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Resistant Mechanism against Nelfinavir of Human Immunodeficiency Virus Type 1

Inhibitors against human immunodeficiency virus type-1 (HIV-1) proteases are finely effective for anti-
HIV-1 treatments. However, the therapeutic efficacy is reduced by the rapid emergence of inhibitor-resistant
variants of the protease, Among patients who failed in the inhibitor nelfinavir NFV) treatment, D30N, N88D,
and L9OM mutations of HIV-1 protease are often observed. Despite the serious clinical problem, it is not
clear how these mutations, especially nonactive site mutations N88D and L90M, affect the affinity of NFV
or why they cause the resistance to NFV. In this study, we executed molecular dynamics simulations of the
NFV-bound proteases in the wild-type and D30N, N88D, D30N/N88D, and L90M mutants. Cur simulations
clarified the conformational change at the active site of the protease and the change of the affinity with NFV
for all of these mutations, even though the 88th and 90th residues are not located in the NFV-bound cavity
and not able to directly interact with NFV. D30N mutation causes the disappearance of the hydrogen bond
between the n-phenol group of NFV and the 30th residue. N88D mutation alters the active site conformation
slightly and induces a favorable hydrophobic contact. L90M mutation dramatically chanpes the conformation
at the flap region and leads to an unfavorable distortion of the binding pocket of the protease, although 90M
is largely far apart from the flap region. Furthermore, the changes of binding energies of the mutants from
the wild-type protease are shown to be correlated with the mutant resistivity previously reported by the
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phenotypic experiments.

Introduction

Replication of human immunodeficiency virus type 1 (HIV-1)
requires the processing of gag and gag-pol polyprotein precur-
sors by the virus-encoded aspartic protease, so-called HIV-1
protease.! Therefore, the protease has been one of the major
targets of anti-HIV-1 treatments.? Today, seven protease inhibi-
tors (PIs) are approved by the FDA and are available clinically,
Those drugs are well-designed to fit the inside of the binding
cavity, mimicking the configuration of a substrate in the tran-
sition state for the hydrolysis reaction by the protease.? However,
HIV-1 frequently acquires the resistance to these inhibitors
through specific mutations due to the high polymorphism and
adaptability of the protease,*~7 Serious resistant mutants survive
during the treatment with PIs and cause a failure in long-term
HIV chemotherapy.

Among patients who failed in the treatment with nelfinavir,
NFV (Figure 1), which is one of the Pls, substitutions of
asparagine (N) for aspartic acid (D) at codon 30 {D30N), aspartic
acid for asparagine at codon 88 (N88D), and methionine (M}
for leucine (L) at codon 90 (L90M) are frequently seen in HIV-1
protease.®? D30N is a primary NFV-resistant mutation, which
appears to be very specific for this inhibitor. N88D is an
additional mutation to D30N. A combination of D30N and
NB88D js the most commonly seen in patients treated with NFV,
and NB8D compensates for the loss of replicative capacity
resulting from D30N as a secondary mutation. L90M is a
primary mutation responsible for the resistance to both NFV

* Comresponding auther. Tel.: +81-43-290-2926. Fax: +81-43-290-
2925, E-mail: odehir@graduate.chiba-u,jp.

Y AIDS Research Center, Naticnal Institute of Infectious Diseases,
Musashimurayama, Tekyo 208-0011, Japan.
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Figure 1. Structure of NFV. According to the crystal structure (PDB
code: 10HR), the m-phenol group of the 2-methyl-3-hydroxylbenza-
mide side chain of NFV interacts with 30D by hydrogen bonding in
the 82 pocket of HIV-] protease. The fert-butylcarboxamide moiety
occupies the §2” subsite, the S-phenyl. group and dodecahydroisoquine-

line ring fit into the hydrophobic S1 and S1’ pockets, and the central
hydroxyl group is bound to the catalytic aspartates.

and saquinavir'® and also appears to be associated with the
resistance to the other PIs.*~¢ There are two evolutionarily
possible pass ways for the NFV-related mutation acquisition,
and the L90M acquisition pass way is evolutionarily different
from the pass way of D30N.!1.12

