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Resistant Mechanism against Nelfinavir of Human Immunodeficiency Virus Type 1

Inhibitors against human immunodeficiency virus type-1 (H1V-1) proteases are finely effective for anti-
HI1V-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, N88&D,
and L90M 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 LS0M, 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 LS0M 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 m-phenol group of NFV and the 30th residue. N88D miutation alters the active site conformation
slightly and induces a favorable hydrophobic contact. L90M mutation dramatically changes the conformaticn
at the flap region and leads to an unfavorable distortion of the binding pocket of the protease, although 50M
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 Pls and cause a failure in Jong-term
HIV chemotherapy.

Among patients whe 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 is the most commonly seen in patients treated with NFV,
and N88D 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
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Figure 1. Structure of NFV. According to the crystal structure (FDB
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-1 protease. The fert-butylcarboxamide moiety
occupies the S2’ subsite, the S-phenyl group and dedecahydroisoquino-

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 Pls.#¢ There are two evolutionarily
possible pass ways for the NFV-related mutation acquisition,
and the L9OM acquisition pass way is evolutionarily different
from the pass way of D3ON.!L12

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
NFV resistance due to N88D or LS0M 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 L90M mutants combined with peptide inhibitor
analogues, not NFV,'#~1% 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 one 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.
Computational 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-1 protease in its substrate-hydroly-
sis reaction.!®~30 And the other works discussed the drug-
resistant mechanisms of some familiar active site mutations. 336
In the present study, we discussed the resistant mechanism of
not only active site mutation D30N but also nonactive site
mmtations N88D, L90OM. To clarify these mechanisms, we
investigated the wild-type HIV.1 protease and D30N, N38D,
D30N/N8SD, and L9OM mutants complexed with NFV on the
basis of the molecular dynamics (MD) approach explicitly
including the solvate condition. Qur 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 L90M 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 MDD 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 BJLYP/6-31G(d,
p) level using the Gaussian 98 program®’ after geometry
optimization. The partial atom charges for NFV utilized in the
MD simulation were determined using the RESP method™ so
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that the atom charges could reproduce the values of the
calculated electrostatic potential at the surrounding 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 injtial structure for the wild-type protease of clade B
and D30N, N88D, D30N/N8SD, and L90M 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 model 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 terms was
12.0 A. All covalent bonds to hydrogen atoms were constrained
using the SHAKE algorithm.** Periodic boundary conditions
were applied to avoid the edge effects in all calenlations. 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 molecules. 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, 25T/
25’D both unprotonated, 25D protonated and 25'D 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 calculations 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 calculations,
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
intervals 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, Cai~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}}, are measured for the
wild-type model (B). The difference distances dj® of the
residues i and j are given by

D;‘= |d; - dj

Further, the error-scaled difference distance®*4? E;B is esti-
mated by

B4 =D}%o}?)
o) = [(oh) + (@) + (af) + (e3)"”

where o‘,"‘,- is the radial positional error that corresponds to the
uncertainty for an individual atom position. The difference
distance 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 superimpased 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- Hydrogen 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 Cax 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 error-scaled difference distance matrixes. Changes greater than 1.0¢ 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 101199 represents the residues from 1P ta 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 Ry, and the angle H—-D—A is smaller than ©,,. The
values of 3.5 A and 60.0° were adopted for Rm,, 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 berween the bound

and the unbound cases is defined as the SA buried on
complexation.®

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

AG, = AGyp + AG,, — TAS

where AQ), is the binding free energy in solution, AGyny is the
interaction energy between the ligand and the protein, AG,y is
the solvation energy, and —7TAS 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 1s disregarded in the comparison of the
binding energy in this study. AGhpu is calculated from molecular
mechanics (MM) interaction energy:

AGyy = AGH + AGY™
where AGES and AGS” 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 caleulation. Solvation
energy AGyo can be divided into to the two parts:

AG,,=AGY + AGIT™
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
solvent-accessible surface area.s?

