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Although a majority of HIV-1 infections in Brazil are caused by the subtype B
virus (also prevalent in the United States and Western Europe), viral
subtypes F and C are also found very frequently. Genomic differences
between the subtypes give rise to sequence variations in the encoded
proteins, including the HIV-1 protease. The current anti-HIV drugs have
been developed primarily against subtype B and the effects arising from the
combination of drug-resistance mutations with the naturally existing
polymorphisms in non-B HIV-1 subtypes are only beginning to be
elucidated. To gain more insights into the structure and function of different
variants of HIV proteases, we have determined a 2.1 A structure of the native
subtype F HIV-1 protease (PR) in complex with the protease inhibitor TL-3.
We have also solved crystal structures of two multi-drug resistant mutant
HIV PRs in complex with TL-3, from subtype B (Bmut) carrying the primary
mutations V82A and L90M, and from subtype F (Fmut) carrying the primary
mutation V82A plus the secondary mutation M36l, at 1.75 A and 2.8 A
resolution, respectively. The proteases Bmut, Fwt and Fmut exhibit sevenfold,
threefold, and 54-fold resistance to TL-3, respectively. In addition, the
structure of subtype B wild type HIV-PR in complex with TL-3 has been
redetermined in space group P6,, consistent with the other three structures.
Our results show that the primary mutation V82A causes the known effect of
collapsing the S1/S1’ pockets that ultimately lead to the reduced inhibitory
effect of TL-3. Our results further indicate that two naturally occurring
polymorphic substitutions in subtype F and other non-B HIV proteases,
M36I and L89M, may lead to early development of drug resistance in
patients infected with non-B HIV subtypes.
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Introduction

Acquired immunodeficiency syndrome (AIDS) is
a complex of symptoms and diseases resulting from
infection by the human immunodeficiency virus
(HIV). HIV is a member of the Lentivirus genus,
which also includes, among others, simian immu-
nodeficiency virus (SIV) and feline immunodefi-
ciency virus (FIV)." HIV is characterized by a wide
range of viral genetic diversity among the distinct
types, groups, and clades. The two major distinct
types of HIV, HIV-1 and HIV-2, are distinguished by
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their genome organization and phylogenetic relation-
ship. Further analyses of different strains of HIV-1,
from diverse geographical origins, show that isolates
can be subdivided into groups, subtypes, sub-
subtypes, and circulating recombinant forms (CRFs),
based on phylogenetic sequence differences. Groups
refer to distinctive HIV-1 lineages, M (for Major), O
(for Outlier), and N (for New, or Non-M, Non-O); a
majority of strains found worldwide belong to group
M. Nine subtypes of HIV-1 group M (A-D, F-H, ] and
K) are currently identified, as well as 14 circulating
recombinant forms (CRFs),? the most common of
which are CRFO1_AE and CRF02_AG.®> The
sequences of these subtypes and recombinant forms
differ from one another by 25-35% in the env gene,
and 10-15% in the pol gene, which includes the coding
regions for protease (PR) and reverse transcriptase
(RT). Although the pol gene is the most conserved
region of HIV-1, there is sufficient dlver51ty to allow
phylogenetic subtype identification.*

Almost all studies on drug susceptibility of HIV-1
have been performed in developed countries, where
subtype B still dominates the epidemic, but on the
worldw1de scale this is not a predominant HIV
subtype.® The Brazilian epidemic is characterized by
the presence of multiple HIV-1 group M subtypes,
primarily subtype B and subtype F, but also subt;/pes
C, D, and other circulating recombinant forms.

HIV-1 PR continues to be one of the primary targets
of AIDS drug discovery due to its central role 1n
processing of viral polypeptide precursors.’
Although inhibitors of HIV-PR slow down the
progress of the disease, they do not completely
suppress viral replication, and the rapid development
of drug resistance decreases their efficacy. More than
87 mutations have already been reported in at least 49
positions within the 99 residue-long HIV-PR; many of
them have been identified as potential contrlbutors to
resistance toward one or more inhibitors.” These
mutations are labeled as primary and secondary, with
the primary mutations directly reducing drug sus-
ceptibility, whereas the secondary mutations contri-
bute to resistance by reducing drug susceptibility or
improving the rephcahve fitness of isolates with a
primary mutation.® The type and location of possible
mutations is restricted by the necessity of the virus to
produce an active enzyme with sufficient affinity for
the substrate, in order to maintain viability. Most
primary mutations occur in the active site and,
although they usually preserve its charge and
polarity, they alter its geometry. Other mutations
cause resistance by altering enzyme catalysis, dimer
stability, inhibitor binding kinetics, conformational
dynamics, or by reshaping the actlve site through
long-range structural perturbations.® Extensive use
of anti-retroviral drugs may cause different effects
on distinct subtypes, due to additional selective
pressure on HIV-PR. The polymorphism of subtypes
could modulate anti-retroviral drug susceptibility
and the possibility of drug resistance durlng therapy
as well the fitness of HIV-1 variants.*