The three-dimensional X-ray structure of the NFV-bound
protease'® implies that D30N mutation would alter the direct
electrostatic interaction with the m-phenol group of NFV at the
active site (Figure 2). It is, however, difficult to understand the
NFYV resistance due to N88D or L90M mutations because these
88th and 90th residues are located at the nonactive site near
the dimer interface. Recently, Mahalingam and co-workers
determined some high-resolution X-ray crystal structures of
D30N, N88D, or LS0M mutants combined with peptide inhibitor
analogues, not NFV,"“~16 and suggested the mechanism of the
resistance. They found that D30N mutation altered the interac-
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Figure 2. X-ray structure of the HIV-] protease/NFV complex (PDB
code: 10HR}. Locations of the two catalytic aspartates and the residues
related with NFV resistance (30, 88, 90) are shown in the stick
representation in ome subunit of the protease dimer. The wild-type
sequence is shown below.
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tion with the inhibitors, N88D mutation lost the water that
mediated hydrogen bond interactions among 31T, 74T, and 88D,
and L90M caused an unfavorable van der Waals contact between
24T/25D and the long side chain of 90M. Further, they reported
that L9OM mutants altered the active site conformation when
indinavir entered the binding cavity of the protease.!” Though
these structural features might be seen in the proteases com-
plexed with NFV, a clear explanation on the resistance to NFV
due to these mutations has not been provided yet,
Cormputational chemistry has been developed in recent years,
and detailed analysis has been significantly improved, Many
computational works were already carried out to clarify the
catalytic mechanism of HIV-] protease in its substrate-hydroly-
sis reaction.'®73¢ And the other works discussed the drug-
resistant mechanisms of some familiar active site mutations3! 3¢
In the present study, we discussed the resistant mechanism of
not only active site mutation DION but also nonactive site
mutations N88D, L90M. To clarify these mechanisms, we
Investigated the wild-type HIV-1 protease and D30N, N88D,
D30N/N88D, and L90M mutants complexed with NFV on the
basis of the molecular dynamics (MD) approach explicitly
including the seolvate condition. Our MD simulations for each
mutant demonstrated the respective resistant mechanisms to
NFV. Not only active site mutation D30N but also nonactive
site mutations N88D and LIOM affect the interaction between
NFV and the protease through the structural modification of
the binding cavity. There are no papers reported on the resistant
mechanism of the nonactive site mutations through a compu-
tational approach. The atom-level understanding of the origins
of these resistances will be useful in the design of better Pls.
Further, our work suggests the possibility to reproduce the
experimental phenotype data from the results of MD simulation.

Materials and Methods

MD Simulation. The reliability of MD simulations largely
depends on the selection of force field parameters and the
assignment of atomic charges. Hence, the electrostatic potential
of NFV was preliminarily calculated at the BALYP/6-31G(d,
p) level using the Gaussian 98 program®’ after geometry
optimization. The partial atom charges for NFV utilized in the
MDD simulation were determined using the RESP method®* so

QOde et al.

that the atom charges could reproduce the values of the
calculated electrostatic potential at the swrrounding points of
NFV. The charges were set equal between two atoms if they
are the same element and have the same bond coordination.
Afterward, all the minimizations and MD simulations were
executed with the Sander module of AMBER 7 package.® The
AMBER parm99 force field* was used as the parameters for
the van der Waals and the bonded energy terms.

Each initial structure for the wild-type protease of clade B
and D3ON, N88D, D30N/N&RD, and L9OM mutants complexed
with NFV was modeled on the basis of the coordinates of an
X-ray crystal structure (PDB code: 10HR)'* using the LEaP
module. All the crystal waters were included in each model,
Each mode] was placed in a periodic cubic box filled with the
about 8000 TIP3P water molecules.®! The cutoff distance for
the long-range electrostatic and the van der Waals ferms was
12.0 A. All covalent bonds to hydrogen atoms were constrained
vsing the SHAKE algorithm#? Periodic boundary conditions
were applied to avoid the edge effects in all calculations. Energy
minimization was achieved via three stages. At first, the
movement was allowed only for the water molecules. Next, the
ligand and the mutated residues were allowed to move in
addition to the water motecules. Last, all atoms were permitted
to move freely. In each stage, energy minimization was executed
by the steepest decent method for the first 1000 steps and the
conjugated gradient method for the subsequent 3000 steps. The
protonation states of the catalytic aspartates 25D/25'D were
determined performing energy minimizations for all combina-
tions of the protonation states (25D/25°D both protonated, 25D/
25D both unprotonated, 25D protonated and 25D unprotonated,
25D unprotonated and 25°D protonated). The combination with
protonated 25D and unprotonated 25'D showed the lowest total
potential energy. This protonation state is consistent with the
results of the previous work by Zoete et al.#

After 24-ps heating calenlations until 300 K using the NVT
ensemble, MD simulations were executed using the NPT
ensemble at 1 atm and at 300 K for more than 1 ns, with a
basic time step of 1 fs. After 500-ps equilibrating caleulations,
the MD simulations showed no large fluctuations (the deviation
of the root-mean square deviation, RMSD, of the main chain is
less than 0.1 A in each model; more detailed data are shown in
Supporting Information). Coordinates of 200 snapshots at the
intervais of 0.5 ps were obtained as structural data; those were
collected for the last 100 ps of the simulations.