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, as shown in the left column of Figure 3. The
RMSD measurement was executed by using the coordinates of
backbone atoms N, Ca, and C in the superimposed structures
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 L90M, and 0.6 A in the D3ON/N23D 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 conformaticnal
changes due to the mutation. Although large deviations are seen
at the residues of the ontside loop region, those residues are
not minutely examined because their large fluctuations are
commonly observed irrelevant to the mutations in B-factor
analysis.**3 The most characteristic conformational change is
detected in the L90M mutant structure. The LSOM 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 A/0.7 A in
N88D, and 0.5 A/0.6 A/0.5 A in D30N/NBSD). It should be
emphasized that, though the 90th residue is not located at the
flap nor at the 79'P loop, L90OM affects the conformation at
those regions. In the N88D mutant structure, peculiar confor-
mational changes occur at the § sheets consisting of 59Y-75V
(RMSD: 1.4 Ay and 59"Y-75'V (RMSD: 1.2 A). Those regions
move far away from the helix region (87R-90L/87'R-90°L). The
D30N/N88D 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.—Ca 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
L90M meodel has large conformational changes at the flap region
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(501/50'1 and its vicinity) and at the loop region at 79°P. The
N88D and D30N/N28D models alter the conformations at ihe
B sheets (74'T and its vicinity). In addition, these maps provide
more detailed comprehension. The flap conformational alteration
in the L90OM mutant is owing to the approach of 50I to the
triads (25D26T27G/25'D26'T27°G) and the detachment of 50°1
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 L90M 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 A/1.2 A
(N88D), and 0.8 A/1.1 A (D30N/N88D). These deviations are
much larger, compared to the RMSD at the flap region. Hence,
characteristic distortion in D30N, N88D, and D30N/N88D 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. L9OM 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 8 sheets around 74T/74'T. In
N88D, the RMSD values of the g sheets are 1.4 and 1.2 A in
each subunit. And in D30N/N8SD, 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/NSSD.

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, 29'D, some water mol-
ecules, and NFV. The direct interaction between the carboxyl
group of 25'D and the central hydroxyl group of NFV is very
frequently seen in every model, whereas the protonated aspartate
25D hardly interacts with NFV, except for the LO0M model.
At the S2 pocket, the main chain of 30D interacts with the
m-phencl group of NFV. In the wild-type, the main chain of
30D directly interacts with NFV. In each of the N88D and LOOM
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/N88D 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 camnot keep
any water molecule. At the flap region, one water molecule
exists in the neighbor of 501 and/or 50'I and NFV in all models.
This water intermediates the intramolecular and intermolecular
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 500 and 501 in the D30ON model. NFV forms a
hydrogen bond network with either 501 or 50°I in the other
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TABLE 1: Hydrogen Bond Network in Each Model?

Ode et al.

bydrogen bond
donor acceplor occupancy (%)
wild catalytic domain 021 —HOL {(NFV} o (25D} 921.0
021 ~HOL {(NFV) oDp? {25'D) 95.5
0 -H2 {WAT208) 021 {NFV) 60.0
0 —H1 {WAT208) QD2 {25'D) 61.0
N22 —HNM {(NFV) 0 {WAT208) 59.5
S2 pocket 038 ~HO (NFV) 0 {30D) 200
N ~H (30D) 038 {NFV) 645
flap region N —-H (501 874 {NFV) 610
0 -H1 (WAT205) 017 (NFV) 515
N -H 50Ty o] (WAT205) 61.0
D30N catalytic domain 021 —HOL (NFV) on2 (25'D) 100.0
N22 —HNM NFV) 0 (WAT210) 850
o -HI (WAT210) 021 (NFV) 525
flap region o —H2 {WAT207) 017 (NFV) 76.5
0 -Hl1 {WAT207) 025 (NFV}) 29.0
N ~H {501) o} (WAT207) 505
N -H {50'T) o (WAT207) 93.5
§2' pocket Ni2 ~HNC {NFV) o] (WAT4757) 94.5
N -H {29D) 0 (WAT4757) 85.0
0 —H2 {WAT4757) oDl (29'D} 525
N8sDh catalytic domain 021 —-HOL (NFV) ob2 (25'D} 100.0
S2 packet 0 -H1 {WAT3880) 038 {NFV) 59.0
N -H (30D) 0] {WAT3880) 87.5
0 -H2 (WAT3880) 0 (30D} 97.5
flap region o —H2 (WAT203) 017 {NFV) 79.5
O —H1 (WAT203) 025 {NFV) 95.0
N -H 50Ty 0 (WAT203) 100.0
D30N/NESD catalytic domain 021 —HOL (NFV) oD2 (25'D) 26.5
flap region (o] —H2 (WAT205) 025 (NFV) 98.5
0 —H1 (WAT205) 017 (NFV) 97.5
N ~H 50Ty 0 (WAT205) 96.5
Lo0M catalytic domain 021 —HOL (NFV) oD2 (25'D) 100.0
oD —HD2 (25D) 021 NFV) 90.5
S2 pocket O —H1 {WAT3836) 038 (NFV) 735
N -H (30D) (8] (WAT3836) 90.0
(o] -H2 (WAT3836) 0 (30D) 99.5
flap region o —-H2 {WAT205) 017 (NFV) 96.5
(o] —-H1 {WAT205) 025 (NFV) 97.5
N -H {500) ¢ (WAT205) 90.5
82’ pocket N12 —HNC {NFV) ¢ (WAT4349) 93.5
N -H (29'D) o) (WAT4349) 74.5
(o) -H2 (WAT4349) oDl (29'D) 74.5

