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Abstract
GRL-0519 (1) is a potent antiviral inhibitor of HIV-1 protease (PR) possessing tris-
tetrahydrofuran (tris-THF) at P2. The high resolution X-ray crystal structures of inhibitor 1 in
complexes with single substitution mutants PRR8Q, PRD30N, PRI50V, PRI54M, and PRV82A were
analyzed in relation to kinetic data. The smaller valine side chain in PRI50V eliminated
hydrophobic interactions with inhibitor and the other subunit consistent with 60-fold worse
inhibition. Asn30 in PRD30N showed altered interactions with neighboring residues and 18-fold
worse inhibition. Mutations V82A and I54M showed compensating structural changes consistent
with 6-7-fold lower inhibition. Gln8 in PRR8Q replaced the ionic interactions of wild type Arg8
with hydrogen bond interactions without changing the inhibition significantly. The carbonyl
oxygen of Gly48 showed two alternative conformations in all structures likely due to the snug fit
of the large tris-THF group in the S2 subsite in agreement with high antiviral efficacy of 1 on
resistant virus.
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INTRODUCTION
HIV/AIDS is a life-threatening disease that interferes with the immune system, and
approximately 1.8 million people died of AIDS-related illnesses in 20101. Although there is
no effective vaccine available2, highly active antiretroviral therapy (HAART), which
employs a combination of different antiretroviral drugs, improves the lives of AIDS
patients3. HIV-1 protease (PR) is critical for viral particle maturation since it cleaves the
viral precursor polypeptides Gag and Gag-Pol into the mature structural and enzymatic
proteins4, 5. Thus PR is an effective target for antiviral drugs, however, the most severe
challenge to the long-term efficacy of protease inhibitors (PIs) in HAART is the emergence
of drug resistant mutants of PR6.

HIV-1 PR is catalytically active as a homodimer. Structural regions critical for PR activity
and stability are the dimer interface including the catalytic Asp25 from each subunit and the
flexible flaps comprising residues 45 to 557,8. To date, there are nine approved clinical PIs.
The first clinical inhibitors, such as saquinavir (SQV), were designed to bind tightly in the
active site cavity of the wild type enzyme; however, their binding affinity can be readily
lowered by mutations. Analysis of the structural and biochemical properties of PR mutants
suggests that resistant mutations act by multiple mechanisms, including mutations in the
binding site that directly lower inhibitor affinity, mutations at the dimer interface that
destabilize the catalytically active dimer, and flap mutations that alter the conformational
flexibility7. Drug resistant PR mutants exhibit decreased binding affinity for inhibitors while
maintaining the critical PR function in viral replication9. Two clinical PIs, darunavir (DRV)
and amprenavir (APV), contain tetrahydrofuran (THF) in the P2 group; APV has a single
THF while DRV incorporates bis-THF. The bis-THF of DRV introduces more hydrogen
bonds with PR main chain atoms, and DRV has demonstrated high potency and clinical
efficacy on resistant viral infections10, 11. Recently, a third THF ring was added to enlarge
P2 and fit better in the S2 binding pocket of PR, leading to the novel PI called GRL-0519 (1)
(Figure 1A). The incorporation of the third ring endows inhibitor 1 with excellent antiviral
activity on drug resistant virus12.