Difference Distance Plot. The difference distance plots are
drawn to assess the intermolecular relative shifts in response to
the mutation. First, Coy-to-Coy distances, d};, are computed for
all the combinations of the Cot atoms in the protease of a mutant
(A). Second, the same distances, d;',f, are measured for the
wild-type model (B). The difference distances d;B of the
residues i and j are given by

AB _ A B
Dy =1a) —aj|

Further, the error-scaled difference distance43 E;B is esti-
mated by

E;® =Dy lom}")
o(DABy = [(62) + (oA + (0B + (0B)H"

where aﬁj is the radial positional error that corresponds to the
uncertainty for an individual atom position. The difference
distauce is plotted on the lower left panel, and the error-scaled
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Figure 3. Left: Plots of RMSD between the average structures of the wild-type protease and each mutant, traced over every main chain atom.
Each mutant structure is superimposed on the wild-type structure represented by white tubes. Right: B-factor values for main chain atoms in the
wild-type and mutated proteases. The color represents the magnitude of the RMSD and B-factor shown at the lower bar. Scales are in units of
angstroms and squared angstroms, respectively.

difference distance is on the upper right one in the two- Bydrogen Bond Criterion. The formation of a hydrogen
dimensional map of Figure 4 as a function of residue numbers bond was defined in terms of distance and orientation. The
by using GNUPLOT.% combination of donor D, hydrogen H, and acceptor A atoms
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Figure 4, Difference distance matrixes and error-scaled difference matrixes for the Cow atoms. The difference distances for all pairs of residues in
the protease are shown on the lower panel. The color represents the magnitude, as shown on the bar on the lower left. The upper right panel shows
the emror-scaled difference distance matrixes. Changes greater than 1.0c and smaller than 2.5 are colored as seen on the lower right bar, Numbers
1—99 represent the residues from 1P to 99F, and numbers 101-199 represents the residues from 1°P 10 99°F.

with a D—H-+*+A configuration is regarded as a hydrogen bond
when the distance between donor D and acceptor A is shorter
than R and the angle H—D—A is smaller than @y, The
values of 3.5 A and 60.0° were adopted for Romsx and Oy, in
this study.

Buried Surface Area (SA). The solvate accessible SA%? was
computed with Paul Beroza’s molsurf program, which was based
on the analytical technique primarily developed by Connolly*®
to evaluate the surface area buried by a ligand in binding to the
enzyme. The SA is computed for the NFV-bound protease
structure. SA is also-calculated both for only NFV and for the
free protease. The difference in SA values between the bound

and the unbound cases js defined as the SA buried on
complexation*

Binding Energy Calculation. The binding free energy™ is
calculated on the basis of the next equation:

AG, = AGyy + AG,, — TAS

where AG; is the binding free energy in solntion, AG\qy is the
interaction energy between the ligand and the protein, AG,, is
the solvation energy, and —TAS is the conformational entropy
contribution to the binding. When it is assumed that the entropies
are almost the same in magnitude among the mutants, the
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difference in entropy is disregarded in the comparison of the
binding energy in this study. AGyy is caleulated from molecular
mechanics (MM} interaction energy:

AGyyy = AGE + AGY

where AGES and AG}” are electrostatic and van der Waals
interaction energies between a ligand and a protein. These
energies are computed using the same parameter set with the
simulation, and no cutoff is applied for the calculation. Solvation
energy AGyg can be divided into to the two parts:

AGy = AGG + AGL™
The electrostatic contribution to the solvation free energy (A
G} is calculated with the Poisson—Boltzmann method using
DelPhi program.! The hydrophobic contribution to the solvation
free energy (AG™™) is determined as a function of the
sclvent-accessible surface area.”?