Studies involving the effects of the available HIV-PR
inhibitors in persons infected with different subtypes

of HIV-1 are still at the early stages. Therefore, with
the aim of expanding the information about non-B
subtypes and their relation to drug resistance, we
present the crystal structures and kinetic studies for
three multi-drug-resistant variants of HIV-PR isolated
from Brazilian patients: a wild-type HIV-PR of
subtype F (Fwt) obtained from a naive individual
carrying polymorphic mutations I15V, E35D, M36l,
S37A, R41K, R57K, D60E, Q61N, 162V, L63S, 164L,
L89M and two mutant HIV-PR isolated from patients
failing intensive anti-AIDS therapy. One of the latter is
of subtype B (Bmut), with mutations S37A, R41K,
K45R, 154V, L63P, A71V, V82A, 1L.90M, and the other
of subtype F (Fmut) with mutations L10I, I15V,
G16E, K20R, E35D, M361, S37N, P39S, R41K, M46],
G5IR, 154V, R57K, D60E, Q61D, K70R, 172V, T74A,
V82A, L89M, with respect to the B wild-type (Bwt)
sequence. An additional Q7K mutation was
included in all the constructs to increase stability
toward autolysis.” The C,-symmetric inhibitor TL-
3'%1" was used for co-crystallization and inhibitory
studies. The structures of Fwt and Fmut HIV-PR
reported here are the first for any non-B subtype
HIV-PRs available to date.

Results and Discussion

Protease sequences

The sequence alignment of the four HIV proteases
studied by us is presented in Figure 1. Positions of
the primary and secondary mutations with respect
to the Bwt sequence are highlighted. The subtype F
wild-type HIV-1 PR (Fwt) naturally carries the
mutations 115V, E35D, M36lI, S37A, R41K, R57K,
D60E, Q61IN, 162V, L63S, 164L, and L8OM with
respect to the subtype B sequence. The mutant of B
subtype HIV-PR (Bmut) contains eight mutations
(S37A, R41K, K45R, 154V, L63P, A71V, V82A, and
L90M) and the mutant of F subtype HIV-PR (Fmut)
includes 20 mutations (L10I, 115V, G16E, K20R,
E35D, M361, S37N, P39S, R41K, M46l, G51R, 154V,
R57K, D60E, Q61D, K70R, 172V, T74A, V82A, and
L89M). Finally, the point mutation Q7K was in-
troduced in all four enzymes to prevent autolysis
without affecting enzymatic activity.”'*

Crystallographic structure solution

All four structures of HIV-PR presented here
were solved with the inhibitor TL-3 (Figure 2(a))
bound in the active site, in order to allow for
precise structural comparison and to assess the
differences between the B and F subtypes of HIV
PR. TL-3 is a symmetrical inhibitor originally
developed against FIV PR, which proved to be a
good universal inhibitor of most retroviral pro-
teases, with high potency against HIV-PR.'*"!

The choice of the space group for the hexagonal
crystals of HIV-1 PR has been a matter of some
controversy in the past, with no unambiguous
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Figure 1. Alignment of the sequences of the four enzymes discussed in this article. The primary mutations V82A and
L90M are marked in red, whereas the secondary mutations analyzed here are marked in black. The polymorphic
substitution L89M is marked in gray to depict our hypothesis that L89M is a structural equivalent of L90M. Identical
residues among all four sequences are marked with an asterisk on the consensus line, while those conserved in three
sequences are marked with a colon. The consensus line is left blank otherwise.

solution to date. Since diffraction data can be scaled
equally well in space groups P6; and P6,22, the latter
can be assumed to represent the simplest description
of the contents of a crystal.'®> However, the situation
can be also described as perfect merohedral twinning
of the former space group, or be due to the presence
of only small differences between two quasi-sym-
metric molecules in the latter one.'* In practice, since
the structures of the HIV-PR dimers complexed with
inhibitors always contain some asymmetry, it is
easier to describe them in the lower-symmetry space
group, regardless of the “true” space group, and that
led us to the approach described below.

The subtype B wild-type protease in complex with
TL-3 was earlier solved and refined in the space
group P6,22."" Following the previous procedures,
we initially also processed the Bmut and Fwt
datasets in space group P6,22 (the systematic
absences clearly showed the presence of the 6; or
65 axis), obtaining Reym of 4.6% and 7.5%, res-
pectively."> Both Bmut and Fwt structures were
successfully solved with one subunit and half the
inhibitor molecule in the asymmetric unit. However,
for both structures the values of R Were increas-
ing significantly after a few cycles of refinement.
After a number of frustrating attempts to satisfacto-
rily refine these models, the problems were finally
solved by reprocessing the data in the lower-
symmetry space group P6,, which has led to
acceptable statistics for the final refined models
(Table 1). The Bwt structure was previously refined
in space group P6,22 with a wide spread between
Reree/ Reryst (0.281 and 0.188, respectively) and with
only 33 water molecules in the final model.'’ In
order to improve these statistics and to provide a
consistent framework for all structures compared
here, we reprocessed the previously collected data in
space group P6; and refined the structure against
this diffraction data set. The final, refined model has
Reree/ Reryst Of 0.219/0.159 and contains 98 water
molecules. The Fmut structure was solved from the
beginning in the space group P6, (Table 1).