The crystal structure of inhibitor 1 complexed with wild type PR (PRWT) was reported
previously12. The third THF ring showed new water molecule-mediated hydrogen bonds
with conserved PR residues Gly27, Asp29 and Arg8’. In order to study the molecular basis
for the potency of inhibitor 1 against drug resistant viral strains, crystal structures of
inhibitor 1 complexes with PR mutants bearing single substitutions of R8Q, D30N, I50V,
I54M and V82A (PRR8Q, PRD30N, PRI50V, PRI54M and PRV82A) were analyzed. The
location of these mutations in the PR dimer is indicated in Figure 1B. These mutations, with
the exception of R8Q, are common in drug resistant clinical isolates13. R8Q was one of the
first resistant mutants identified in the laboratory for an investigational inhibitor14. In the
wild type enzyme, Arg8 forms an ionic interaction with Asp29’ in the other subunit as an
important component of the dimer interface15,16. This intersubunit ionic interaction was
eliminated in the mutant with the single substitution of R8Q17. Moreover, in the PRWT-
inhibitor 1 complex, the side chain of Arg8 forms a water molecule-mediated hydrogen
bond with the third THF of inhibitor 112. Therefore, it is of particular interest to test how the
R8Q mutation affects the binding of inhibitor 1. D30N is a major mutation that is associated
with resistance to nelfinavir (NFV)18. Asp30 forms hydrogen bond interactions with the bis-
THF of DRV, thus mutation of this residue may alter the inhibitor binding. Mutations of the
flap residues such as Ile50 and Ile54 can alter the conformational dynamics of this region,
thereby affecting the binding affinity for inhibitors19-22. Ile50 is located at the tip of the flap
where its side chain forms hydrophobic interactions with inhibitors. Mutation of I50V to a
shorter side chain is expected to reduce the binding affinity for inhibitors. Indeed, PR with
I50V mutation exhibits significantly reduced inhibition by indinavir, SQV, and DRV21-23.
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I50V also has a significant effect in destabilizing the PR dimer21. Mutations of Val82 are
found frequently in resistant virus13. The mutation V82A in the active site cavity can
eliminate interactions with inhibitor, and also exhibits a shift of its main chain atoms to
adapt to inhibitor24-26. Here, the inhibitor 1 complexes with PR mutants PRR8Q, PRD30N,
PRI50V, PRI54M and PRV82A are analyzed in relation to the PRWT-inhibitor 1 complex and
the inhibition values.

RESULTS
Compound 1 inhibition of PRWT and selected mutants

The kinetic parameters and inhibition constants (Ki) of compound 1 for PRWT and selected
mutants PRR8Q, PRD30N, PRI50V, PRI54M and PRV82A are shown in Table 1. The catalytic
efficiency (kcat/Km) of PRV82A showed 2.7-fold increase, PRI54M was essentially identical
and PRR8Q had a slight decrease relative to PRWT. The lowest catalytic efficiency of 10% of
PRWT was observed for PRD30N and PRI50V. The relative catalytic efficiency of PRD30N
measured here is consistent with previous reports using a different substrate23. The relative
activities of PRI50V and PRV82A are slightly different from those reported earlier; however,
the trends are identical, with decreased kcat/Km for PRI50V and increased kcat/Km for
PRV82A. Compound 1 showed a range of inhibition of up to 60-fold for the various mutants
relative to the wild type enzyme. The inhibition constant of PRR8Q for compound 1 was not
significantly different from the value of 0.5 nM for PRWT. The PRI54M and PRV82A showed
7- and 6-fold increased Ki for compound 1 relative to PRWT. Again, the mutants PRD30N
and PRI50V showed the most significant changes with 18- and 60-fold worse inhibition,
respectively.

Crystallographic analysis of inhibitor 1 complexes
Crystal structures of PR mutants PRR8Q, PRD30N, PRI50V, PRI54M and PRV82A were
obtained in complex with inhibitor 1 and the structures were refined at resolutions of
1.06-1.49 Å. The crystallographic data collection and refinement statistics are summarized
in Table 2. All five complexes were determined in space group P21212 and refined with
anisotropic B-factors, solvent molecules, and hydrogen atoms to the R-factors of 13.8-16.3.
The asymmetric unit contains one PR dimer of residues labeled 1–99 and 1’–99’ for each
monomer. Well defined electron density was observed for the PR residues, as illustrated for
the mutated residues in Figure 2. The mutated residues, except for Ala82, show alternative
conformations. The side chain of mutated residue Asn30/Asn30’ in both subunits of
PRD30N-inhibitor 1 structure has two alternative conformations with relative occupancies of
0.55/0.45. Alternative conformations of the side chains of mutated Met54 and Gln8 with
relative occupancies of 0.58/0.42 and 0.55/0.45, respectively, were observed in one subunit
in the PRI54M and PRR8Q-complexes. Mutated residue Val50 showed alternative
conformations for both main chain and side chain atoms in both subunits of PRI50V-inhibitor
1 with relative occupancies of 0.7/0.3. Inhibitor 1 has two alternative conformations related
by 180° in all five complexes with relative occupancies listed in Table 2.

The residues 48-51/52 at the tip of the flaps show alternative conformations in all the
complexes, which was associated with approximately 180° rotation of the peptide bond
between Ile50 and Gly51 and alternative conformations of the carbonyl group of Gly48 in
both subunits. The electron density map of residues Gly48-Gly52 from the atomic resolution
(1.06 Å) structure of PRI54M-inhibitor 1 illustrates clearly the alternative conformations
(Figure 3A). Corresponding regions of the other mutant structures are shown in Figure S1.
Similar disorder in the flaps was observed in the wild type complex with inhibitor 1.
However, alternative conformations are unusual for Gly48 in complexes with other
inhibitors. Here, in each conformation of the flap residues, the carbonyl oxygen of Gly48
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forms several C-H...O interactions with the tris-THF P2 group and Gly48’ forms a C-H...O
interaction with the P2’ aniline in the corresponding conformation of inhibitor 1 (Figure
3B). The two conformations of Gly48 may arise from steric hindrance due to the tight fit of
the tris-THF group in the S2 subsite.

