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The potent new antiviral inhibitor TMC-114 (UIC-94017) of HIV-1 protease (PR) has been studied with
three PR variants containing single mutations D30N, I50V, and L90M, which provide resistance to the
major clinical inhibitors. The inhibition constants (Ki) of TMC-114 for mutants PRD30N, PRI50V, and PRL90M

were 30-, 9-, and 0.14-fold, respectively, relative to wild-type PR. The molecular basis for the inhibition
was analyzed using high-resolution (1.22-1.45 Å) crystal structures of PR mutant complexes with TMC-
114. In PRD30N, the inhibitor has a water-mediated interaction with the side chain of Asn30 rather than the
direct interaction observed in PR, which is consistent with the relative inhibition. Similarly, in PRI50V the
inhibitor loses favorable hydrophobic interactions with the side chain of Val50. TMC-114 has additional
van der Waals contacts in PRL90M structure compared to the PR structure, leading to a tighter binding of the
inhibitor. The observed changes in PR structure and activity are discussed in relation to the potential for
development of resistant mutants on exposure to TMC-114.

Introduction

HIV-1 protease (PR)a is an attractive target for antiretroviral
therapy, since it plays an integral role in the virion maturation
by processing Gag and Pol polyproteins into the structural
proteins and enzymes. Hence, the inhibition of the PR produces
noninfectious viral particles. HIV PR inhibitors (PIs) were
developed in 1995 and now are a major component of the AIDS
chemotherapy called highly active antiretroviral therapy
(HAART),1,2 which includes administering PIs together with
reverse transcriptase inhibitors. This drug regimen has dramati-
cally improved the survival of patients and converted AIDS into
a treatable medical condition.

Currently, there are around 20 FDA-approved drugs for the
treatment of HIV infection and many others are in development.3

Among these, seven are PIs: amprenavir (and fosamprenavir),
atazanavir, indinavir, lopinavir, nelfinavir, ritonavir, and
saquinavir.4 These drugs are considered the most effective drugs
currently available for the treatment of AIDS.5,6 Despite the
tremendous success the PIs have had in improving lives of
infected people, side effects7 and the emergence of drug resistant
(and cross-resistant)8,9 PR mutants pose great challenges in
treating HIV.

The most disturbing development in the battle against the
HIV infection has been the appearance of mutations that confer
resistance to all available PIs in clinical use. The drug molecules
were designed to optimize the fit to the PR binding site. As

soon as a mutation changes the shape of the cavity, the drug
significantly loses its inhibiting potency. Therefore, new
therapeutic agents are always necessary. The new drugs must
exhibit low susceptibility to resistant mutations and ideally show
fewer side effects than the existing treatments.10

TMC-114 is a next-generation nonpeptidic PI that is ex-
tremely potent against multidrug resistant strains, with IC50

values of 3-29 nM for the inhibition of the PR mutants selected
for resistance to saquinavir, indinavir, nelfinavir, or ritonavir,11,12

and is also highly active against different HIV subtypes.13 TMC-
114 is now in phase III clinical trials and shows superiority to
the approved clinical PIs.14 TMC-114 is a chemical analogue
of amprenavir, with the terminal tetrahydrofuran (THF) moiety
being fused to another THF group to form a novel bis-THF
substituent. TMC-114 was designed to introduce more polar
interactions with main chain atoms of PR. Our crystallographic
analysis has confirmed that the design goal was met by new
hydrogen-bond interactions of TMC-114 with Asp 29 and 30
of PR.11,15 However, TMC-114 has shown lower inhibition of
the mutants selected for resistance to amprenavir than for other
mutants.11

TMC-114 was observed to bind to the PR with very favorable
change in enthalpy (∆H ) -12.1 kcal/mol),16 whereas∆H is
small or even negative for indinavir, nelfinavir, and saquinavir.17,18

On the other hand, the change in entropy (T∆S) upon binding
for most of the PIs in clinical use compensates for the lack of
the favorable∆H. Therefore, the binding energy of the PIs (∆G)
comes mostly from a substantial increase in entropy of the
solvent being expelled from the active site cavity by an incoming
PI. This suggests that most PIs have very few attractive
interactions when bound to the PR, and changes in the geometry
of the cavity due to mutations in the binding site can result in
considerable loss of the PI’s affinity to the PR. An enlarged
binding site cavity has been observed for PR containing
mutations I84V and I54V, which introduce smaller amino
acids.15,19However, compensating conformational changes have
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been observed in the crystallographic analysis of inhibitor-
complexed PR with active site mutations15 and nonactive site
mutations.20

To understand the molecular basis for the potency of TMC-
114, it is crucial to obtain high-resolution crystal structures of
various complexed PR mutants. Such structures are also
beneficial in predicting which active site mutations may generate
resistant HIV. Previously, we have reported the crystal structures
of TMC-114 in complex with the PR mutants V82A and I84V.15