In the lower-symmetry space group P6; a non-
crystallographic 2-fold axis replaces the 2-fold

crystallographic axis of the P6,22 space group,
with two subunits per asymmetric unit. Slight
structural differences at the surface of the two non-
crystallographic symmetry (NCS)-related subunits,
which include distinct conformation of a number of
side-chains and of the inhibitor, as well as different
positions of several water molecules, can only be
described as disorder in the higher-symmetry space
group, but can be described more simply in the
lower-symmetry one. Indeed, the high similarity
between the two crystallographically independent
molecules can be assessed by comparing the root-
mean-square deviation (RMSD) between their
equivalent C* coordinates (Table 1), which explains
why the original data could have been processed in
space group P6,22.

As a consequence of the assignment of the P6;
space group, we could now more easily model a
complete molecule of the TL-3 inhibitor in the active
site of HIV-1 PR. The inhibitor occupies two distinct
conformations with half occupancy each, bound to
the active site in an asymmetric manner. This
behavior fully explains the three lobes of electron
density present in the active site, with one hydroxyl
of the central diol occupying the middle lobe in each
of the two conformations (Figure 2(b)).

A peculiarity of the hexagonal packing of the PR
molecules is the disorder of the Phe53 side-chain in
both subunits.'® Since the side-chain aromatic ring
falls on the crystallographic 6-fold screw axis, it had
to be refined in two mutually exclusive orientations
in order to properly account for this disorder.
The original Bwt-TL-3 structure'' contains one half
of the inhibitor in the asymmetric unit, with the
whole inhibitor molecule being defined by a
crystallographic 2-fold axis. This implies symmetric
interaction of the inhibitor with the active site.
Furthermore, in this model the inhibitor has a flip
in the peptide bond between the groups Ala in P3
and Cbz in P4 (Figure 2(c)). In all four structures
presented here, including the Bwt protease repro-
cessed in space group P6q, there is no evidence of
anomalous inhibitor conformation (Figure 2(c)).
Such a conformation was most likely an artifact
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Figure 2. (a) Structural representation of the Co-symmetric inhibitor TL-3°. (b) The final 2F ops—F a1 electron density
contoured at 1o, superposed with the refined model of the TL-3 inhibitor, for the Bmut structure. The three lobes of
electron density, marked with numbers, are explained by the double conformation of the inhibitor. This central part of
the inhibitor, which contains the non-hydrolyzable peptide bond, occupies the active site, with the diols interacting with
the catalytic aspartate residues. For clarity, one conformation is colored green and the other one yellow. (c) The final

2F obs_F

calc €lectron density contoured at 1o for the P3 and P4 subsites of the inhibitor TL-3 bound to the Bwt PR. A model

for the TL-3 inhibitor is shown in red (both conformations). The previously published Bwt structure in P6,22 was
superimposed on this model and is shown in green. Apparently, the flip observed in that structure is an artifact.

caused by the refinement of one half of a symmetric
inhibitor in a single conformation, not sufficient to
model fully its interactions in the HIV-PR active
site.

Comparison of the structures

Unless explicitly stated, all the analyses and
comparisons performed throughout this article
refer to subunit A. As expected, the observed
structural differences between the four refined
models are very small, with a positional RMSD of
043 A (Bwt/Bmut), 0.58 A (Bwt/ Fwt), 0.55 A (Bwt/
Fmut), 0.44 A (Fwt/Bmut), 0.47 A (Fwt/Fmut), and
0.43 A (Bmut/Fmut) for all 198 C* atoms of the
dimer. The mean temperature factors for each
structure are 32.8, 30.1, 36.1 and 47.5 A?, for Buwt,
Bmut, Fwt and Fmut, respectively. The mean temp-
erature factors for the TL-3 inhibitor in the same

structures are 20.1, 20.7, 24.9 and 21.1 AZ, respec-
tively. These low B values are typical for well-
ordered structures, thus allowing for precise com-
parison and analysis of these models.

The largest difference among the models is
observed for the loop between residues 35 and
41. Superposition of the inhibitors bound to each of
the structures shows that they interact with the
enzymes in a very similar fashion, with the highest
divergence confined to the residue Cbz in the
subsite P4/P4’, probably due to the lack of
interactions between this residue and the S4/54’
pocket of the enzyme.

Differences between HIV-PR of the B and F viral
subtypes

None of the polymorphic substitutions that
differentiate the wild-type subtype F protease
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Table 1. Crystallographic data and statistics for the four HIV-PRs

Bwt Bmut Fwt Fmut

Cell parameter [a=b, c] (A) 63.13, 83.41 60.93, 82.46 61.43, 80.89 61.25, 82.23
Resolution (A) 54.72-2.10 (2.21-2.10)  52.78-1.75 (1.84-1.75)  53.23-2.10 (2.21-2.10)  53.07-2.80 (2.95-2.80)
Dataset completeness (%) 99.7 (99.7) 99.6 (99.6) 99.7 (99.7) 99.9 (99.9)
I/(r(I) 13.6 (2.7) 17.8 (3.4) 13.0 (3.1) 9.8 (2.0)

Reym (%) 7.5 (41.4) 3.7 (34.8) 4.6 (31.8) 8.8 (48.2)
Redundancy 3.7 (3.7) 4.8 (4.8) 25 (24) 3.2(3.2)
Reryst/ Reree 0.159/0.219 0.183/0.232 0.194/0.265 0.183/0.260
RMSD from ideality

Bond distance (A) 0.015 0.015 0.013 0.015

Bond angle (°) 1.57 1.78 1.59 1.69
Number of water molecules in AU 98 189 117 50
RMSD between subunits® 0.047 0.058 0.057 0.039
K; (nM)“ 3.3+0.9 11+3 24+8 180+29
PDB ID code 2P3B 2P3A 2P3C 2P3D

All structures were solved and refined in the space group P6;. The values in parentheses refer to the highest resolution shell. The
inhibition constants (K;), determined for all four enzymes against TL-3 inhibitor, are also shown.