The mutant dimers superimpose on the PRWT-inhibitor 1 complex (PDB ID: 3OK9) with
pairwise root mean square deviations (rmsd) of 0.13-0.24 Å on 198 Cα atoms. Both
alternative inhibitor conformations are considered, except for the minor conformation of
inhibitor in PRI50V-inhibitor 1, which has the low relative occupancy of 0.3. Hydrogen bond
interactions of inhibitor 1 with all five mutants are similar except for variation in
interactions of residue 30 (Table S1). The side chain of Asn30/30’ in PRD30N forms a
hydrogen bond interaction with the first THF oxygen of inhibitor 1 as observed for the major
conformation of inhibitor 1 in the PRWT complex; however, this interaction was not
observed for Asp30/Asp30’ in the other four mutants. Interatomic distances for hydrogen
bond interactions (O-H...O, N-H...O, etc.) are considered in the range of 2.4-3.4 Å, C-H...O
interactions at 3.0-3.7 Å separation, C-H...π interactions for distances of <4.0 Å, and van
der Waals contacts when distances are 3.8-4.2 Å, as described previously27. Structural
changes are described for each mutant separately or in related pairs in the following
sections.

Influence of D30N on PR structure and its interaction with inhibitor 1
Residue 30 is located at one end of the active site cavity and interacts with the inhibitor,
although the side chain frequently has alternate conformations. In PRWT–inhibitor 1, the
side chain and main chain amide of the major conformation of Asp30’ form hydrogen bond
interactions with the first THF ring of inhibitor 1 (Figure 4A). The main chain of residue 30’
lies in essentially the same position in PRD30N–inhibitor 1 and PRWT–inhibitor 1, thus the
hydrogen bond interaction of the main chain amide of Asp30’ with O26 of inhibitor 1 is
preserved in the mutant (Figure 4A). In addition, the major conformation of the side chain
(occupancy of 0.55) of residue 30’ was similar in both structures and retained the hydrogen
bond interaction with inhibitor. However, the minor conformation (occupancy of 0.45) of
the side chain differs in the mutant and the wild type enzyme, especially the position of Oδ1
atom, due to the Cγ movement of approximately 0.9 Å as well as rotation of the side chain
(approximately 90°) of Asn30’ compared to Asp30’ of PRWT. As a result, the side chain of
Asn30’ in the mutant forms a hydrogen bond with a water molecule, which further interacts
with the side chain of Asn88’ as well as the main chain of Thr74’ (Figure 4B). This water
molecule also forms hydrogen bond interactions with the main chain and side chain of
Thr31’ in both wild type and mutant (not shown in Figure 4B). In the other subunit (1-99),
the Asn30 side chain in PRD30N forms a hydrogen bond with the minor conformation of
inhibitor 1 , which was not observed in PRWT (Figure 4C). The interactions of Asn30 with
neighboring residues are similar to those shown in Figure 4C for Asn30’. It seems that the
observed 18-fold increase in the inhibition constant of the inhibitor 1 for PRD30N does not
arise from changes in the direct interactions between residue 30 and the inhibitor. Instead,
the elimination of the negative charge of Asp30 and alterations within an internal network of
interactions may provide indirect effects on inhibition. Similar changes in interactions of
residues 30 and 88 have been reported in mutants containing D30N and N88D and also
proposed to effect inhibition28, 29.