@ The listed donor and acceptor pairs satisfy the criteria for the hydrogen bond 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, N88D, and D30N/N8ED). Both NFV and the
water molecule hardly interact with main chain of 50’ in the
L90M mutant and with the main chain of 501 in the N88D and
D30N/N88D mutants. Hence, each of the N88D and L9OM
mutations weakens the hydrogen bond networks around 501 and
501, respectively. Interestingly, a water molecule mediating a
hydrogen bond with 29°D in the S2 pocket is frequently observed
in the simulations of D30N and L90M mutants. Another water
molecule mediating an intramolecular hydrogen bond in NFV
is Jocated near the catalytic aspartates in both the wild-type and
the D30ON models (WAT208 and WAT207, respectively). In
the wild-type model, this water simultaneously mediates the
hydrogen bond between 25'D and NFV.

In addition to the NFV~protease interaction at the active site,
the N&8D 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 ¢hain 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 74'T (75.5%).
In each of the D3ION and L90M, the 88th residues in both

’x P 5%
Figure 5. Hydrogen bond network surounding the 88th residue. A:
Wild-type protease stucture. B: N88D mutant protease structure,

subunits also have the same hydrogen bond networks as the
26th, 31st, and 74th residues. But in the N88D and D30N/N83SD
mutant, the water-mediated hydrogen bond does not exist. That
is, the NBSD mmtation induces the disappearance of the
bydrogen 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
NE8D 8415 83.1:16.9
D30N/NSED 832.6 86.1:13.9
L90M 765.2 87.1:129

@ Hydrophobic residue: Gly/Ala/Val/Lew])le/Met/Pro/Phe/Trp. Hy-
drophilic residue: Ser/Thr/Asn/GIn/Tyr/Cys/Lys/Arg/His/Asp/Glu.
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Figure 6. Buried SAs due 1o each involved residue, The upper graph
represents those of one subunit, and the lower graph represents those

of the other subunit. L9OM 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.¥~56 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 23L, 284,
and 841 of the protease at the $2 pocket, and the fers-
butylcarboxamide moiety has contacts with 32V and 471 at
the S2° pocket. Hydrophobic interactions are also seen between
the dodecahydroisoquincline ring and 23L, 28A, 81P, 82V, 841,
and 50T of the protease at the S1 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 caused by hydrophobic
interaction is mainly duve to 50I/50'1 and 841/84'l, and secondly
28AR8°A, 48G/48°C, and 81'P. The LO9OM mutant hardly has
hydrephobic contacts with NFV at 48°G and 81'P. These little

TABLE 3: Binding Free Energles 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 D30N mutation hardly
affects the buried SA, whereas the N88D mmntation increases
the buried SA.

Binding Epergy 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. N88D becomes more stable
because of the electrostatic contribution by the solvation effect
than the wild-type. The D30N/N88D model has both characters
of D30ON apd N88D models. D30N/NSSD is less stable than
N88D because of the electrostatic contribution and is more stable
than D30ON by the solvation effect. L9OM 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
1C90.59

Discussion

We executed MD simulations to understand the resistance
mechanism against NFV about not only active site mutation
D30N but also N83D and L90M. The simulations suggest that
these mutations affect the protease structures 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 $2 pocket. Accordingly, the D30N mutation has been
assumed to make less hydrophilic contacts and causes the
disappearance of the hydrogen bond interaction from the 3Gth
residue.

Clemente et al. investigated the D30N mutant protease using
a docking study previously.?* They concluded that the D30N
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
mode] 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
movement 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
bydrogen 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 $2 pocket. Then, the substitution
of asparagine (N) for aspartate (D) at codon 30 is concluded to

ele dw

b AGI™ AG AGj 1. AGy resistance
{kcal/'mol) (kcal/mal) {kcal/mol}) {kcal/mol) (keal/mol) {kcal/mol} level®
wild —26.5+42 —66.4 4+ 3.3 -4510] 442434 12.7£35 ~532 %42
D3N -192428 -64.0+ 2.8 —45x02 3821%36 19.0 £ 3.7 —49.5+3.5 6
N88D —262X35 —66.0+3.5 —4.7x03 426 +3.7 164 £ 3.6 ~543 %39 0.6
D30N/NESD =15.1%39 -64.9%+33 —46+02 35437 203 %38 —492 4.0 6
LS0M —21.1£35 -622+ 30 —4.24+0.2 364 £35 153 +4.0 —=51.2+40 5