These two mutant complexes showed small structural changes
compared to PR, consistent with theKi values being similar to
those of PR. Now we have selected three more mutations for
analysis, D30N, I50V, and L90M, which confer high levels of
resistance in clinical isolates.21 The inhibitor and location of
the mutations in PR dimer are shown in Figure 1. D30N was
chosen because this mutation was expected to alter the
hydrogen-bond interaction of Asp 30 side chain with the aniline
NH2 group of TMC-114. D30N is a major mutation almost
exclusively selected for resistance to nelfinavir.22 The aspartate-
to-asparagine substitution eliminates the negative charge of
aspartate without significantly changing the geometry of the side
chain. PRD30N showed a variation in activity for the hydrolysis
of peptides representing different Gag and Gag-Pol cleavage
sites while its stability is retained compared to the wild-type
PR.23 For example, CA-p2 peptide was cleaved 4-5 times more
efficiently than p6pol-PR and PR-RT. Crystal structures of
PRD30N complexed with substrate analogues corresponding to
CA-p2 and p2-NC cleavage sites revealed distinct changes in
the position of the Asn30/Asn30′ side chains when the mutant
structures are compared to each other or to the wild-type
structures, consistent with the observed variable specificity.24

Mutation I50V was selected for study since it is the primary
mutation that emerges during treatment with amprenavir,25 the

drug that is chemically most similar to TMC-114. The mutation
reduces the size of the hydrophobic side chain by one methyl
group and is expected to increase the size of the binding cavity
and reduce the affinity for inhibitor. Mutation L90M was chosen
because it is associated with resistance to all known PIs currently
in clinical use. It was found to be a major mutation selected on
exposure to saquinavir or nelfinavir in combination with G48V
and D30N mutations, respectively.26 L90M mutation is located
outside the inhibitor binding site but is proximal to the catalytic
triad Asp25-Thr26-Gly27.

Here, we describe the inhibition data and crystal structures
of TMC-114 with mutants PRD30N, PRI50V, and PRL90M. These
structures are compared with our reported structures of TMC-
114 with PR, PRV82A, and PRI84V.15 The structural analysis
demonstrated overall similarity of the three structures and the
wild type protease. Only when the I50V mutation is introduced
do the protein-inhibitor interactions significantly change. A
number of attractive interactions between the side chain of Ile50
and the aromatic carbons of the TMC-114’s aniline group are
lost in the PRI50V structure.

Results

Kinetic Data for Mutants. The kinetic data were measured
for PR (henceforth corresponds to wild-type protease) and a
set of five mutants (PRD30N, PRI50V, PRV82A, PRI84V, PRL90M)
using a microplate fluorescence assay, and the parameters are
listed in Table 1. The six mutants varied in their activity on the
fluorescent substrate relative to PR. Thekcat value varied from
0.2 to 7.6 min-1, while theKm showed little change (26-57
µM). PRV82A was similar to PR in thekcat/Km value, while PRI84V

and PRI50V had 65% and 38% of the PR value. PRD30N had
dramatically lowerkcat/Km of 10% of the PR value. In contrast,
PRL90M had more than 2-fold increasedkcat/Km.

The mutants varied in the inhibition by TMC-114, withKi

values ranging from 0.14- to 30-fold of the PR value. The
relative order of inhibition was PRL90M . PR > PRV82A >
PRI84V > PRI50V > PRD30N. Indinavir showed a different relative
order of inhibition of the mutants using the same fluorescent
spectroscopic assay: PR≈ PRL90M > PRV82A > PRI84V >
PRD30N > PRI50V. The relativeKi values for TMC-114 and
indinavir were similar for PRV82A and PRI84V. TMC-114 was
3-fold worse than indinavir for inhibition of PRD30N, a mutation
most common on treatment with nelfinavir. However, indinavir
had 2-10-fold higher relative inhibition than TMC-114 for
PRI50V and PRL90M, consistent with the potency of TMC-114
on HIV strains resistant to indinavir. Interestingly, TMC-114
is more effective than indinavir on PRI50V, despite the common
occurrence of this mutation on exposure to amprenavir, which
is chemically most similar to TMC-114.

Crystal Structures. The crystal structures of drug resistant
mutants PRD30N, PRI50V, and PRL90M have been determined in
complex with TMC-114. Crystallographic statistics are sum-
marized in Table 2. The crystallographic asymmetric units
contain a PR dimer with the residues in two subunits labeled
1-99 and 1′-99′. The three complexes crystallized in the same
space group (P21212) and diffracted to the near-atomic resolu-
tions of 1.22-1.45 Å. The structures were refined with
anisotropicB-factors, solvent molecules, and hydrogen atoms,
giving the finalR-factors in the range of 13.0-15.2%. There
was clear electron density for all atoms of the protease, the
inhibitor, and solvent molecules in all the structures. The
representative electron density is shown in Figure 2. The
inhibitor adopts an extended conformation with two alternate
orientations in the active site cavity with almost equal occupan-

Figure 1. (a) Molecular diagram of the TMC114 inhibitor. (b) PR
dimer structure (green ribbons). The sites of mutation are indicated
using ball-and-stick representation for Asp30, Ile50, and Leu90.
Catalytic aspartate residues are shown in a stick representation. Only
one subunit is labeled.
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cies related by a 180° rotation. The averageB-factors were low
for protein and inhibitor atoms. The highest resolution structure
of PRI50V had the lowestR-factor and showed the lowest
B-factors for the protein and inhibitor atoms.