Mutations I54M and V82A produce compensating shifts in the 80s loop residues
Ile54, which is located in the flap region, does not contact inhibitors directly, but it forms
many hydrophobic interactions with surrounding residues, including residues in the 80s loop
(residues 78-82) and Ile50’. In the subunit comprising residues 1-99, Met54 had two
alternative conformations as shown in Figure 2. Compared with Ile54 in PRWT, both the

Zhang et al. Page 4

J Med Chem. Author manuscript; available in PMC 2014 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



major (Figure 5A) and minor (Figure 5B) conformations of Met54 in PRI54M formed one
more inter-subunit van der Waals contact with the major and minor conformations of Ile50’.
The 80s loop in PRI54M has shifted to accommodate the larger side chain of Met54
compared with Ile54 in PRWT. Pro79 has shifted away from residue 54 by about 0.8Å at the
Cα atom to maintain their van der Waals interactions. The major conformation of Met54
(relative occupancy of 0.58) formed the same number of van der Waals contacts with Pro79
(Figure 5A). In addition, it formed one new van der Waals interaction with the major
conformation of Thr80. The minor conformation of Met54 (relative occupancy of 0.42)
formed the same number of van der Waals contacts with the proline ring (Figure 5B);
however, it gained a new C-H...O interaction with the main-chain carbonyl oxygen atom of
Pro79 and one more van der Waals interaction with the minor conformation of Thr80
compared with Ile54 in PRWT. In the other subunit 1’-99’, Met54’ had a single conformation
and formed one less inter-subunit van der Waals contact with both the major (Figure 5C)
and minor (Figure 5D) conformations of Ile50 compared with Ile54’ in PRWT. Unlike
subunit 1-99, the 80's loop residue Pro79’ in subunit 1’-99’ exhibited two alternative
conformations. A larger shift of approximately 1.1Å was observed for the major
conformation of Pro79’ whereas the minor conformation showed an insignificant change of
0.2 Å. Although Met54’ had less van der Waals interactions with the major conformation of
Pro79’, it gained a new one with Thr80’ (Figure 5C). The interactions of residue 54’ with
the minor conformations of proline were identical for PRWT and the mutant (Figure 5D).
However, it gained new interactions with the C atoms of Pro79’ and Thr80’. Taken together,
there are either two conformations of Met54 or the 80s loop residues to accommodate the
large side chain of the mutated Met54. Ile50 exhibits two alternative conformations in all
structures as mentioned previously. Met54 in PRI54M has a similar number of intersubunit
van der Waals contacts with Ile50’ as does Ile54 in PRWT (Figures 5A-D). The separation of
Pro79 and residue 54 is increased in the mutant so that their van der Waals interaction is
retained. The new interactions between Met54 and Thr80 may help maintain the
conformation of the rest of the 80s loop residues despite the shift of Pro79/79’. As shown in
Figure 5E, the hydrophobic interactions of Val82 and 82’ with the P1 and P1’ groups of
inhibitor 1 are retained in PRWT and PRI54M. Therefore, the similar catalytic efficiency of
PRI54M and PRWT may reflect the similar internal contacts of residue 54. Moreover, the
hydrogen bond between the major conformation of inhibitor 1 and Asp30 in PRWT was not
observed in PRI54M, which may contribute to the 7-fold lower inhibition for PRI54M.

Val82/82’ has extensive C-H...π interactions with the P1 phenyl group and a van der Waals
contact with the P1’ group of inhibitor 1 in PRWT (Figure 5F). Mutation V82A introduces
the smaller Ala side chain, leading to the loss of C-H...π interactions with the P1 phenyl
group of inhibitor 1 compared with those in the wild type complex. However, the main chain
of Ala82’ has shifted toward the inhibitor by around 0.5 Å compared to the wild type
complex, which preserves the hydrophobic interaction with the P1’ of inhibitor 1 (Figure
5F). The interactions of Val82/82’ with the major and minor conformations of the inhibitor
were identical, thus only those with the major conformation of the inhibitor 1 are shown.
Similar to PRI54M, the hydrogen bond between the major conformation of inhibitor 1 and
Asp30 in PRWT was also not observed in PRV82A. The absence of a hydrogen bond plus
fewer interactions of Ala82 with the P1 phenyl of inhibitor 1 may be responsible for the
decreased inhibitory activity of inhibitor 1 for PRV82A. However, the compensation
mechanisms observed in PRI54M and PRV82A may explain why there was only 6-7 fold
decrease of the inhibition constants for these two mutants relative to PRWT.

Mutations I50V and R8Q alter the dimer interface and interactions with inhibitor 1
The side chain of Ile50’ in PRWT had extensive interactions with inhibitor 1, including C-
H...O and C-H...π interactions (Figure 6A). However, the interactions with the P2’ group of
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inhibitor were eliminated for the small Val50’ side chain in the mutant PRI50V and only two
C-H...O interactions with the sulfonamide oxygen were maintained. Similarly, the two van
der Waals interactions between Ile50 and the P2 tris-THF group of inhibitor 1 were lost in
the other subunit of PRI50V (Figure 6B). Similar to PRI54M and PRV82A, the hydrogen bond
between the major conformation of inhibitor 1 and Asp30 in PRWT was also absent in
PRI50V. Taken together, the considerably reduced interactions of mutant PRI50V with
inhibitor 1 are consistent with the significantly decreased inhibition (60-fold) for PRI50V
compared to the PRWT.