Results

Conformational Changes of the Protease. To study the
mechanism of the drug resistance, we compared the averaged
atom coordinates of the wild-type with those of each mutant.
The least-squared rigid body superposition indicates that no large
conformational alteration appears in the shape of the protease
for every mutant, a8 shown in the left column of Figure 3. The
RMSD measurernent was executed by using the coordinates of
backbone atoms N, Cet, and C in the superimposed structires
of the wild-type and each mutant, The RMSD values compared
with the wild-type model is 0.8 A in the D30N, 0.9 A in the
N88D, 1.1 A in the LO90M, and 0.6 A in the D30N/N8SD mutant
model, averaged over the whole structure. The detailed analysis
of individual residues and the comparison of the local structures,
however, provided new understanding on the conformational
changes due to the mutation. Although large deviations are seen
at the residues of the outside loop region, those residues are
not minutely examined because their large fluctuations are
commonly observed irrelevant to the mutations in B-factor
analysis.*>53 The most characteristic conformational change is
detected in the L9OM mutant structure. The LIOM mutant
structure of our study displays significant backbone deviations
at the flap regions (43K-58Q, 43'K-58'Q) and at the 79'P loop
(78'G-84'T). The RMSD values are 1.6 A at the flap of one
subunit, 2.0 A at the opposite flap, and 1.9 A at the 79°P loop.
Those values are very large compared with those of the other
mutants (0.5 A/0.6 A/0.7 A in D30N, 0.6 A/0.7 A0.7 A in
N82D, and 0.5 A/0.6 A/0.5 A in D30N/NSEED). It shounld be
emphasized that, though the 90th residue is not located at the
flap nor at the 79°P loop, L90M affects the conformation at
those regions, In the N88D mutant structure, peculiar confor-
mational changes occur at the 8 sheets consisting of 59Y-75V
(RMSD: 1.4 A) and 59°Y-75'V (RMSD: 1.2 A). Those regions
move far away from the belix region (87R-90L/87'R-90°L). The
D30N/N8SD mutant structure exhibits the similar conforma-
tional changes at the same but much narrower regions of those
B sheets: 74T/74°T and its vicinity,

To interpret small and more detailed conformational differ-
ences, we compared pairwise Co.—Co distances in the averaged
coordinates of each mutant model with those of the wild-type.
Each difference distance is shown in the lower left panel of the
map in Figure 4, and the upper right panel shows the error-
scaled difference distance.**** Figure 4 also indicates that the
L9GM model has large conformational changes at the flap region

J. Phys. Chem. B, Vol. 109, No. 1, 2005 569

(50K/50°T and its vicinity) and at the loop region at 79’P. The
NEED and D3ON/NRRD models alier the conformations at the
B sheets (74'T and its vicinity). In addition, these maps provide
more detailed comprehension. The flap conformational alteration
in the L9OM mutant is owing to the approach of 501 to the
triads (25D26T27G/25'D26"T27'G) and the detachment of 50'
from the triads. 79'P, 81’P, and some residues at the same loop
are far apart from the residues at the opposite subunit. This loop
moves outward and also creates a distance from NFV. The
mutants other than LOOM exhibit the common structural altera-
tion. For example, the distance between the triad and the flap
region is slightly changed. The RMSD from the wild-type at
the triads in each subunit is 0.8 A/1.0 A (D30N), 0.8 A712 A
(N88D), and 0.8 A/1.1 A (D30N/N8SD). These deviations are
omuch larger, compared to the RMSD at the flap region. Hence,
characteristic distortion in D30N, N88D, and D30N/NSSD is
mainly caused by the conformational change of the triad.

The above conformational changes were seen in the last 100
ps of simulation. To ensure that these changes were not just
from the local fluctuations of MD simulations, we examined
the coordinates for the last 500 ps of simulation, The analysis
of the last 500 ps of simulation brought us similar results about
the conformational changes. L90M had large deviations at the
flap (RMSD: 1.5 A/1.8 A) and at the 79'P loop (1.7 A),
compared with wild-type structure. The N88D mutation induced
the conformational change at the 3 sheets around 74T/74'T. In
N88D, the RMSD values of the 3 sheets are 1.4 and 1.2 A in
each subunit. And in D30N/N88D, they are both 0.9 A.
Furthermore, the RMSD values at the triads are 0.8 A/1.1 A in
D30N, 0.7 A/1.1 A in N88D, and 0.8 A/1.1 A in D30N/NE&D.