Alternate conformations were modeled for residues in all the
crystal structures. In each case there was a clear electron density
for both positions of the side chains, as shown by the examples
in Figure 3. There were 18 alternate conformations modeled
for PRD30N, 29 for PRL90M, and 30 for PRI50V. Interestingly, for
PRD30N, the averageB-factors are as low as for the PRI50V

structure, even though the latter was modeled with more

alternate conformations. Generally, the alternate conformations
were observed for the side chains on the surface of the protein,
especially for the residues with long side chains, such as
glutamate, glutamine, lysine, and arginine. Table 3 compares
the residues that have alternate conformations in structures with
TMC-114, including those previously determined.15 Eight
residues, Lys7, Glu21, Asp/Asn30, Ser37, Met46, Glu65, Ile/
Val84, and Leu97, have alternate conformations in at least one
subunit in all structures. In five structures, the main-chain atoms

Table 1. Kinetic Parameters from the Fluorescence Assay for Hydrolysis of Peptide Ac-RE(Edans)SQNYaPIVRK(Dabcyl)R-CO-NH2 and Inhibition by
TMC-114 or Indinavir (IDV) of PR, PRD30N, PRI50V, PRV82A, PRI84V, and PRL90M

Ki, nM (relative)

protease
Km,
µM

kcat,
min-1

kcat/Km,
min-1 nM-1 TMC-114 IDV

PR 36( 8 2.7( 0.5 75( 20 0.22( 0.05 (1) 0.6( 0.1 (1)
PRD30N 31 ( 5 0.21( 0.02 7( 1 6.6( 1.0 (30) 7.0( 1.0 (12)
PRI50V 57 ( 12 1.7( 0.2 30( 7 2.0( 0.4 (9) 10.4( 1.0 (17)
PRV82A 26 ( 2 2.4( 0.1 92( 8 0.8( 0.06 (3.6) 1.34( 0.12 (2.2)
PRI84V 39 ( 7 2.0( 0.2 50( 10 1.1( 0.2 (5) 2.51( 0.35 (4.2)
PRL90M 38 ( 5 7.6( 0.7 200( 34 0.030( 0.004 (0.14) 0.8( 0.1 (1.33)

a The cleaved peptide bond.

Table 2. Crystallographic Data for PRD30N, PRI50V, and PRL90M in
Complex with TMC-114

PRD30N PRI50V PRL90M

space group P21212 P21212 P21212
unit cell dimensions (Å)

a 58.49 58.70 58.26
b 86.13 85.79 85.91
c 45.94 46.15 46.05

resolution range (Å) 50-1.45 50-1.22 50-1.25
unique reflections 40644 64113 62487
Rmerge(%) overall (final shell) 8.9 (57.5) 9.0 (40.2) 5.9 (59.6)
data range for refinement (Å) 10-1.45 10-1.22 10-1.25
R1 (I > 2σ(I)) 13.4 11.7 13.2
Rwork (%) 15.2 13.0 14.1
Rfree (%) 21.8 18.8 18.9
no. of solvent (total occupancies) 178.0 171.1 185.5
completeness (%) overall (final shell) 98.0 (86.0) 91.9 (53.3) 96.4 (82.6)
rms deviation from ideality (Å)

bonds 0.011 0.014 0.015
angle distance 0.034 0.037 0.040

averageB-factors (Å2)
main chain 16.2 15.4 18.4
side chain 22.7 19.9 23.7
inhibitor 12.9 12.9 14.4
solvent 33.4 28.8 34.9

occupancies for alternate conf of
TMC-114 (%)

52/48 60/40 51/49

Figure 2. 2Fo - Fc electron density map for residues Pro79-Thr80-
Pro81 of PRI50V complex. The contour level is 2.6σ.

Figure 3. Alternate side-chain positions of PRI50V structure shown in
the 2Fo - Fc map. The residues drawn are Ile84 (62/38% occupancies)
(a) and Arg57 (66/34% occupancies) (b). The electron density map is
contoured at a level of 1.6σ (a) and 1.1σ (b). The major conformations
are colored by atom type, and the minor conformations are in pink.

Table 3. Comparison of Residues with Alternate Conformations for PR,
PRD30N, PRI50V, PRV82A, PRI84V, and PRL90M in Complex with
TMC-114a

residue PR PRD30N PRI50V PRV82A PRI84V PRL90M

Lys7 AB AB B A AB B
Glu21 AB AB AB B AB AB
Asp/Asn30 AB B AB A AB AB
Ser37 AB AB AB A A A
Met46 AB B AB AB AB AB
Glu65 AB A B AB AB A
Ile/Val84 AB B AB A B AB
Leu97 AB AB AB A AB B

a Only the residues that have alternate conformations in at least one
protease subunit are listed.
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of Ile/Val50 and 50′ in the two subunits, located at the tips of
the flaps, have two alternate conformations, with relative
occupancies of about 60/40%. The carbonyl groups can flip
about 180° while hydrogen-bond interactions are maintained
with the amide nitrogens at the tip of the other flap.

Similar to the previous structures with TMC-114 inhibitor,15

the high resolution of the diffraction data for the structures
studied here allowed modeling of two shells of solvent. The
solvent was modeled with more than 200 water molecules, ions,
and other small molecules from the crystallization solutions;
many of these small molecules have partial occupancies. The
ions modeled were sodium, chloride, and sulfate, while glycerol
was refined in the PRL90M structure. The example of 2Fo - Fc

electron density for the sodium cation region in PRL90M structure
is shown in Figure 4. The averageB-factors for the solvent
atoms were 28.8 Å2 for PRI50V, 33.4 Å2 for PRD30N, and 34.9
Å2 for PRL90M.

