahydrofuro[2,3-
blfuran-3-yl (25,3R)-1-(4-((diethoxyphosphoryl)methoxy)phe-
nyl)-3-hydroxy-4-(N-isobutyl-4-methoxyphenylsulfonamido)
butan-2-ylcarbamate), was synthesized at Gilead Sciences.
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Atazanavir (ATV), lopinavir (LPV), darunavir (DRV), nelfinavir
(NFV), and amprenavir (APV) were isolated by reverse-phase
high-performance liquid chromatography from their therapeutic
formulations. TMC-126 and brecanavir were kindly provided by
Gilead Sciences.

In vitro drug susceptibility analysis: relative K; values. We
analyzed the in vitro kinetics of the inhibition of resistant PR vari-
ants with and without insertions by several PIs, including three
investigational compounds (for sequences and kinetic character-
ization of the PRs, see Table 1). Patient-derived PR coding regions
were amplified from recombinant viral clones as previously de-
scribed (7). PR1 contains the E35EE insertion and 12 amino acid
substitutions, while PR3 contains the L33LL insertion combined
with 15 substitutions (Table 1). To characterize the specific role of
the insertions in PI resistance, we prepared two additional PR
variants (PR2 and PR4) with matching amino acid substitutions,
but without the E35EE or L33LL insertions, by ligation of two PCR
products using previously described primers and procedures (7).
In addition, to dissect the effect of the insertions alone on the PI
resistance profile, recombinant protease variants harboring
amino acid insertions E35EE [WT(35)] and L33LL [WT(33)] in
the backbone of the wild-type protease were prepared.

All PR variants were overexpressed in Escherichia coli and pu-
rified to homogeneity using established protocols (15). We ana-
lyzed their catalytic activities, which show a 3- to 5-fold decrease in
k.. and an approximately 3-fold increase in K,,,, leading to a 5- to
10-fold decrease in overall catalytic efficiency relative to the WT
enzyme (data not shown). We also determined inhibition con-
stants (K;) for four clinically used inhibitors, including LPV, APV,
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TABLE 1 K; values for the inhibition of PR mutants by clinically approved and investigational inhibitors”

HIV-1
protease
(recombinant
virus)

Amino acid substitutions
and/or insertion”

K; in nM (ECsin nM)©

ATV

LPV

BCV

APV

DRV

TMC-126

GS-8374

Wild type
(HXB2)

WT(35)

PRI, E35EE
(VPRI)

PR2 (VPR2)

WT(33)
PR3, L33LL
(VPR3)

PR4 (VPR4)

E35EE

LI10F, 113V, G16A, K20M,
V321, E35EE, K43T,
M46V, 147V, 154 M,
164V, A71V, V82A

LI0F, 113V, G16A, K20M,
V321, K43T, M46V,
147V, 154 M, 164V,
A71V, V82A

L33LL

L101, 113V, K201, L33LL,
M36I, M461, 154V,
K55R, Q58E, 162V,
L63P, C67F, A71V,
G73S, V82A, L9OM

L101, 113V, K201, M36I,
M461, 154V, K55R,
Q58E, 162V, L63P,
C67F, A71V, G735,
V824, L90OM

0.044 = 0.017 (2.7 = 2.1)

0.012 = 0.002 (ND)
1.3+ 0.2 (7.0 * 3.6)

0.56 = 0.10 (3.0 = 1.0)

0.026 * 0.043 (ND)
5.6 £0.5(220 % 7)

2.6 0.8 (370 = 140)

0.032 £ 0.005 (12 = 4)

0.049 = 0.049 (ND)
13 = 2 (>1,000)

1.8 £ 0.4 (550 = 520)

0.0006 * 0.0004 (ND)
2.8 = 0.5 (>1,000)

0.88 = 0.14 (970 = 240)

0.004 £ 0.0033 (ND)

0.025 = 0.021 (ND)
0.41 + 0.15 (ND)

0.07 = 0.03 (ND)

0.010 * 0.018 (ND)
0.007 £ 0.011 (ND)

0.0021 *+ 0.0093 (ND)

0.075 = 0.02 (33 = 5)

0.21 = 0.02 (ND)
67 +5(1,300 * 100)

14 = 2 (290 * 140)

0.23 = 0.09 (ND)
1.7 £ 0.2 (140 = 10)

1.4 = 0.1 (200 = 40)

0.0017 * 0.003 (2.0 = 0.1)

0.003 *+ 0.002 (ND)
2.1 % 0.2 (46 + 32)

0.44 = 0.19 (8.0 £ 7.8)

0.019 = 0.013 (ND)
0.15 = 0.01 (4.0 = 2.6)

0.016 = 0.013 (3.7 = 0.6)

0.010 = 0.006 (1.0 = 0.4)

0.080 = 0.064 (ND)
0.49 + 0.004 (16 *= 6)

0.083 = 0.009 (3.9 = 2.2)

0.029 £ 0.014 (ND)
0.22 £0.02 (23 £ 1.7)

0.11 = 0.05 (1.2 = 0.6)

0.010 = 0.007 (3.3 = 1.2)

0.001 = 0.0008 (ND)
0.11 = 0.01 (4.0 = 3.0)

0.063 £ 0.030 (1.0 = 0.0)

0.071 £ 0.005 (ND)
0.16 = 0.02 (2.3 £ 1.2)

0.074 £ 0.005 (2.0 = 0.1)

@ PIs included atazanavir (ATV), lopinavir (LPV), brecanavir (BCV), amprenavir (APV), darunavir (DRV), TMC-126, and GS-8374.