The mutation of Ile50 to Val50 also affects the inter-subunit interactions. In PRWT, the
Ile50’ side chain had hydrophobic interactions with the side chains of Ile84 and Ile47, and
the same inter-subunit interactions were also observed for Ile50. However, the interactions
of Val50’ with both Ile84 and Ile47 are eliminated in the PRI50V mutant as illustrated in
Figure 6C. The loss of the interaction between Val50 and Ile47’ was also observed in the
other subunit. These findings are consistent with our previous analysis of PRI50V
structures21, and the overall decreased interaction between subunits may account for the 10
fold decrease of its catalytic efficiency as well as likely contributing to the significantly
worse inhibition relative to PRWT.

In contrast to mutant PRI50V, mutation of R8Q has altered the type of interaction rather than
eliminated interactions. In the wild type PR, Arg8’ forms an ionic interaction with Asp29 in
both subunits (Figure 7A & B). However, this inter-subunit ionic interaction is eliminated in
PRR8Q (Figure 7C & D). In one subunit of PRR8Q, a direct hydrogen bond is formed
between the side chains of Gln8 and Asp29’ (Figure 7C). The side chain of Gln8 in PRR8Q
has shifted away from Arg8 in PRWT by approximately 0.9 Å, thus gaining new hydrogen
bond interactions with conserved water molecules C and D and a water molecule-mediated
interaction with the tris-THF of inhibitor. In the other subunit, Gln8’ has two alternative
conformations with relative occupancies of 0.55/0.45 (Figure 7D). The side chain of Gln8’
in the major conformation forms two direct and one water molecule-mediated hydrogen
bond with Asp29, whereas that of the minor conformation forms one water molecule-
mediated hydrogen bond with Asp29. Overall, direct as well as water molecule-mediated
inter-subunit hydrogen bonds between Gln8 and Asp29’ were observed in both subunits,
suggesting that these new interactions might compensate for the loss of the inter-subunit
ionic interactions in the wild type enzyme (and many other mutants).

The conserved water molecule D also has a hydrogen bond interaction with the oxygen of
the third THF ring of inhibitor 1 in both PRWT and PRR8Q (Figure 7). This water molecule
mediates a hydrogen bond interaction between the inhibitor 1 and Gln8/8’, which is not seen
for Arg8/8’ in PRWT (Figure 7C & D). Moreover, conserved water molecule C mediates an
additional hydrogen bond between the major conformation of inhibitor 1 and the side chain
of Gln8, which resembles the interaction between the minor conformation of inhibitor 1 and
Arg8’ in PRWT (Figure 7B).

In summary, although PRR8Q has lost the strong inter-subunit ionic interaction between
Arg8 and Asp29’, compensation is provided by new direct and water molecule-mediated
hydrogen bonds. Meanwhile, even though the hydrogen bond between the major
conformation of inhibitor 1 and Asp30 in PRWT was not seen in PRR8Q, the water molecule-
mediated hydrogen bond interaction between inhibitor 1 and Gln8/8’ was enhanced to some
extent. Therefore, there is little absolute change in the interaction of PRR8Q with inhibitor 1.
In contrast, PRI50V showed significant loss of interactions with inhibitor 1. These structural
changes explain why inhibitor 1 has 60-fold worse inhibition for PRI50V while its inhibition
for PRR8Q was not affected significantly.
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DISCUSSION AND CONCLUSIONS
Inhibitor 1 is a novel inhibitor incorporating a unique tris-THF group at P2 to target drug
resistant HIV-1 PR mutants. Previously inhibitor 1 was reported to possess potent antiviral
activity against wild type HIV-1 and multidrug-resistant strains 12. Here, structural and
kinetic analyses are described for inhibitor 1 with selected PR mutants. The single mutants
showed various effects. Substitution of the smaller side chains in PRI50V and PRV82A
resulted in the loss of their interactions with inhibitor; however, mutation V82A caused a
shift of its main chain atoms to compensate for the loss. Mutation to larger side chain in
PRI54M pushed the Pro79 away from residue 54 maintaining their interactions; moreover,
new interactions were formed between Met54 and Thr80. The elimination of the interactions
caused by the change of the residue size in PRI50V and PRV82A may be related to their worse
inhibition (Ki) by inhibitor 1. In addition, the mechanisms PRV82A and PRI54M adopted to
compensate for the loss of the interactions may account for the moderate decrease (6~7-fold)
in Ki for PRV82A and PRI54M compared to significant reduction (60-fold) in Ki for PRI50V.
Moreover, inter-subunit interactions were lost in PRI50V, which is expected to contribute to
the worse inhibition. Mutations in PRD30N and PRR8Q eliminated the negative and positive
charges of Asp30 and Arg8, respectively. In PRR8Q, new hydrogen bond interactions of
Gln8 replaced the inter-subunit ionic interaction of Arg8 with Asp29’. Meanwhile, Gln8
formed new water molecule-mediated hydrogen bonds with inhibitor 1, which may explain
why inhibitor 1 has similar inhibition for PRR8Q and PRWT. In terms of hydrogen bonds
with inhibitor 1, PRWT and all five mutants are similar except for variation in interactions
with residue 30 due to the mobility of its side chain. The variation in Asp30/30’ and its
interaction with inhibitor did not appear to be a major factor in the Ki for these mutants.