Comparison of Inhibitor -Protease Interactions. A. Hy-
drogen-Bond Network. The TMC-114 inhibitor has been
designed to optimize the number of hydrogen-bond interactions
with the protease, especially those with the main-chain atoms,
to have a better affinity for the protein and withstand drug-
resistant mutations.11 In the three structures studied here, the
hydrogen-bond interactions of the inhibitor with the correspond-
ing mutant protease are similar to those in the PR. As an
example, the network of hydrogen bonds is shown in Figure 5
for PRL90M. The central hydroxymethyl isostere has strong
H-bond interactions with the two aspartic acid carboxylate
groups that mimic the tetrahedral transition state-protease
interactions. One water-mediated contact is found for PRD30N,
PRI50V, and PRL90M that involves the tetrahedrally coordinated
water linking the SO2 and carbonyl of the urethane moiety with
the main-chain amides of residues 50 and 50′. This water is
conserved in almost all structures of the PR with inhibitors,
substrates, and substrate analogues, except for the structures with
the inhibitors designed explicitly to substitute this H2O
(DMP323,27,28 DMP45029). Although the water molecule is
symmetrically connected to the amide atoms of residues 50 and
50′, it has very close (2.3-2.4 Å) (values are given for the
distances between heavy atoms) and strong interaction with one
sulfonamide oxygen and a long and therefore weaker hydrogen

bond with the urethane’s carbonyl (3.0-3.1 Å) in all the
structures. In addition, the amide nitrogen of the urethane part
forms a weak hydrogen bond to the main-chain carbonyl of
Gly27 or Gly27′ for the second inhibitor orientation. The
distance of 3.1-3.2 Å is similar in the wild type and the mutant
structures.

The terminal groups of the TMC-114 bear hydrogen-bond
donor (aniline) and acceptor (bis-THF) moieties. Due to the
presence of two inhibitor orientations, these groups occupy
almost the same sites and interact with the main-chain and side-
chain atoms of Asp29, Asp30, Asp29′, and Asp30′ (Asn30 and
Asn30′ in the case of PRD30N). Asp/Asn30 show alternate
conformations with occupancies∼50/50% in the six structures
with TMC-114 mentioned in the paper that are probably related
to the alternate conformations of the inhibitor (no alternate
conformations were modeled for Asp30 in the structures by King
et al.16). Residue 30 is one of only two amino acids (the other
is 84) located in the inhibitor binding cavity that have alternate
conformations in the six structures (Table 3). In PRD30N and
PRL90M structures, bis-THF oxygens have H-bonds to the amide
nitrogen atoms of residues 29 and 30 (and 29′, 30′ for the other
subunit) with distances of∼2.9-3.3 Å. The longer distances
of 3.1-3.4 Å are observed with residue 30 in the I50V mutant
structure. Thep-NH2 substituent of the aniline moiety interacts
closely with residue 30 or 30′, including contacts with both
main- and side-chain atoms. The amino group makes similar
hydrogen bonds to the carboxyl group, amide nitrogen, and
carbonyl oxygen in the wild type and the mutant structures.
Differences are observed in PRD30N and PRI50V structures. In
PRD30N, the aniline group has water-mediated contacts to the
side chain of Asn30 or to one of the alternate conformations of
Asn30′ (Figure 6). Such water-mediated contacts with both
residues 30 and 30′ are not present in the other structures. In
PRI50V, a very strong H-bond (2.5 Å) to the carboxylate of
Asp30 prevents the formation of other H-bonds with the main-
chain amide and carbonyl of the same residue; while for the
other subunit the interactions with the main chain of Asp30′
are similar to those of the other structures (Figure 7).

B. C-H‚‚‚O Interactions. There are a number of other
attractive interactions that are of importance for the strong
binding of the inhibitor in the PR active site cavity. These are
termed C-H‚‚‚O contacts.30 Several such interactions have been
observed in every structure with TMC-114. The sulfonamide
oxygen atoms have close contacts of 2.8-2.9 Å with the CR
atoms of Gly49 in one inhibitor orientation and with Gly49′

Figure 4. 2Fo - Fc electron density map for the sodium cation region
in the PRL90M structure. The map is contoured at the 2.0σ level. The
sodium atom has a distorted square bipyramidal coordination of water
and carbonyl oxygen atoms. The short contacts in the Na+ coordination
sphere and hydrogen bonds are indicated by dashed lines, with the
interatomic distances in Å. The side-chain of Tyr59 is omitted for
clarity.