¥ Amino acid substitutions with respect to the HIV-1 sequence database consensus B sequence (http://www.hiv.lanl.gov). Insertions are in bold.
¢ Inhibition constants were determined by spectrophotometric assay at pH 5.6. Numbers in parentheses are antiviral ECss for the corresponding recombinant viruses determined from at least three independent measurements. The
antiviral activities of the PIs was determined using a multicycle HIV-1 cytopathic assay in the MT-2 T cell line. All values are means = SD. ND, not determined.
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FIG 1 (A) Relative K; values of PIs for tested mutant PRs normalized to the
wild-type protease at pH 5.6. (B) Relative resistance of corresponding recom-
binant mutant HIV-1 variants as determined by a cytopathic virus replication
assay in the MT-2 T cell line. The arrows indicate that the relative resistance is
equal to or higher than the presented value (compare the actual values in Table
1). ECsy, 50% effective concentration.

ATV, and DRV, and for three experimental compounds, GS-8374,
TMC-126, and BCV (Table 1), by a spectrophotometric assay us-
ing a chromogenic peptide substrate (16). BCV was a bis-tetrahy-
drofuran-containing an investigational PI discontinued after
phase 2 studies in HIV-infected patients that exhibited a favorable
resistance profile against a large panel of patient-derived PI-resis-
tant viruses (17), and therefore it was used as a comparative con-
trol along with TMC-126, the parent compound of GS-8374 lack-
ing the phoshonate moiety (18). The potency of GS-8374 and
TMC-126 to effectively inhibit multiple-drug-resistant PR species
is reflected by the low relative inhibition values (i.e., ratios of K;
values for mutant and WT enzymes) of all PR variants in the
presence of these inhibitors. Comparison of the relative inhibition
data for PR1 (E35EE) and PR2 (without the insertion) revealed
that the E35EE mutation decreases the sensitivity of the enzyme to
the inhibition by all compounds tested except GS-8374 (Fig. 1A).
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A similar, albeit less pronounced effect on the PR sensitivity to
inhibitors was seen with the L33LL insertion (compare PR3 and
PR4 in Fig. 1A). Interestingly, the insertions alone without back-
ground PR mutations confer very little resistance to any of the
tested PIs, and their contribution to the total resistant phenotype
could be observed only in combination with multiple other mu-
tations in PR. This is consistent with the lack of reports on the
emergence of therapy-induced mutant HIV variants that would
contain the sequence insertions alone in the absence of any other
mutations (19).

Phenotypic susceptibility of HIV strains containing PR in-
sertion mutations to PIs. The impact of PR insertions on pheno-
typic susceptibility to PIs was analyzed using an antiviral assay
with corresponding recombinant viruses. The antiviral activity of
PIs was tested in PR1- and PR3-containing HIV recombinant
strains and in genotypically matched HIV strains without the cor-
responding PR insertions (PR2 and PR4). HIV-1 variants contain-
ing PR insertions were prepared from patient-derived clinical
samples (7). Viral RNA was isolated from plasma according to the
method described by Boom et al. (20) and used to reverse-tran-
scribe and amplify PR and the C terminus of Gag. The cDNA
amplicons were cloned into an HXB2 reference strain to yield
recombinant viruses VPR1 and VPR3. Site-directed mutants
VPR2 and VPR4, which lack the PR insertions, were generated as
described previously (7). HIV-1 wild-type HXB2 served as a con-
trol strain susceptible to all tested PIs. In general, the relative an-
tiviral resistance values (i.e., mutant EC,,/wild-type ECs,) corre-
lated with the relative enzyme inhibition values obtained with
purified recombinant PRs (compare Fig. 1A and B; see also Table
1). VPRI mutations conferred a high-level resistance to all PIs
except ATV, which showed only a moderate (2.7-fold) loss of
activity against VPR1. In contrast, GS-8374 exhibited equal activ-
ities against both WT and VPRI1. In comparison, the L33LL PR
insertion showed a less pronounced effect on the susceptibility of
VPR3 to the PIs. Notably, the presence of either of the two PR
insertions had a minimal effect on the susceptibility of the HIV
mutant strains to GS-8374.