PRD30N differs from the other mutants since the major changes are loss of negative charge
for Asp30 and altered internal interactions of residue 30/30’ to account for 18-fold decrease
of its Ki value for inhibitor 1. D30N mutation is the major mutation associated with
resistance to NFV13, which has been suggested to arise from the change of conformational
entropy upon inhibitor binding29. Our structural analysis also showed that mutation D30N
introduced changes in its interactions with neighboring residues Thr74 and Asn88. In
PRD30N, the side chain of Asn30 formed water molecule-mediated hydrogen bond
interactions with both Thr74 and Asn88, whereas, these interactions were absent in PRWT-
inhibitor 1. Moreover, the proteolytic activity is sensitive to mutations of residues Gly86-
Arg87-Asn8816, 30. Considering the positive association of mutation D30N and N88D31, it
would be interesting to study how N88D influences the structure of D30N in complex with
this new inhibitor 1.

Compound 1 is an inhibitor designed to fill the S2 binding pocket of PR by incorporating a
third THF ring in the P2 group relative to DRV (Figure 1A). As analyzed in its complex
with PRWT

12 (Figure 7A-B), the oxygen of the third THF ring of inhibitor 1 gains a
hydrogen bond interaction with a conserved water molecule (D in Figure 7A) and helps
stabilize the inter-subunit interaction of Arg8’ with Asp29 and other surrounding residues.
In the mutant PRR8Q, the interaction of the newly incorporated ring of inhibitor 1 with this
conserved network was maintained, which is consistent with almost identical inhibition for
PRWT and PRR8Q. Mutation R8Q, however, has rarely been found in resistant clinical
isolates. DRV has a Ki value of 6.6 nM for mutant PRD30N and up to 18 nM for PRI50V
consistent with resistance to virus with these mutations22, 23. Similarly, our study suggests
that viral strains containing D30N or I50V are likely to show resistance to inhibitor 1 given
their Ki values of 8.9 and 30.9 nM for PRD30N and PRI50V, respectively. Inhibitor 1 shows
moderate effects on the other two mutants, PRV82A and PRI54M, similar to their effects with
DRV22, 26. Therefore, mutations D30N, I50V, I54M, and V82A exhibit similar effects on
both inhibitors, although inhibitor 1 is less effective than DRV on PRI50V. Mutation R8Q
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exhibits higher sensitivity to compound 1 than other mutations studied here, suggesting that
compound 1 may be a good inhibitor against viral strains bearing R8Q mutation. Drug
resistant clinical isolates generally have more than one mutation, however, and previous
studies of single and double mutations indicate that the changes in structure and other
properties of the respective single mutants may not be preserved in the double mutants29, 32.
More importantly, the influence of drug resistant mutants on the viral infectivity depends not
only on the inhibitor sensitivity, but also on the protease activity, especially for those
mutations lacking direct interactions with the inhibitors33. Their study showed that mutant
PRI50V had the most negative effect on viral infectivity. Our previous studies suggested that
the loss of dimer stability due to I50V mutation was a major contributor to the diminished
catalytic activity and inhibition of PRI50V

21. Mutant PRD30N also showed ~50% loss of
infectivity33 in agreement with our previous observation of altered activity on different
precursor cleavage sites17. Therefore, a single mutation may have a variety of effects on
inhibition, dimer stability, catalytic activity and viral replication. Finally, since inhibitor 1
possesses the large tris-THF P2 group, our structural analysis suggests it may fit better with
the mutants that have an expanded S2/S2’ pocket, such as the extreme multiple mutant
PR2028.