? This refers to the Rperge Value reported by the program SCALA.

Root-mean-square deviation between the C* coordinates of the two equivalent subunits in the asymmetric unit.
¢ Inhibition constants (K;) for the inhibitor TL-3 obtained at 37 °C by measuring the rate of substrate hydrolysis using 5-50 nM protease
in 100 mM sodium acetate (pH 4.7), 1 M sodium chloride, 1 mM EDTA, 1 mM DTT, 10% DMSO and 10 uM substrate plus increasing

amounts of inhibitor.

from wild-type subtype B involve residues that
create the substrate-binding pockets. In fact, both
structures are very similar, with an overall RMSD
of only 0.58 A between the C® coordinates of
equivalent subunits. Nevertheless, significant struc-
tural differences are observed in the region between
residues 33-42, with a maximum deviation of
2.85 A between the C® positions of residue 35
(Figure 3(a)). The residues 33 to 42 are confined to a
loop that can be defined as the flap hinge, a region
that exhibits extensive rearrangement between the
unhganded enzymes and their complexes with
inhibitors."” Among the differences in the sequence
found in this region, only M36l is associated with
resistance to inhibitors, and is considered a subtype
B secondary mutation (Figure 1) developed along
with primary mutations in individuals under
intensive treatment, as well as a common substitu-
tion in non-B wild-type HIV proteases. Our
hypothesis is that the mutation M36I impairs the
movement of the hinges of the flaps. The flaps
(residues 33-62) extend over the substrate-binding
cleft and must be flexible to allow entry and exit of
the polypeptide substrates and products, as well as
inhibitors.

Careful analysis of the flap hinges of both Bwt
and Fwt PRs shows that the loop containing
residue 36 shifts toward the protein core in the
Fwt structure and that the end of the side-chain
in position 36 tends to occupy equivalent posi-
tions in both Bwt and Fwt in order to maintain
contacts with the interacting residues (Figure 3
(a)). This specific side-chain position and con-
formation of the residue 36 (Met or Ile)
maintained by van der Waals (VDW) interactions
with the side-chains of neighboring residues
(Leu33, Leu38, and Lys20). In other words,
mutation of a long methionine residue to a
shorter isoleucine causes a collapse of the loop,

resulting in retracing of the main chain of the
loop containing this mutation, and in its displace-
ment toward the loop 76-83, which forms the S1/
S1’ pocket. In fact, in Bwt PR structure, the loop
34-40 is involved in 27 VDW interactions and
three H-bonds with the loop 76-83, compared to
40 VDW and five H-bonds in the Fwt PR
structure, implying better stabilization of the
catalytic pocket loop 76-83 in the latter enzyme.
In total, we found 18 H-bonds between the flap
hinge (residues 34-40) and the rest of the protein
residues in the Bwt structure, compared to 25 in
Fwt. In agreement with our hypothesis, displace-
ment of the flap hinge loop is not observed in the
Bmut structure, which does not carry the M36l
mutation (Figure 3(b)).

The working hypothesis of the stiffening of the
flap hinges for F subtype HIV-PR carrying the
M36l mutation is also supported by a compar-
ison of the temperature factors (Figure 4). In Fwt
PR the magnitude of the temperature factors is
consistently higher than in Bwt PR, an exception
made for the residues 33-45. Within this
particular region, Fwt PR has lower B-factor
values as compared with Bwt, indicating lower
flexibility of the flap hinge region of the former
enzyme. An equivalent behavior can be also
clearly seen in the published structure of sub-
type B multi-drug resistant variant containing
the MB361 mutatlon complexed with indinavir
and ritonavir.'® This indicates that the differences
observed in the flap hinge region of Fwt PR are
of a general nature and are not restricted to the
binding of the particular inhibitor used in this
study.