Hydrophilic Interactions between NFV and the Protease,
In protease—ligand interactions, hydrogen bonds play a crucial
role in stabilizing the complex, Hydrogen bonds between the
protease and NFV in every model are listed in Table 1. Analysis
of the protease—NFV hydrogen bonds suggests that mutation
has obviously affected the protease—NFV hydrogen bond
network. Only a few residues are responsible for the hydrogen
bonds with NFV. Hydrogen bond networks consist of 25D/25'D
(catalytic aspartates), 501/50°1, 30D, 29D, some water mol-
ecules, and NFV. The direct interaction between the carboxyl
group of 25D and the central hydroxyl group of NFV is very
frequenily seen in every model, whereas the protonated aspartate
25D hardly interacts with NFV, except for the L90M model.
At the 82 pocket, the main chain of 30D interacts with the
m-phenol group of NFV. In the wild-type, the main chain of
30D directly interacts with NFV. In each of the N88D and L90M
models, one water molecule links 30D and NFV with a hydrogen
bond chain although the distance between the donor and the
acceptor atoms is elongated. On the other hand, no hydrogen
bond is observed in the mutated D30N and D30N/N&8D models.
D30N mutation causes the disappearance of the hydrogen bond
network at the S2 pocket, because those mutants increase the
distances with the m-phenol group of NFV and cannot keep
any water molecule. At the flap region, one water molecule
exists in the neighbor of 501 and/or 501 and NFV in all models.
This water intermediates the intramnolecular and intermolecujar
hydrogen bonds, which results in stabilizing the protease—NFV
complex. In the wild-type model, the water links the main chain
of 50°1 with NFV. Further, a direct hydrogen bond between the
sulfur atom of NFV and the main chain of 501 is detected and
no water molecule mediates the hydrogen bond from 501, In
contrast, the water mediates the hydrogen bond between NFV
and both 50T and 50’1 in the D3ON model. NFV forms a
hydrogen bond network with either 501 or 50 in the other
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TABLE 1: Hydrogen Bond Network in Each Model®

Ode et al.

hydrogen bond
donor acceptor occupancy (%)

wild catalytic domain 021 -HOL (NFV) oDl (25'D) 91.0
021 —HOL (NFV) on2 (25'D) 95.5
o} —H2 (WAT208) 021 (NFV) 60.0
O —Hl (WAT208) oDp2 {25'D) 61.0
N22 —HNM (NFV) o (WAT208) 595
52 pocket 038 -HO (NFV) o (30D} 20.0
N -H (30D} 038 (NFV} 645
flap region N ~H (501} 874 (NFV} 61.0
0 —H1 (WAT205) o {NFV) 515
N -H (50 o (WAT205) 61.0

D30N catalytic domain 021 —HOL (NFV) oD2 (25'D) 100.0
N22 —HNM (NFV) o (WAT210) 85.0
0 —H1 (WAT210) 021 (NFV) 525
flap region o] —H2 (WAT20T) 017 (NFV) 76.5
(0] —HI (WAT207) 025 (NFV) 89.0
N -H (501} 0 {WAT207) 50.5
N -H (50T) O (WAT207) 935
82" pocket N12 —HNC {NFV) 0 {WAT4757) 94.5
N —-H 29'D) 0 {WAT4757), -85.0
o] —H2 {WAT4757) 0D} {29'D} 52.5

N83D catalytic domain 021 —HOL {(NFV) o2 {25'D} 100.0
32 pocket o] —H1 {WAT3880} 038 {(NFV} 59.0
N —H {30D) 0 {WAT3880) 875
o —HZ {WAT3880) O {30D} 97.5
flap region 8] —H2 {WAT203) 017 {NFV} 79.5
O —Hl1 (WAT203) 025 {NFV) 95.0

N —H {50y o {WAT203) 100.0
D3ON/NSED catalytic domain 02] —HOL {NFV) oD2 (25'D) 96.5
flap region 0 —H2 {WAT205) 025 {NFV) 98.5
O —Hl {(WAT205) 017 (NFV) 97.5
N —H 60T o) (WAT205) 96.5

L9OM catalytic domain 021 —HOL (NFV} oD2 (25'D) 100.0
oD2 —HD2 (25D) 02 (NFV) 90.5
S2 pocket (o] —HI1 (WAT3836) 038 (NFV) 7335
N -H (30D} O (WAT3836) 90.0
o —~H2 (WAT3836) o] (30D) 99.5
flap region O —H2 (WAT205) 017 (NFV) 96.5
o —H1 (WAT205) 025 (NFV) 97.5
N -H (500} o (WAT205) 90.5
82" pocket N12 —HNC {NFV) o {WAT4349) 935
N —H (29'D) o] {WATA4349) 74.5
0 -H2 (WAT4349) oD1 (29'D) 74.5

2 The listed donor and acceptor pairs satisfy the ctiteria for the hydrogen bend over 50.0% of the time during the last 100 ps of simulation. The

nomenclature of the atoms is the same as that of 10HR.

models (L90M, N83D, and D30N/N8SD). Both NFV and the
water molecule hardly interact with main chain of 50T in the
L90M mutant and with the main chain of 501 in the N88D and
D30N/N8SD mutants. Hence, each of the N88D and LIOM
mutations weakens the hydrogen bond networks around 501 and
50’1, respectively. Interestingly, a water molecule mediating a
hydrogen bond with 20°D in the $2 pocket is frequently observed
in the simulations of D30N and L90M mutants. Another water
molecule mediating an intramolecular hydrogen bond in NFV
is located near the catalytic aspartates in both the wild-type and
the D30N models (WAT208 and WAT207, respectively). In
the wild-type model, this water simultaneously mediates the
hydrogen bond between 25D and NFV.