Figure 5. The hydrogen-bond network between the inhibitor and the
protease in the PRL90M structure. Residues 30, 30′, 50, and 50′ have
two alternate conformations including main-chain atoms, and the minor
conformations are colored in pink.
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for the alternate inhibitor orientation. These C-H‚‚‚O contacts
are conserved in all the structures mentioned here. In addition,
the sulfonamide oxygen atoms make close but weaker contacts
with the terminal CH3 groups of Ile50 or Ile50′ (∼3.1 Å). It
has to be emphasized that in the PRI50V mutant structure, these
interactions with the SO2 moiety are not possible for Val50.
On the other hand, Val50′ is oriented differently, and two
symmetric interactions of 2.8 Å are observed between its methyl
groups and each of the sulfonamide oxygen atoms (Figure 8).
The former contacts involving theR-carbon of Gly49 and 49′
are stronger and therefore more stabilizing, since the CR is
activated by the electron-withdrawing atoms connected to it.
In contrast, the latter CH3‚‚‚O interactions have less stabilizing

effect and are less important. Even weaker interactions are found
between the oxygen atoms of the sulfonamide moiety and
terminal CH3 groups of Ile84 or Ile84′. The distances are in the
range from 3.2 to 3.7 Å; the longest distances are for the PR
structure and the shortest distances are for PRI50V and PRL90M.
The loss of these interactions in the PRI84V structure may
contribute to the severalfold increase in theKi value for TMC-
114 inhibitor. The bis-THF group forms one C-H‚‚‚O interac-
tion with the carbonyl oxygen of Gly48, or Gly48′ in the other
inhibitor orientation. This interaction is conserved and has
similar distances of 2.8-3.0 Å in the structures.

Although the C-H‚‚‚O interactions are weaker stabilizing
contacts compared to the N-H‚‚‚O and N-H‚‚‚N hydrogen
bonds mentioned above, their significance cannot be overesti-
mated. Since some of the interactions are made with the main-
chain atoms of the protein, they play a valuable role in the ability
of TMC-114 to effectively inhibit various protease mutants.

C. Hydrophobic Interactions. The hydrophobic interactions
include the van der Waals contacts of H‚‚‚H and H‚‚‚π nature.
The first type of interaction can be realized between closely
oriented alkyl groups or an alkyl group and aromatic group when
the hydrogen atom an alkyl group is located almost in the plane
of the aromatic ring. The second category includes contacts
formed when an alkyl group’s hydrogen atom is positioned on
top of an aromatic ring but not necessarily facing the ring’s
center.

Figure 6. 2Fo - Fc electron density maps for residues Asn30 (a) and
Asn30′ (b) of PRD30N. The maps clearly show the two alternate
conformations of Asn30′ (56/44% occupancies) and water-mediated
contacts to the aniline moiety of TMC114. The contour level is 1.6σ.
Interactions of bis-THF moiety are not shown.

Figure 7. Interactions of the aniline group of TMC114 with residue
Asp30 in PR and PRI50V structures. PR is colored by the atom type,
and PRI50V is shown as green sticks. The alternate conformation of the
Asp30 side chain in PR and the second orientation of the inhibitor for
both structures are omitted for clarity. The interactions of the other
inhibitor orientation with residue Asp30′ of the other protease subunit
are similar in all the structures.

Figure 8. C-H‚‚‚O interactions between the sulfonamide moiety of
TMC114 and the protease atoms. PR is colored by the atom type, and
PRI50V is shown as green sticks. The alternate conformation of Ile50′
in PRWT and Val50′ in PRI50V and the second orientation of the inhibitor
for both structures are omitted for clarity. The alternate conformations
of residue 50′ that do not make C-H‚‚‚O interactions with TMC114
are omitted. Parts a and b show the contacts with the residues in
different subunits of PR. For the other structures these contacts are
similar to those of PR.
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Bis-THF, aniline, and the central phenyl group are the primary
substituents involved in the hydrophobic interactions with the
protease atoms. P1 (Ph) and P1′ (t-Bu) groups have van der
Waals interactions with residues Leu23, Gly49, Ile/Val50, Pro81,
Val82, and Ile84 from both subunits of PR. The CG atom of
Pro81′ in PR has close H‚‚‚H interactions (carbon‚‚‚carbon
distance is∼3.6Å) with the P1 phenyl ring of the inhibitor.
These interactions are similar in other structures and involve
also Pro81 when the residue has a single conformation for the
side chain at CG atom. Moreover, in PRI50V the interaction
involving Pro81 is even shorter, the distance is∼3.3 Å, and
Pro81 is fully ordered. Such close contacts between hydrogen
atoms are repulsive and should contribute a destabilizing
component to the overall binding energy of TMC-114. There-
fore, in the PRI50V structure the inhibitor binding must be
destabilized even further compared to the other structures.

Theπ-system of the inhibitor’s aniline moiety forms a number
of C-H‚‚‚π interactions with the side-chain atoms of residues
Ala28, Val32, Ile47, and Ile/Val50 from both PR subunits.
Unlike the H‚‚‚H contacts, the interactions with the aromatic
π-system are not just van der Waals contacts but have some
electrostatic character and therefore are more favorable. Ile47
and Ile47′ have weak interactions with the aniline benzene ring
in the range of 4.1-4.5 Å in the PR and the mutant structures.
The side-chain atoms of Ile50, Ile50′ and Ala28, Ala28′ have
stronger contacts to both conformations of the inhibitor. The
distances are comparable in most of the structures studied (3.6-
3.9 Å). One alternate conformation of Ile50 in PRL90M structure
makes 3.3-3.4 Å long contacts with theπ-system of aniline,
which perhaps become destabilizing at such short distances. The
shortening of these interactions in the L90M mutant can
probably be attributed to the longer chain of methionine pushing
the active site aspartate side chains toward the inhibitor (see in
more detail below). In PRI84V the side chain of Ile50 is fully
ordered; however, similar short contacts are formed. In PRV82A,
TMC-114 has a single orientation in the crystal; only the
terminal aniline group occupies two alternate sites. Interestingly,
in this structure the side chain of Ile50′ makes only van der
Waals contacts to theπ-system of aniline moiety, the closest
being 4.0 Å long. The mutation of Ile50 to Val50 results in
these contacts being longer and therefore weaker, or lost
completely, for Val50′ or Val50, respectively, in the PRI50V

structure (Figure 9). Remarkably, the C-H‚‚‚π interactions
formed with residues Val32 or Val32′ are significantly shorter
than those with Ala28, Ile47, or Ile/Val50. The distances are
3.3-3.4 Å in all the structures with TMC-114. The inhibitor‚
‚‚Val32 interactions cannot be ignored on the grounds of the
occurrence of alternate conformations in residue 32, as it has
single conformation in PRD30N and PRV82A structures for both
subunits of the protease.