It has been noted that the non-B subtypes HIV-PRs
do not usually develop the primary mutation L90M,
not even in the individuals under intensive treat-
ment with HIV-PR inhibitors, whereas the L89M



1034

Structural Characterization of B and F HIV PR
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Figure 3. Pairwise comparisons of Bwt (red) with Fwf (in blue) and with Bmut (in green), emphasizing the effects of the
M36I mutation. (a) The alignment of Bwt and Fwt shows a region of high discrepancy (circled) in the otherwise very
similar structures, which cannot be seen in the alignment of Bwt and Bmut. (b) A close-up view of the flap hinges (on the
right) reveals that this region contains the substitution M36I in subtype F HIV-PRs. Note that the position occupied by the
end of the side-chain of residue 36 is the same in all three structures, forcing the backbone of a few neighboring amino
acids in Fwt to shift toward the core of the protease, and thus increasing the number of van der Waals contacts between
these residues and the rest of the protease. We propose that this displacement may be responsible by the hardening of the
flap hinges, which, in turn, leads to higher susceptibility to development of resistance. Apparently the substitution S37A
does not play a role in the observed shift, since it appears also in Bmut, where the structural difference is not significant.

substitution is very frequent among the non-B
subtypes isolated.” The double mutation L89YM/
L90M is very rare in all subtypes. Here we propose
that the L89M substitution mimics the effect of the
L90M mutation, which could explain why they are
mutually exclusive. Structurally, when the well-
characterized mutation L90M occurs, the bulkier
side-chain of methionine makes additional van der
Waals contacts with the main chain atoms of the
active site residues 24 through 26. The increased
number of interactions leads to a decrease of the
volume of the substrate-binding cavity and com-
promises the structural flexibility of the S1/S1’
pockets, as compared with the wild-type protease.
This effect renders resistance to some commercial
inhibitors, particularly nelfinavir and saquinavir.
This analysis, previously presented for the G48V/
L90M double mutant HIV-PR crystallized with
saquinavir,'’ can be extended to our Bmut structure
complexed with TL-3, also containing the L90M
mutation (Figure 5(a)).

The structural consequences of the L89M substitu-
tion in the PRs that belong to the F subtype can be
related to those of the mutation L90M (Figure 5(b)).
The longer methionine side-chain at position 89
forces the neighboring Leu90 to shift toward the
main chain atoms in the vicinity of the catalytic
Asp25, mimicking the effects of the LO0M mutation.
This displacement increases the number of van der
Waals interactions between the side-chain of Leu90
and the catalytic loop (five in Bwt to seven in Fwt/
Fmut), thus constraining the S1/51’ binding pockets.
The maximum shift observed for the active site
residues is 0.3 A for the carboxyl side-chain of Asp25
in the Fwt structure, which is in agreement with the
degree of structural rearrangements reported for the
mutation L9OM.'**

Apart from M36I and L89M, all other amino acid
sequence differences between Bwt and Fwt HIV-PRs
are considered polymorphic. Five of those muta-
tions, D60E, Q61N, 162V, L63S and 164L, are located
away from the active site, at the end of a p-strand b’
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Figure 4. Plot of the Fwt mean
temperature factors per residue
(Fwt B factor) relative to the Bwt B
factor (in %) calculated as 100x(Fwt
B factor)/(Bwt B factor) against the
residue number (chain A). The
mean B factors for the Fwt structure
are consistently higher than those
for the Bwt (gray shaded) except in
a few black shaded areas. Within
the region between residues 35 and
45, Fwt PR has lower B factor values
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(nomenclature according to Wlodawer et al 2 which
forms one side of the flap, while the substitution [15V
occurs at the last residue of the p-strand b, in direct
contact with b’. The observed structural differences
are responsible for significantly lower inhibition of
Fwt by TL-3 as compared to Bwt (Table 1).

Subtype B and F mutants

Both Bmut and Fmut contain the primary mutation
V82A in the S1/51’ pocket. The effect of this mutation
on the arrangement of the TL 3 inhibitor is similar to
those previously reported® for the symmetrical
inhibitor A-77003. Structurally, only one of the two
hydroxyl groups of the central diol of TL-3 can occupy
the middle position between the two catalytic
aspartate residues in the active site, forcing inhibitor
binding to the protease active site in an asymmetric
manner. Such asymmetry forces the remaining
hydroxyl to be positioned inside the S1’ pocket, as
shown in Figure 6. In the wild-type structures, the
side-chain of Phe in the P1 position occupies the
central part of the pocket and interacts with the side-
chain of Val82 though van der Waals interactions. In
this arrangement, the P1’ Phe ring shifts away from
Val82 due to the asymmetric binding of the inhibitor
and occupies a crevice between the flap and the loop
containing the residue Pro81B (Figure 6). This
displacement increases the number of interactions
between the P1’ Phe side-chain and the S1’ pocket
when compared to P1/S1 (25 interactions on P1’/S1’
against 14 interactions on P1/S1 for the Bwt struc-
ture). In the structures of Bmut and Fmut that contain
the mutation V82A, the P1’ Phe side-chain rotates
towards the void created by the mutation. This
rearrangement of the inhibitor’s side-chain is caused
by a collapse of the flap residues and Pro81B, which
seals the crevice in which it was inserted in the wild-
type structures. All these rearrangements preserve the
number of van der Waals interactions observed
between P1 and S1 when compared to the Bwt

80

as compared to Bwt, indicating
lower flexibility of the flap hinge
region of the former enzyme.

structure. At the S1’ side, however, the rotation of
the P1’ Phe side-chain decreases the number of
interactions between P1’ and S17 (25/20 VDW
interactions in Bwt/Bmut and 39/19 VDW interac-
tions in Fwt/Fmut), leading to a loosely bound
inhibitor and reduced binding affinity. Similar
behavior was also observed for the symmetric
inhibitor BMS- 182193 in an HIV-PR containing the
V82A mutation.” This indicates that the asymmetry
between P1 and P1’ is caused by structural collapse
of the S1’ pocket, and by rearrangements of the
inhibitor’s side-chain. It is also interesting to note that
the rotation of the TL-3 P1 side-chain is one of the
largest observed for this mutation. While for A-77003
this dlfference is so small that it can be barely
noticed,” for TL-3 it amounts to a rotation of 53°
between the Bwt/Bmut structures and 87° between
the Fwt/Fmut structures.