In addition to the NFV—protease mteraction at the active site,
the N88D mutation modulates the hydrogen bond network at
the surroundings of the 88th residues (Figure 5). In the wild-
type, the main chain of 88N has a direct hydrogen bond with
the main chain of 29D, and the side chain of 88N interacts with
the side chain of 31T. Those hydrogen bonds are also observed
in the opposite subunit. Further, one water molecule links 88N
with 74T (occupancy is 93.5%) and 88'N with 74T (75.5%).
In each of the D30N and L90M, the 88th residues in both

B
o

ue. A:
‘Wild-type protease structure. B: N38D mutant protease structure.

subunits also have the same hydrogen bond networks as the
20th, 31st, and 74th residues. But in the N88D and D30N/NSSD
mutant, the water-mediated hydrogen bond does not exist, That
is, the NB8D mutation induces the disappearance of the
hydrogen bonds mediated by water molecules, though the direct
hydrogen bonds are retained.

Hydrophobic Interactions between NFV and the Protease.
Hydrophobic interactions and van der Waals interactions also
contribute to stabilizing the complex. We evaluated the SA
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TABLE 2: Buried SA and the Contribution of Hydrophobic
and Hydrophilic Residues

buried SA (A% hydrophobic/hydrophilic®
wild . 8059 83.0:17.0
D30N 809.9 82.8:17.2
NBED 841.5 83.1:16.9
D30N/NS8D 832.6 86.1:13.9
LooM 765.2 8§7.1:1129

¢ Hydrophobic residue: Gly/Ala/Val/Lew/lle/Met/Pro/Phe/Irp. Hy-
drophilic residue: Ser/Thr/Asn/Gln/Tyr/Cys/Lys/Arg/His/Asp/Gln.
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Figure 6. Buried SAs due to each involved residue. The upper graph
represents those of one subunit, and the lower graph represents those
of the other subunit, L90OM shows notable differences at 48'G, 81°P,
and 82"V from the other mutants.

buried by the complexation, which is related with the hydro-
phobicity of the binding cavity and the magnitude of van der
Waals contacts between the ligand and the enzyme, =% The
results in Table 2 and Figure 6 show that most of the buried
residues are hydrophobic ones. The 2-methyl-3-hydroxylbenz-
amide moiety of NFV has hydrophobic contacts with 231, 28A,
and 841 of the protease at the S2 pocket, and the fert-
butylcarboxamide moiety has contacts with 32’V and 471 at
the 82’ pocket. Hydrophobic interactions are also seen between
the dodecahydroisoquinoline ring and 23L, 28A, 81P, 82V, 841,
and 50T of the protease at the Sl pocket and between the
S-phenyl group and 501, 23°L, 28'A, 81'P, 82'V, and 841 at
the SI’ pocket. The stabilization cawsed by hydrophobic
interaction is mainly due to 50I/50'I and 841/84'L, and secondly
28AN28'A, 48G/48'G, and 81'P. The LIOM mutant hardly has
hydrophobic contacts with NFV at 48'G and 81°P. These liitle

TABLE 3: Binding Free Energies of the Wild-type and Mutants
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hydrophobic contributions at 48°G and 81'P result in the serious
decrease of the buried surface. The D30ON mutation hardly
affects the buried SA, whereas the N88D mutation increases
the buried SA.

Binding Energy Calculation. Table 3 shows the binding
energy between NFV and protease. Each mutation causes a
distinctive energetic change from the wild-type. D30N decreases
the electrostatic energy greatly. N&8D becomes more stable
because of the electrostatic contribution by the sclvation effect
than the wild-type. The D30N/N88D model has both characters
of D30N and N88D models. D30N/NBRD is less stable than
NE8D because of the electrostatic contribution and is more stable
than D30N by the solvation effect. L90M causes a decrease of
the electrostatic energy and a large decrease of the van der Waals
energy. These energetic results are compatible with the indices
of the resistance level that were estimated from experimental
1C90.%°

Discussion

We execoted MD simulations to understand the resistance
mechanism against NFV about not only active site mutation
D30N but also N88D and L90M. The simulations suggest that
these mutations affect the protease struchires on complexation
and the NFV—protease interactions, despite the location of the
mutated residues.