D. Structural Differences between the Mutants and the
Wild-Type PR. Five protease-inhibitor structures in the current
series were obtained in the same space group,P21212, while
the PRV82A was the only structure crystallized with TMC-114
in the space groupP212121. The former structures are very
similar, with the rms deviations not exceeding 0.1 Å for the
main-chain atoms computed with respect to the PR. The PRV82A

structure showed larger rms differences compared to the wild-
type PR of 0.35 Å, owing to differences in lattice contacts in
the two space groups. Differences of more than 1 Å are observed
for the main-chain atoms of residues 37-40, 37′-48′, and 54′-
56′. However, these large differences reflect variations in
positions of residues on the surface of the protein that are not
involved in interactions with the inhibitor. There was a small

movement of main-chain atoms of residue 50′ in PRI50V toward
TMC-114, which partly compensated for the change from
isoleucine in PR to the smaller valine side chain. This conclusion
is supported by the presence of a 3.8 Å long contact made by
a methyl group of Val50′ and a carbon of the aniline moiety.
Alternatively, the main chain atoms of Val50 occupy almost
the same positions as in PR, and no close contacts are found
between the side chain of Val50 and the aniline group of the
inhibitor (Figure 9).

The catalytic triplet residues 25-27 showed very low rmsd
values of 0.02-0.12 Å for comparison of main chain atoms,
consistent with the uniquely conserved active site. Slightly larger
differences in the positions of the catalytic triad are observed
in PRL90M structure, where the rmsd values are increased to
0.17-0.19 Å. Methionine is one methylene group longer than
leucine. The side chain of residue 90 is located just underneath
the catalytic residue Asp25 and therefore can directly influence
the PR catalytic properties by making close interactions to the
aspartate atoms. The wild type Leu90 has only van der Waals
contacts with the main-chain atoms of Asp25, which are 3.7-
4.0 Å long for both subunits. In contrast, in PRL90M the long
chain of Met90 protrudes further and its terminal methyl group
(68% populated conformation) has very close contacts of 3.1-
3.3 Å to the main-chain carbonyl of Asp25 (Figure 10), as
reported for other complexes with L90M mutant.20,24,31 The
interactions are the same for the other subunit where residue
90′ has alternate conformations with 48/52% occupancy. Due
to the repulsive nature of the above contacts the catalytic triads
from both subunits shift slightly toward the inhibitor relative

Figure 9. C-H‚‚‚π interactions between the side chains of Ile50 or
Val50 (a) and Ile50′ or Val50′ (b) with the aromatic ring of TMC114’s
aniline moiety in PRD30N (blue), PRI50V (red ball-and-stick representa-
tion), and PRL90M (green). Alternate conformations of residue 50 that
do not form close contacts to the aromatic ring are omitted for clarity.
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to their positions in the wild-type structure. Perhaps these highly
unfavorable interactions are responsible for the diminished
stability, which is reduced by∼50% compared to the wild-
type protease,20 and slightly higher activity of the L90M mutant
for the cleavage of the fluorescent substrate used in this study.

E. General Comparison of Interactions in TMC-114 and
Indinavir Structures. It is instructive to compare the protease
interactions of TMC-114 with those made by the clinical drug
indinavir (IDV). Crystal structures with indinavir have been
obtained for the wild-type PR-IDV and mutant proteases
PRI50V-IDV, PRV82A-IDV, and PRL90M-IDV.20,32The PRI50V-
IDV crystals diffracted to a very high resolution (1.10 Å), while
the other three had the resolution of 1.25-1.40 Å, which is
comparable to that obtained for the protease-TMC-114 crystals.
The indinavir complexes showed the inhibitor in one orientation,
except for PRI50V-IDV, which had two orientations of IDV
similar to the structures with TMC-114. It is noteworthy that
the protease dimers showed very low rmsd values (<0.3 Å) if
they were in the same space group, while values were bigger
(∼0.6 Å) if the dimers were in two different space groups. The
same trend was observed for the protease-TMC-114 structures.