The effects of the primary mutation L90M in Bmut
are equivalent to those described previously,'
where the bulkier methionine residue shifts the
active site loop containing the residues 24-26
towards the S1/S1’ pockets, thus decreasing the
enzyme flexibility, and ultimately leading to
reduced activity.

For two of the secondary mutations in the flap
region, M46l (Fmut only) and 154V (both Bmut and
Fmut), no significant structural differences could be
detected between the native and mutant enzymes.
This is consistent with the hypothesis that these two
mutations affect inhibitor binding dynamically by
altering the flexibility of the flaps, but not the final
closed conformation of the enzyme.'®

Consequences of polymorphic substitutions in
non-B subtypes

Ithas been proposed that the presence of secondary
mutations in a virus infecting a drug-naive 1nd1v1dual
could increase the risk of therapeutic failure.** It was
shown that patients with PR mutation M36I were at
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Figure 5. The structures of Bmut and Fwt PRs aligned on the subtype B wild-type PR (Bwt). Bwt is colored red, Brmut
green, and Fwt blue. (a) Bwt compared to Bmut. (b) Bwt compared to Fwt. It appears that the polymorphic substitution
L89M in the subtype F PRs, here represented by the Fwt PR, causes the same effect as the mutation L90M induced by anti-
retroviral treatment in the subtype B proteases, as shown by Bmut PR. Both mutations displace the residue 90 toward the
active site loop containing the residue Asp25, thus increasing the amount of van der Waals interactions between residue
90 and the active site loop. This shift slightly compresses the substrate/inhibitor binding cavity, leading to a reduction in

volume and flexibility of the active site.

significantly higher risk of having virologic failure at
week 24 when compared to patients carrying native
protease.”* According to the samples found in the
Stanford HIV Database, 98% of subtype A, 80% of
subtype C, 62% of subtype D, 95% of subtype F, and
100% of subtype G naive individuals carry a
methionine rather than isoleucine at position 36 of
the protease, against only 13% of subtype B, which
leads to the conclusion that non-B HIV-PR subtypes
are more susceptible to develop anti-retroviral resis-
tance. If we consider that the substitution L89M is, at
least in part, a structural equivalent of the primary
mutation L90M, then this susceptibility is even more

acute, since 99% of subtype A, 85% of subtype C, 69%
of subtype F and 98% of subtype G naive persons
carry this substitution as a consequence of natural
polymorphism (subtypes B and D proteases show
only 1% and 3% of the L89IM substitution, respec-
tively). It appears, on the basis of these data, that the
subtype B HIV-PR is an exception among the other
subtypes.

The polymorphic substitutions L63P and A71V
present in Bmut, and L10I, K20R and T74A present in
Fmut occur in persons receiving Pls therapy and,
together with other mutations, are associated with
resistance to each of the PIs.” Finally, the proteins
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Figure 6. Effects of the mutation V82A on the inhibitor-binding mode. The inhibitor subsite P1/P1’ is shown in ball-
and-stick representation along with the pocket S1/S1’ in stick representation, for the structures Bwt (red) and Bmut
(green). The broken lines represent hydrogen bonds between the active site aspartate residues and the oxygen of the diol
in the center of the inhibitor, whereas the asterisks mark residues that belong to chain B. Due to the asymmetric mode of
binding of the inhibitor, the S1’ pocket, occupied by the P1’ phenyl side-chain, accommodates one hydroxyl of the central
diol, which is indicated by a dotted circle. Whereas there is no significant modification in the P1 subsite due to V82A
mutation (marked with a square), in the P1’ a rotation of the Phe ring of the inhibitor is observed. This rotation decreases
the number of interactions between the inhibitor’s side-chain and the S1’ pocket, while the interactions are maintained in

the S1 pocket.

discussed here have some other substitutions not
found in the Stanford HIV Database: K45R (Bmut),
S37A (Bmut and Fwt), R41K (Bmut, Fwt and Fmut),
Q61N/L63S/164L (Fwt), 115V /E35D/R57K (Fwt and
Fmut) and G16E/S37N/P39S/G51R/Q61D/K70R/
172V (Fmut). These findings call for care in the choice
of inhibitors being used for treatment of patients
infected with non-B subtypes of HIV.