EXPERIMENTAL SECTION
General

Inhibitor 1 has shown analytical purity of >98% by HPLC12. The structure was confirmed
by 1H and 13C NMR spectral analysis, and high resolution mass spectrometry. HRMS (ESI)
[M+Na]+ calcd for C30H40N2O9SNa: 627.2352, found: 627.2359.

Protein expression and purification
In order to prevent PR autoproteolysis, a PR clone (Genbank HIVHXB2CG) engineered
with five mutations (Q7K, L33I, L63I, C67A and C95A) was used as a template. Mutants
(R8Q, D30N, I50V, I54M and V82A) were generated by using the Quick-Change
mutagenesis kit (Stratagene, La Jolla, CA). The expression, purification and refolding were
performed as previously described34, 35.

Enzyme kinetics
Kinetic parameters were determined by a fluorescence assay. The fluorogenic substrate was
Abz-Thr-Ile-Nle-p-nitro-Phe-Gln-Arg-NH2, where Abz is anthranilic acid and Nle is
norleucine (Bachem, King of Prussia, PA, USA), with the sequence derived from the p2/NC
cleavage site of the Gag polyprotein. 10 μl protease (final concentration of 70-120 nM)
diluted in 98 μl reaction buffer (100 mM Mes, pH 5.6, 400 mM sodium chloride, 1 mM
EDTA and 5% glycerol) and 2 μl dimethylsulfoxide or inhibitor (dissolved in
dimethylsulfoxide) were incubated at 37 °C for 5 min. The reaction was initialized by
adding 90 μl substrate. The reaction was monitored over 5 min in the POLARstar OPTIMA
microplate reader at wavelengths of 340 and 420 nm for excitation and emission. Data
analysis was performed using the program sigmaplot 9.0 (SPSS Inc., Chicago, IL, USA).
Km and kcat values were obtained by standard data fitting with the Michaelis–Menten
equation. The Ki value was obtained from the IC50 values estimated from an inhibitor dose–
response curve using the equation Ki = (IC50) [E]/2)/(1 + [S]/Km), where [E] and [S] are the
PR and substrate concentrations.

Crystallographic Analysis
Crystals were grown by the hanging drop vapor diffusion method using protein solutions
preincubated with inhibitor, which was dissolved in dimethylsulfoxide, in a molar ratio of
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1:5-10. The final crystallization drop was 1.6-2 μl with reservoir solution and protein in a
1:1 ratio by volume. Crystallization conditions for different complexes were as follows:
22%-24% saturated Ammonium Sulfate, 130-135 mM Sodium Phosphate, 0.05 M Sodium
Citrate, pH 6.1 for PRR8Q; 1.46 M NaCl, 0.1 M Sodium Citrate, pH 5.0 for PRD30N;
1.26-1.46 M NaCl, 0.06 M Sodium Acetate, pH 5.0-5.4 for PRI50V; 0.6-0.93 M NaCl, 0.06
M Sodium Acetate, pH 4.6-5.0 for PRI54M; and 10% Ammonium Sulfate, 0.05M Citrate-
Phosphate, pH 5.6 for PRV82A. The crystals for X-ray data collection were soaked in the
reservoir solution with 20-30% glycerol as cryoprotectant for ~1 min and frozen
immediately in liquid nitrogen. X-ray data for all the complexes were collected on the SER
CAT beamline at the Advanced Photon Source, Argonne National Laboratory. Data were
processed using HKL200036. The structures were solved by molecular replacement using
PHASER37 in the CCP4i suite of programs38. Crystal structures were refined with
SHELX9739. Manual adjustments and rebuilding were performed using the molecular
graphics program COOT40. Figures of the structures were prepared with PYMOL (http://
www.pymol.org).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