As mentioned above, TMC-114 inhibitor was designed to
increase the number of strong favorable interactions with the
PR, especially with the main-chain atoms. Hydrogen bonds are
the strongest interactions that play a major role in stabilizing
inhibitor binding in the active site cleft. Moreover, direct
hydrogen bonding to the PR residues is more favorable and
conserved than water-mediated interactions. Both IDV and
TMC-114 have the hydroxyethyl isostere as the central part of
the molecule, which mimics the transition state of the proteolysis
reaction. This OH group always forms strong hydrogen bonds
to all four carboxylate oxygens of Asp25 and Asp25′. In
protease-IDV structures, the inhibitor forms hydrogen bonds
directly to residues Asp29 and Gly27. Additional hydrogen
bonds are formed in PRI50V-IDV and PRL90M-IDV to the
terminal group of Arg8. In protease-TMC-114 structures, the
presence of the bis-THF group on one end and the NH2 group
on the other end of the molecule allows for additional H-bonds
to Asp/Asn30. The important difference in the H-bond network
is that the IDV complexes have only two H-bonds to the main
chain carbonyl or amide atoms, while the TMC-114 complexes
contain five or six such interactions. Obviously, the inhibitor-
main chain contacts are much more conserved and less
susceptible to mutations than the interactions with the side

chains. In this context, therefore, the ability of TMC-114 to
make many hydrogen-bond interactions with the main chain
provides the basis of its superiority over other known inhibitors.

Hydrophobic interactions, although not as strong as hydrogen
bonds, are important for an inhibitor binding. There is no clear
correlation between the number of hydrophobic contacts be-
tween an inhibitor and protease and the inhibitor’s ability to
suppress the activity of the protease mutants. For instance, there
are 95 interactions with distances< 4.0 Å found in the PRV82A-
IDV structure, while there are 96 interactions in the PR-IDV.
Despite this, theKi value increases 2-fold for the inhibition of
the V82A mutant. On the other hand, theKi value for TMC-
114 increases three times for the V82A mutant, but as many as
12 contacts are lost by the inhibitor’s major orientation in the
PRV82A-TMC-114 structure compared to PR-TMC-114.

Discussion

The design goal for TMC-114 has been to achieve superiority
over the available clinical drugs in suppressing the proliferation
of the HIV virus by making more favorable strong interactions
with the PR residues, especially with the main chain atoms.
Such interactions are probably less susceptible to resistant
mutations than those with the side-chain atoms.

The bis-THF moiety of TMC-114 allows the formation of
several hydrogen bonds with the main-chain atoms of Asp29
and Asp30. These interactions are very weak or absent for its
closest analogue amprenavir, which contains only the single
THF group. Moreover, the PR-IDV structures contain only two
direct H-bonds to the PR main chain, while six such interactions
are present in the wild type and mutant PR structures with TMC-
114 inhibitor. Therefore, TMC-114 may better adapt to muta-
tions than IDV, making it more difficult for the virus to select
resistant mutations.

Inhibition data for PRD30N, PRI50V, and PRL90M have shown,
however, that TMC-114 does lose some affinity for the PR,
especially in the case of D30N and I50V mutations. The relative
Ki values are∼30 and∼9 for the two mutants, respectively
(Table 1). In PRD30N, the inhibitor has a water-mediated contact
to the side chain of Asn30, while in PR a direct hydrogen bond
is observed with one of the alternate conformations of Asp30.
Given that other interactions in the two structures are very
similar, the substitution of a direct contact by a water-mediated
interaction may explain the increasedKi value for PRD30N

compared to the wild-type PR. On the other hand, there are
more changes in the interactions between the inhibitor and the
protease in the PRI50V structure, though theKi does not increase
as much. Although the inhibitor’s aniline group shifts consider-
ably from its position observed in the other structures (Figure
7) and decreases its interactions with the main chain of Asp30,
the H-bond to the side chain is shortened by∼0.2 Å. Thus, the
strength of the aniline-to-Asp30 interaction is probably not
significantly affected. However, the inhibitor loses favorable
hydrophobic interactions in one orientation with the side chain
of Val50 (Figure 9A). Since hydrophobic contacts are weaker
than hydrogen bonds, it may explain why theKi value increases
less for PRI50V than for PRD30N. Unexpectedly, the inhibitor is
found to have higher potency against the common mutant
PRL90M. TheKi value was decreased by about 7-fold with respect
to that of PR. According to the crystal structure, the major
alternate conformations (60% occupancy) of Met90 and Met90′
have very close unfavorable interactions with the main-chain
carbonyl of the active site Asp25 and 25′ (Figure 10), while
only van der Waals interactions are present in the PR structure.
These close contacts push the active site residues toward the

Figure 10. Interactions of mutated residues 90 and 90′ with catalytic
residue 25 and 25′ shown in superimposed mutant and PRWT structures.
Interatomic distances are indicated by broken lines with the separation
in Å. PRL90M is shown in magenta bonds and PR in atom-type colored
fashion. The side-chain conformations of Met90 and Met90′ that make
shortened contacts to the main-chain atoms of aspartates are shown.
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inhibitor by about 0.2 Å. Consequently, TMC-114 has∼10 more
van der Waals interactions<4.0 Å in PRL90M structure than in
the PR structure. Therefore, the L90M mutation results in the
reduction of the size of the active site cleft, leading to a tighter
binding of the inhibitor. Since this mutation appears as a major
resistant mutation on treatment with saquinavir or nelfinavir, it
may be suggested that these drugs do not favor a tighter active
site cavity, unlike TMC-114. Additionally, the L90M mutation
appears as a minor mutation during the treatment with any of
the clinical drugs and is always accompanied by the mutations
in the active site cleft. Therefore, it may have an additional
compensatory role in increasing PR activity on the natural
substrates and/or decreasing dimer stability in the presence of
an inhibitor.