Inhibitory assays

The inhibition constants (K;) obtained for the
different protease subtypes against the inhibitor
TL-3 are summarized in Table 1. The subtype F
wild-type protease, as well as the B and F mutant
proteases, present different degrees of resistance
against TL-3. When compared with Bwt PR, the K;
values are about threefold higher for Bmut PR, about
sevenfold higher for Fwt PR, and about 54-fold
higher for Fmut PR. The presence of the primary and
the accessory mutations in Fwt, Fmut and Bmut PRs,
alone or together, as well as the described structural
differences due to them, sheds light on the structural
basis of the decreased affinity of the TL-3 inhibitor to
PRs encoded by subtypes B and F of HIV-1. In
addition, the presence of the primary mutation V82A

and the accessory flap mutation 154V in Bmut and
Fmut reduces the susceptibility to all Pls, notably
including indinavir, ritonavir, and lopinavir.25 If our
hypothesis that the substitution L89M is structurally
equivalent to the primary mutation L90M is correct,
this would lead to intermediate-to-high-level resis-
tance of subtype F HIV-PR to all the commercial
protease inhibitors. The L90M mutation is most
likely elicited due to administration of nelfinavir and
saquinavir in the therapy regimen.”® In order to
confirm these points, the affinities of commercial
inhibitors to the B and F subtype HIV-PRs described
here are currently under investigation in our
laboratory. Preliminary results obtained to date
clearly demonstrate higher resistance of Fwt, Fmut,
and Bmut PRs to the currently used commercial
inhibitors (our unpublished data).

Conclusions

Mutations in the substrate cleft cause drug re-
sistance by reducing the binding affinity between the
inhibitor and the mutant protease enzyme.”” Muta-
tions elsewhere in the enzyme either compensate for
the decreased kinetics of the enzymes with active site
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mutations or also cause resistance by altering enzyme
catalysis, dimer stability, inhibitor binding kinetics, or
by re-shaping the active site through long-range
structural perturbations.”® The presence of primary
and secondary drug-resistant mutations alone is not
sufficient to explain the different degrees of resistance
to TL-3 inhibition of each HIV-PR discussed here. In
order to understand these differences, the influence of
the amino acid polymorphism on the binding of the
TL-3 inhibitor must be carefully considered. The
results presented here show that the polymorphic
substitutions, which need not be in the active site,
may amplify the effects of drug-resistant mutations.
Therefore, the combined effects of naturally existing
polymorphisms and drug-resistant mutations might
have important consequences on the viability of
current HIV-1 protease inhibitors with pharmaceu-
tical value.

Materials and Methods

Cloning and expression

The cDNA of the whole virus genome from subtypes B
mutant and both wild-type and mutant subtype F were
obtained from HIV-1 vertically infected seropositive
Brazilian children.”® The patients infected with Bmut and
Fmut viruses received treatment consisting of PR inhibi-
tors ritonavir/nelfinavir and reverse transcriptase inhibi-
tors amivudine/stavudine/zidovudine.

The protease coding sequence was amplified by PCR,
simultaneously inserting the point mutation Q7K,” and
the insert was ligated in the pET11a vector that had been
cleaved with the restriction enzymes Ndel and BamHI.
Escherichia coli BL21(DE3)-RIL (Stratagene) competent
cells were transformed with each of the obtained clones
and the cells were cultivated at 37 °C in LB medium
supplemented with 35 pg/ml chloramphenicol, 100 pg/
ml ampicilin, 1% (w/v) glucose and 0.05% antifoam 204
(Sigma). The culture was induced with 1 mM IPTG when
the Aggonm reached 0.7. After 4 h of induction the cells were
harvested by centrifugation.

Inclusion bodies purification and refolding

The protocol for the production of the refolded Brazilian
HIV-PRs has been reported.' Briefly, the washed inclusion
bodies, dissolved in urea-containing buffer, were purified by
two successive ion-exchange columns (Q Sepharose and SP
Sepharose, respectively). The purified HIV-PR was refolded
by dialysis against a urea-free buffer, and concentrated for
use in enzymatic assays and crystallization trials.

Crystallization

The protease-inhibitor complexes were prepared by
mixing the protease (at ~0.4 mM) with twofold molar ex-
cess of TL-3 inhibitor (at 22 mM in DMF/DMSO 1:1, v/v)
for 1 h on ice. X-ray diffraction quality crystals were
obtained as described.'” Bmut PR crystals appeared after
two days and continued to grow for about two weeks
(one crystal per drop), in two conditions (0.1 M sodium
cacodylate (pH 6.2), 0.32 M ammonium sulfate, 6% (v/v)
MPD, 5.1 % (w/v) PEG 3350 (condition 1), and 0.1 M

sodium cacodylate (pH 6.2), 0.32 M ammonium sulfate, 6%
MPD (condition 2)). Both Fwt and Fmut PRs were crystal-
lized using ammonium sulfate as precipitant. A decrease in
the crystallization temperature from 291 K to 277 K was
used to convert a shower of small rods to just a few small
crystals per drop. The crystallization plate was then
transferred back to 291 K to allow the crystals to reach
their maximum size. It appears that the synergistic effect of
a co-precipitant™ is a necessary condition to crystallize the
Bmut PR, given the fact that no crystals have been obtained
using ammonium sulfate as the only precipitant.