D30N is a primary mutation of NFV, which emerges during
the treatment with this inhibitor highly specifically, The X-ray
crystal structure of the wild-type protease complexed with
NFV! shows that the m-phenol group of NFV interacts with
both main chain atoms and the side chain carboxyl group of
30D at the 82 pocket. Accordingly, the D30N mutation has been
assumed to make less hydrophilic contacts and causes the
disappearance of the hydrogen bond interaction from the 30th
residue.

Clemente et al. investigated the D30N mutant protease using
a docking study previously.® They concluded that the D3N
mutant would maintain the hydrogen bond between 30N and
NFV but weakens the strength of hydrogen bonding due to the
decrease of acid—base interaction. However, their computational
model could move only NFV and the side chain of 30N in the
vacuum condition without any water molecules. That is, their
docking simulations did not consider the contributions of the
movernent of the residues other than 30N nor water solvation
effects. MD simulation is useful to incorporate these contribu-
tions and to provide more detailed information. The proton or
water-mediated hydrogen bonds are observed between the
m-phenol group of NFV and the main chain of 30D in the wild-
type model and the other models having a sequence of 30D,
although the side chain carboxyl oxygens of 30D have no
hydrogen bonds with NFV. D30N cancels those hydrogen bonds
and decreases the electrostatic interaction energy greatly. In
addition, we find that the D30N mutation loses its ability to
keep any water molecule at the 82 pocket. Then, the substitution
of asparagine (N} for aspartate (D) at codon 30 is conchuded to

AGEE AGT AG ! AGE AG AG? resistance
(keal/mol) {kecal/mol) (keal/mol) (keal/mol) {keal/mol) {kcal/mol) level®
wild —26.5 4.2 —66.4+33 —4.5+01 442 434 177435 —532 442
D30N -192£28 —64.0 £ 2.8 -4.5+402 382436 190437 —49.5+£3.5 6
N88D —-262+3.5 —66.0 % 3.5 -4,7£03 42,6 £3.7 16.4 + 3.6 —543 39 0.6
D30N/NSSD —15.1£39 —649+33 —4.6+02 354 £3.7 203 3.8 —49.2 4.0 6
L90M —21.1 £3.5 ~62.2 3.0 —42+0.2 36435 153+ 4.0 —512+4.0 5

2 TAS is not included. » References 8 and 9.
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Figure 7. Stereoview of the structures {A) at the surrounding region of the 90th residue and (B) at the flap region. The wild-type structure is

represented by white tbes, and L90M mutant is represented by blue tubes.

cause NFV resistance as a result of the serious decrease in the
electrostatic interaction.

N88D is known as a secondary mutation for NFV and is
frequently seen in the clinical scene next to D30N. Because
the 88th residue is located at the helix region near the dimer
interface, not at the active site, it is not clear why N838D
substitution affects the resistance against NFV. Mahalingam and
co-workers determined the X-ray crystal structure of the N88D
mutant with substrate analogue inhibitors, not NFV.!4~!6 They
found that 88N in the wild-type had the proton and/or water-
mediated interactions with 29D, 31T, and 74T in each subunit,
whereas the corresponding water molecules were missing in both
subunits of the N88D single mutant. It is also found from our
calculation on the wild-type protease that the side chain of 88N
makes a hydrogen bond network with 74T via one water
meolecule, the backbone nitrogen of 88N has a hydrogen bond
with 29D, and the side ¢hain oxygen of 88N interacts with 31T.
These hydrogen bond nefworks are also observed in the opposite
subunit. In contrast, in each of the N88D and D30N/NESD
mutants, 88D interacts with only 31T and 29D, and the hydrogen
bond mediating water molecules disappear in the respective
subunit. That is, the 88th residue cannct form any hydrogen
bonds with the 74th residue. This disappearance of the water-
mediated hydrogen bond allows a large conformational change
at the 74th residue. The conformational change at the 5 sheet
consisting of the 74th residue and its adjacent contiguous
-residues induces the conformational changes at the neighboring
B sheet and at the outside loop neighbor to the 74th residue.
Further, we have detected that the slight conformational change
of the NFV binding pocket due to N&8D mutation induces the

increase of hydrophobic contacts between NFV and the protease.
The loss of the interaction between 74T and 88D would lower
the constraint at 29D, 31T, and 74T, which results in the slight
conformational change of the active site. Energetic analysis
evidently indicates this increase of hydrophobicity. Conse-
quently, NFV is stabilized by the increase of hydrophobic effects
when N88D is acquired, while D30ON/N88D destabilizes NFV
by a large loss of electrostatic interaction, The reduction of the
constraint might induce the compensation for the loss of
replicative capacity resulting from D30N and keep the binding
affinity with substrates, while the resistance against NFV is
retained.