The kinetic measurements have shown that PRD30N is only
10% as active as the wild-type protease on the fluorescent
substrate, while PRI50V is 40% as active. On the other hand,
the potency of TMC-114 was reduced by about 30 and 9-fold,
respectively, for PRD30N and PRI50V. We therefore suggest that
the mutations D30N and especially I50V may be selected by
the virus for resistance to TMC-114. As a consequence, TMC-
114 is not expected to be a good salvage therapy candidate for
the people who fail the nelfinavir regimen due to the presence
of the viral strains that contain the D30N mutation in the
protease. In contrast, the L90M mutation is unlikely to emerge
as a primary resistance mutation during the treatment with the
inhibitor TMC-114, although L90M is obviously favorable for
resistance in combination with other mutations. Similarly, V82A
and I84V mutations had minor effects on the inhibition of TMC-
11415 and hence are expected to show resistance only in
combination with other mutations.

Materials and Methods

Protein Preparation and Kinetic Measurements.The HIV-1
protease (Genbank HIVHXB2CG) clone was constructed with the
substitutions Q7K, L33I, and L63I, to minimize the autoproteolysis
of the protease, and C67A and C95A, to prevent cysteine-thiol
oxidation.33 PR templates with the appropriate oligonucleotide
primers were used to introduce the D30N, I50V, and L90M
mutations. All constructs were generated using the Quick-Change
Mutagenesis protocol (Stratagene, La Jolla, CA) and verified by
DNA sequencing. Proteins were prepared using the protocol
described elsewhere.33 Kinetic parameters were determined by
fluorescence assay as described previously.34 The substrate Ac-
RE(Edans)SQNY*PIVRK(Dabcyl)R-CO-NH2 was used. Protease
(10 µL, final concentration of 7-12 nM) was mixed with 100µL
of PNF buffer (250mM phosphate buffer, pH) 5.6, containing
500 mM NaCl, 1 mM EDTA, 5 mM dithiothreitol, and 5% glycerol)
and the mixture preincubated at 37°C for 5 min. The reaction was
started by adding 90µL of substrate (final concentration of 2-40
µM), and the mixture was assayed over 5 min for the increase in
fluorescence. Inhibition assays were performed in the same way,
but the reaction mixture contained 2µL of DMSO or inhibitor
dissolved in DMSO. The inner filter effect was determined by
measuring the fluorescence as a function of the concentration of
RE (Edans), at the substrate concentration range used for the kinetic
measurements. Data analysis was performed with the program
SigmaPlot 8.0.2 (SPSS Inc., Chicago, IL).kcat andKm values were
obtained by employing standard data-fitting techniques for a reaction
obeying Michaelis-Menten kinetics.Ki values were calculated from
the IC50 values estimated from a dose-response curve with the
fluorescent assay using the equationKi ) (IC50 - [E]/2)/(1 +
[S]/Km), where [E] and [S] are the protease and substrate concentra-
tions, respectively.35

Crystallographic Analysis. The crystals of the PR mutants
complexed with the inhibitor TMC-114 were grown by the hanging-
drop vapor diffusion method using a 5:1 ratio of inhibitor to protein.

Crystals of PRD30N grew with a well solution containing NaOAc
buffer (pH) 4.6), 1% DMSO, 0.5% dioxane, and 10% NaCl as a
precipitating agent. PRI50V crystals grew using well solution
containing NaOAc buffer (pH) 4.8), 2% DMSO, 0.5% dioxane,
and 10% NaCl. PRL90M crystals grew using a well solution with
NaOAc buffer (pH) 4.2) and 5% NaCl. Crystals were frozen with
a cryoprotectant of 20-30% glycerol. X-ray diffraction data were
collected on the SER-CAT beamline of the Advanced Photon
Source, Argonne National Laboratory. Data were processed using
HKL2000.36 The structures were solved by molecular replacement
using the CPP4i suite of programs.37 The starting model for
molecular replacement was the wild-type PR complex with TMC-
114 (PDB code 1S6G),15 which has the same space group as the
new structures. The structures were refined using SHELX9738 and
refitted using the O 8.039 program. Alternate conformations were
modeled for the inhibitor and protease residues when they were
obvious in the electron density maps. The solvent was modeled
with ∼200 or more water molecules, some with partial occupancy.
The identity of ions and other solvent molecules from the
crystallization conditions was deduced on the basis of the shape
and peak height of the 2Fo - Fc electron density, the potential
hydrogen bond interactions and interatomic distances. The PRD30N

crystal structure was refined with two chloride anions, one sulfate
anion, and 199 water molecules, including partial occupancy sites.
PRI50V structure included a sodium cation, two chloride anions, two
acetate anions, a glycerol molecule, and 206 water molecules,
including partial occupancy sites. PRL90M structure was refined with
a sodium cation, two chloride anions, two glycerol molecules, and
213 water molecule, including partial occupancy sites. Anisotropic
B factors were refined for all atoms. Hydrogen atom positions were
included in the last stage of refinement using all data after all other
parameters including the disorder had been modeled. The mutant
crystal structures were compared with the wild type structure by
superimposing their main-chain atoms using an implementation of
the algorithm previously described.40 Figures were made using O39

and MolScript.41 The structures were deposited with PDB codes
2F80 for PRD30N, 2F8G for PRI50V, and 2F81 for PRL90M.
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