Data collection and crystal structure solution

X-ray diffraction data for flash-cooled crystals of Bmut
(condition 2), Fwt, and Fmut were collected at the MX1
beamline of the Brazilian Synchrotron Light Laboratory
(LNLS)**?! using radiation with 1.43 A wavelength, and a
MarCCD detector. Crystals were frozen in the original
crystallization solution containing 20% (v/v) glycerol.
Initial diffraction of all protease crystals was significantly
improved by successive rounds of annealing, during
which the frozen crystals were transferred to the cryo-
solution at room temperature and then were flash-cooled
again. Measurements of data for the crystal of Bwt PR
(Mar345 image plate detector mounted on a Rigaku RU-
200 rotating anode) have been reported.”

The new datasets were integrated using MOSFLM 6.2.3%
and scaled with SCALA 3.1.20.* The structure of Brmut
protease was solved by molecular replacement using the
structure of wild-type subtype B HIV-PR refined at 1.09 A
(PDB code: 1kzk) as the search model.>* The structure was
initially determined with the program AmoRe™ in space
group P6,22 (although identification of the space group as
either P6,22 or P6, was possible, as discussed above). The
structures of the other proteases were solved in space
groups P6,22 and in P6, using the program PHASER 1.2,%
with the Bmut subunit serving as the search model.
Positional and temperature factor refinement were per-
formed with CNS 1.1” and REFMAC 5.1.24.%° Water
molecules were automatically inserted with ARP/
wARP.> Real space refinement was carried out by visual
inspection of the model using the program O.* TLS
parameters were refined in the penultimate cycle of
positional refinement, without application of non-crystal-
lographic symmetry. Three TLS groups were defined for
each subunit. The last cycle was performed re-establishing
the non-crystallographic symmetry, with fixed TLS para-
meters. When appropriate, double side-chain conforma-
tions were modeled. The electron density of the final models
for all structures with the exception of Fmut clearly indicated
chemical modification of the Cys67 amino acid residue. An
additional electron density could be satisfactory modeled as
a whole B-mercaptoethanol molecule covalently attached to
the cysteine residue (in one subunit of Bwt structure and in
both subunits of Brnut and Fwt models). p-Mercaptoethanol
was used throughout the whole process from cell lysis to
refolding buffers. Three acetate anions, probably carried out
from the cation exchange chromatography buffer, were
identified on the surface of the Fwt structure, one in subunit
A and two in subunit B (none of them in the vicinity of the
inhibitor molecule).

Enzymatic and inhibitory assays

The catalytic activities of the HIV-1 PRs, as well as the
inhibition constants (K;) for the inhibitor TL-3, were
monitored by following the hydrolysis of the fluorogenic
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substrate Arg-Glu(EDANS)-Ser-GIn-Asn-Tyr-Pro-Ile-Val-
GIn-Lys(DABCYL)-Arg (Molecular Probes). The proteases
were added to a 300 pl cuvette containing substrate at 37 °C.
Final concentrations in the standard assay were: 5-50 nM
protease, 10 uM substrate, 100 mM sodium acetate (pH 4.7),
1 M sodium chloride, 1 mM EDTA, 1 mM DTT, 10% (v/v)
DMSO, plus increasing amounts of inhibitor. The fluores-
cence was monitored by using PC1 Photon Counting
Spectrofluorometer (ISS) with excitation and emission
wavelengths of 340 nm and 490 nm, respectively.

Different concentrations of EDANS in assay buffer
containing the substrate were used for calibration, con-
verting the fluorescence data sampled at regular time
intervals into concentrations (nM). The reaction rates
(nM xmin ') were obtained from the slope of the product
concentration progress curves. In cuvettes, the initial
rate of wild-type or mutant PR was adjusted to 10-
20 nMxmin ' by addition of the proper amount of en-
zyme. The reaction was followed for 8-10 min afterwards.

For each inhibitor concentration, the steady-state rate in
the presence of inhibitor (V;) was divided by the initial rate
in the absence of inhibitor (Vy). The resulting ratios Vi/V,
and the corresponding inhibitor concentrations were used
to determine the inhibition constant (K;) of the inhibitor
and the total concentration of active enzyme (Et) by fitting
the data to the general equation for competitive tight-
binding inhibitors*#2:

Vi/V() = ([Et] — [It] — Ki,app
+ {([BY] — [1] - Kiapp)* + 4[Et]Ki app} ) /2[EH]

where V; is steady-state rate in the presence of the
inhibitor, measured as A [product]mjn*] ; Vo is initial
rate in the absence of the inhibitor, measured as A
[product]minfl ; [Et] is total concentration of the enzyme
(free and bound); [It] is total concentration of the
inhibitor (free and bound); K; ., is apparent dissociation
constant of the enzyme-inhibitor complex at a given
substrate concentration.

Since under our experimental conditions the substrate
concentration [S] is lower than the Michaelis-Menten
constant (Ky,), thus Kj.pp and K; are similar because
competition of the inhibitor with the substrate is negli-
gible. Kj.pp corresponds to the ICsp, the inhibitor
concentration resulting in 50% inhibition of the enzymatic
activity under defined experimental conditions.

Protein Data Bank accession codes

The coordinates and structure factors have been
submitted to the RCSB Protein Data Bank. The accession
codes are 2P3A, 2P3B, 2P3C and 2P3D for the Bmut, Buwt,
Fwt, and Fmut PRs, respectively.
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