X-ray structure analysis. The crystal structures of PR1 and
PR2 in complex with GS-8374 were determined by molecular re-
placement using protein coordinates from PR1 and PR2 in com-
plex with LPV (PDB ID no. 2RKG and 2RKF [7]) and refined
using diffraction data to 2.2 A and 2.05 A resolution, respectively
(see Fig. 2B and C). Atomic coordinates and structure factors have
been deposited in the Protein Data Bank under ID no. 4M8Y and
4M8X. Both crystals exhibited a hexagonal symmetry and an iden-
tical space group (P6,), with one PR dimer in the asymmetric unit.
Structures were refined with two inhibitor molecules bound in
alternative orientations related by a 180° rotation with 50% rela-
tive occupancy.

As previously seen in structures of PR1 and PR2 in complex
with LPV (PDB ID no. 2RKG and 2RKF [7]), the E35EE insertion
in PR1 causes structural changes in the flap elbow region (residues
34 to 38) (Fig. 3A). A comparison of the PR1 and PR2 structures
with the structure of wild-type PR in complex with GS-8374 (PDB
ID no. 2I14W [18]) revealed structural changes in inhibitor bind-
ing induced by the presence of mutations. The root mean square
deviations (RMSDs) for superposition of the wild-type structure
with PR1 and PR2 are 0.807 and 0.805 A, respectively. Major
structural differences (with an RMSD of >1 A) for PR variants
compared to the wild-type enzyme are located within the flap
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FIG 2 (A) Structures of GS-8374 and other bis-tetrahydrofuran-containing
PIs used in this study. (B) Positions of mutations in PR variants used for
structural studies. Each monomer of PR is used to depict mutations in the
PR1/PR2 and PR3/PR4 variants in yellow and green, respectively. Insertion
mutations are highlighted in red. Mutated residues are represented by their Cat
atoms (spheres), and active- site aspartates are shown as sticks; inhibitor
bound to the active site was omitted from the figure. (C) Superposition of
GS-8374 bound to wild-type PR (gray), PR1 (green), and PR2 (pink). Mutated
residues are shown in stick representation; the flap region (residues 46 to 56),
which covers the active site from the top, is omitted for clarity.

elbow (residues 34 to 38) and in regions around residues 59 to 74
(Fig. 3B). A detailed inspection of inhibitor binding to the mu-
tated PR variants and wild-type PR revealed a displacement of
(GS-8374 in the active site of the mutated enzymes (see Fig. 2C).
The V321 and 147V mutations change the shape of the S2 and S2’
pockets and consequently lead to adjustments of the P2 and P2’
substituent positions. We also observed significant differences for
the P1 and P1’ groups. The V82A mutation enlarged the S1’
pocket, causing a significant change in the conformation of the
P1’ isobutyl substituent. The P1 aromatic ring and the phospho-
nate group were rotated by about 20° relative to their positions in
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FIG 3 (A) Superposition of structures of PR1 (green) and PR2 (pink) in
complex with GS-8374. The structures are very similar, with an RMSD of 0.378
A for superposition of the corresponding Ca atoms. (B) Superposition of PR1
(green) and PR2 (pink) structures with the structure of the wild-type PR (gray)
in complex with GS-8374.

wild-type PR. The rotation of the phosphonate group is likely
induced by a change in the molecular surface at the opening of the
substrate binding tunnel caused by the V82A mutation.

The ability of GS-8374 to exploit the effectively larger active-
site volume of a mutant PR was established by analysis of the
crystal structure of the PR 184V/L90M mutant in complex with the
inhibitor (PDB ID no. 214X [18]). This effect was termed solvent
anchoring, since the solvent-exposed phosphonate group was
shown to be crucial for an effective adaptation of the inhibitor to
structural changes in the active site of mutated enzymes. The crys-
tal structures of PR1 and PR2 presented here also demonstrate
substantial adjustment of GS-8374 in the active site of heavily
mutated PR variants (containing 12 mutations and one insertion).
In addition, we also observed an adjustment of the solvent-ex-
posed phosphonate group (the solvent anchor) of GS-8374. This
ability of the inhibitor to adjust its position and conformation to
efficiently fill the enlarged pockets of the mutant active-site cavity
together with the additional interaction at the opening of the sub-
strate binding tunnel (Fig. 2C) can explain the ability of GS-8374
to maintain the inhibitory potency against PR1 and PR2.

In conclusion, this study further expanded the characterization
of the resistance profile of the prototype phosphonate-containing
PI GS-8374 and demonstrated the ability of the compound to
effectively inhibit HIV variants exhibiting significant resistance to
most clinically used PIs due to multiple PR substitutions and
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unique flap insertions. Biochemical characterization and crystal-
lographic analysis of the mutant PR enzymes provided further
mechanistic and molecular insight explaining the ability of GS-
8374 to effectively inhibit these unique resistant PR variants.

Protein Data Bank accession numbers. Atomic coordinates
and structure factors for GS-8374 have been deposited in the Pro-
tein Data Bank under ID no. 4M8Y and 4M8X.
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