HAART highly active antiretroviral therapy

PRWT mature HIV-1 protease

PI clinical inhibitor of PR

DRV darunavir

NFV nelfinavir

tris-THF tris-tetrahydrofuran

PRR8Q PR with R8Q mutation

PRD30N PR with D30N mutation

PRI50V PR with I50V mutation

PRI54M PR with I54M mutation

PRV82A PR with V82A mutation
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Figure 1.
(A) The chemical structures of protease inhibitor compound 1. (B) The structure of HIV-1
PRWT/inhibitor 1. The HIV-1 protease dimer is shown in light blue cartoon representation.
The inhibitor 1 and wild-type residues at the mutation sites are indicated by differently
colored sticks. The same residues on the two subunits are shown in the same color with only
one of them labeled.
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Figure 2.
Fo-Fc omit maps (contoured at 3.0 σ) for the mutated residues. The magenta sticks indicate
the alternative conformations of Asn30, Met54 and Val50.
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Figure 3.
(A) Fo-Fc omit map (contoured at 3.0 σ) for the flap residues Gly48 - Gly52 in complex
PRI54M–inhibitor 1 (1.06Å). Carbon atoms are colored cyan and magenta for the major and
minor conformations, respectively. (B) Interactions of Gly48/48’ with inhibitor 1 in complex
PRI50V–inhibitor 1 (0.7/0.3 occupancy). The major and minor conformations of Gly48/48’
and the inhibitor 1 are represented by sticks with carbon atoms colored cyan and lines with
carbon atoms colored magenta, respectively. C-H...O interactions between the major
conformations are indicated by dash-dot lines with distances in Å. C-H...O interactions
between the minor conformations are the same but not shown here for clarity.
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Figure 4.
Structural changes of PRD30N. Carbon atoms are colored gray for PRWT–inhibitor 1 and
cyan for PRD30N–inhibitor 1. Hydrogen bond interactions in PRWT–inhibitor 1 and PRD30N–
inhibitor 1 are represented by black and red dashed lines, respectively, with distances in Å.
Water molecules are shown as gray and cyan spheres for PRWT–inhibitor 1 and PRD30N–
inhibitor 1, respectively. Occupancies for alternative conformations are labeled in
parentheses for Asp/Asn30’. (A) Interactions of Asp/Asn30’ with the major conformation of
inhibitor 1. (B) Interactions of Asp/Asn30’ with the neighboring residues. (C) Interactions of
Asp/Asn30 with the minor conformation of inhibitor 1.
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Figure 5.
Structural changes of PRI54M and PRV82A. Carbon atoms are colored gray for PRWT–
inhibitor 1 and cyan for PRI54M–inhibitor 1 or PRV82A–inhibitor 1. Interactions are
indicated by black lines for PRWT–inhibitor 1 and red lines for the mutants. Van der Waals
and C-H...π interactions are indicated by dotted lines. (A-B) Interactions of the major (A)
and minor (B) conformations of Ile/Met54 with Ile50’ and 80s loop residues in subunit 1-99.
(C-D) Interactions of Ile/Met54’ with Ile50 and the major (C) and minor (D) conformation
of 80's loop residues in subunit 1’-99’. Relative occupancies for alternative conformations of
residues are shown in parentheses. Red arrows indicate the shifts of the mutants relative to
PRWT. (E) Interactions of Val82/82’ with inhibitor 1 in PRWT and PRI54M. (F) Interactions
of Val/Ala82/82’ with inhibitor 1 in PRWT and PRV82A.
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Figure 6.
Structural changes of PRI50V. (A) Interactions of Ile/Val50’ with inhibitor 1. (B) Interactions
of Ile/Val50 with inhibitor 1. (C) Intersubunit interactions of Ile/Val50’ with surrounding
residues. Carbon atoms are colored gray for PRWT–inhibitor 1 and cyan for PRI50V–
inhibitor 1. Interactions in PRWT–inhibitor 1 and PRI50V–inhibitor 1 are represented by
black lines and red lines, respectively. C-H...O and van der Waals/C-H...π interactions are
indicated by dash-dot lines and dotted lines, respectively, with distances in Å.
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Figure 7.
Structural changes of PRR8Q. (A-B) Interactions of Arg8/8’ in PRWT–inhibitor 1. (C-D)
Interactions of Gln8/8’ in PRR8Q–inhibitor 1. Carbon atoms are colored gray for PRWT–
inhibitor 1 and cyan for PRR8Q–inhibitor 1. Water molecules are shown as gray and cyan
spheres for PRWT–inhibitor 1 and PRR8Q–inhibitor 1, respectively. The hydrogen bond
interactions are indicated by the dashed lines with distances in Å. Occupancies for
alternative conformations of inhibitor 1 and Gln8’ are indicated in parentheses. Hydrogen
bond interactions in RR8Q–inhibitor 1 are colored red. Interactions between water molecules
C and D in all figures (7A-7D) are omitted for clarity.
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