90L/M is also located at the helix region near the dimer
interface, not at the active site. L9OM mutants complexed with
a substrate analogue inhibitor, not NFV, were also investigated
by Mabhalingam and co-workers.'4™'¢ They concluded that L90OM
altered van der Waals interactions in the hydrophobic interior
at the dimer interface near the catalytic aspartates, and 90L
related with the stability of the dimer. We also find the alteration
of van der Waals interactions in the L90M model. Side chains
of the 90th residues are close to the side chains of 24L/24’'L
and the main chain of 25D/25'D (Figure 7A). A methionine
has a long and straight side chain, while a leucine has a
diverging side chain. The substitution of methionine for leucine
makes a collision of the 90th residues with 24L/24°L and 250¢/
25'D. This causes the conformational change at the triads. The
conformational change of the tiiads induces large conformational
changes at the flap and at the loop near the 79'P-81'P as a result
of the presence of NFV {Figure 7B). Those regions are
surprisingly very far apart from the 90th residue. In the LS0M
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mutant, the conformation in the binding pocket is greatly
changed. Specifically, the loop region moves outward from NFY
and makes a large gap, therefore, the van der Waals and
hydrophobic energies decrease greatly. The character of this
conformational change resembles the conformational change of
the indinavir-bound LIOM protease!” and the saquinavir-bound
GABV/LI0M protease.’? The reason for the multidmg resistance
relevant to the LOOM mutation would be the conformational
change of the triads, and, subsequently, these are hydrophobic
at the flap and 79'P loop. The flap and loop region interact with
each of the dodecahydroisoquinoline ring of NFV, the pyridyl
group of indinavir, and the planar quinoline group of saquinavir,
Those chemical bases are the largest in each mhibitor and are
very bulky compared with the protease substrates. No structural
distortion appears at the loop region of the L90M complexed
with the substrate analogue inhibitors. Therefore, it is speculated
that the structural distortion seen in the inhibitor-bound LI0M
mutants is due to the largeness of the quinoline ring or pyridyl
group in volume. Then, to reduce or eliminate the resistance of
L.90M, the moiety that interacts with the loop region should be
less bulky.

Our MD studies indicate that the drug-resistant mutations
affect the conformations of the binding cavity and the hydro-
philic and hydrophobic interactions at the active site, even
though the location of mutated residues is apart from the active
site.

Furthermore, the difference in the binding energy between
the wild-type model and those of each mutant are compatible
with the indices of resistance levels that were estimated from
experimental IC90.5° At present, there exist some computational
approaches to explain the phenotype results.32:2558.5% Ajthongh
each of them successfully predicted the decrease of the binding
affinity in the case of the active site mutation, they failed in
the prediction of the nonactive site mutation as L90M. Com-
putational prediction is usually based on the assumption that
P1 resistance is primarily determined by a reduction in binding
affinity. Therefore, the previous studies proposed that the drug
resistance due to the nonactive site mutation might be caused
by another mechanism, such as decreasing the dimer stability
of the protease.”%° However, our study indicates that the
assumption is applicable to the nonactive site mutation. Some
nonactive site residues without any direct contact with inhibitors
(e.g., 10L, 46M, and 90L) have a strong positional correlation
with the residues located at the active site. Hence, the nonactive
site mutations would cause a displacement of the active site
residues and the decrease of the inhibitor or substrate binding
affinity. We suggest that evalvating the positions of all the
residues in the mutated protease is a key factor for the success
in computational prediction of the protease resistivity against
Pls. Additionally, it is also applicable to the design to reduce
or to eliminate the resistance at the nonactive site mutations.

Conclusiens

We executed MD simulations for the wild-type and D30N,
NESD, D30N/NE8D, and LI0OM mutants to clarify the resistant
mechanism of each mutation against NFV. Qur results could
reproduce the phenotype data and clarified the conformational
alterations at the active site and the interaction changes due to
the mutation. D30N induces the disappearance of the hydrogen
bond between the m-phenol group of NFV and the 30th residue,
which results in the decrease of the electrostatic binding energy.
Further, D30N loses the ability to retain a water molecule at
the $2 pocket, N88D alters the conformation at the B sheets
consisting of 74T and its vicinity greatly. N88D also affects
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the active site conformation, which creates more favorable
hydrophobic binding cavity. L90OM affects the triads 25D26T27G
and causes subsequent large conformational changes at the flap
region and the 79°P loop, though the 90th residue is far apart
from those regions. LOOM decreases the van der Waals binding
energy greatly.
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