# 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 tubes, 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 N88D
substitution affects the resistance against NFV. Mahalingam and
co-workers determined the X-ray crystal structure of the N38D
mutant with substrate analogue inhibitors, not NFV,!4~18 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 frem our
calculation on the wild-type protease that the side chain of 88N
makes a hydrogen bond network with 74T via one water
molecule, the backbone nitrogen of 88N has a hydrogen bond
with 29D, and the side cbain oxygen of 88N interacts with 31T.
These hydrogen bond networks are also observed in the opposite
subunit. In contrast, in each of the N88D and D30N/NEED
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 cannot 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 £ sheet
consisting of the 74th residue and its adjacent contiguous
residues induces the conformational changes at the neighboring
[ 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 N88D 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 DION/NESD 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, LS0M mutants complexed with
a substrate analogue inhibitor, not NFV, were also mvestigated
by Mahalingam and co-workers. =1 They concluded that LOOM
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 241/24'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 lencine
makes a collision of the 90th residues with 24L/24°L and 25D/
25’D. This causes the conformational change at the triads. The
conformational change of the triads 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 L9OM
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mutant, the conformation in the binding pocket is greatly
changed. Specifically, the loop region moves outward from NFV
and makes a large gap; therefore, the van der Waals and
bydrophobic energies decrease greatly. The character of this
conformational change resembles the conformational change of
the indinavir-bound L9OM protease'” and the saquinavir-bound
G48V/L90M protease.s” The reason for the multidrug resistance
relevant to the LSOM mutation would be the conformational
change of the triads, and, subsequently, these are hydropbobic
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 inhibitor 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 LY0M
mutants is due to the Jargeness of the quinoline ring or pyridyl
group in volume. Then, to reduce or eliminate the resistance of
L90M, the moiety that interacts with the loop region should be
Jess 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.%° At present, there exist some computational
approaches to explain the phenotype results.?235%8,3% Although
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
PI 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 evaluating 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.

Conclusions

We executed MD simulations for the wild-type and D30N,
N88D, D30N/N88D, and L9OM 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 S2 pocket, N88D alters the conformation at the 8 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. L90M 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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Abstract A phenalenone compound, atrovenetinone
methyl acetal, was isolated from a culture broth of
Penicillium sp. FKI-1463 as an HIV-] integrase inhibitor,
and it showed anti-HIV activity in vitro. HIV-1 integrase
inhibition and anti-HIV activity of two other natural
" phenalenones were also studied. Among the tested
compounds, funalenone inhibited HIV-1 integrase with an
ICyy value of 10 M and showed the best selectivity (anti-
HIV, ICy= 1.7 uM; cytotoxicity, IC;,=87 uM).
Keywords: enzyme inhibitor, HIV interase, AIDS,
phenalenone

Combined therapeutic regimens with reverse transcriptase
inhibitors and protease inhibitors lead to a suppression of
human immunodeficiency virus-1 (HIV-1) replication,
reduction of viral load, and decline in morbidity and
mortality {1, 2). However, the therapy sometimes fails due
to the emergence of mutant viruses that are resistant to

these drugs [3]. Thus, it is critical to discover more
effective and less toxic anti-HIV agents with different
molecular targets in the viral replication cycle. We have
previously screened microbial metabolites for new anti-
HIV antibiotics that inhibit entry of HIV-l into the
susceptive cells, and found isochromophilones and
chloropeptins by a gp120-sCD4 binding assay [4, 5] and
actinohivin by a syncytium formation assay [6]. There are
three viral enzymes essential for HIV-1 replication, reverse
transcriptase, protease, and integrase. Of these, only
integrase has not been the target of a clinically used
inhibitor. HIV DNA is inserted into the host genome by a
specialized DNA recombination reaction in which the viral
integrase is the key player [7, 8). The integration reaction is
composed of three steps, 3'-processing, strand transfer, and
gap filling, and integrase catalyses the first and second
steps. The third step is thought to be catalyzed by cellular
enzymes. Many natural and synthetic integrase inhibitors
have been reported [8~12] but only a few compounds
show high selectivity. Therefore, we screened microbial
metabolites for HIV-1 integrase inhibitors, and found that a
culture broth of Penicillium sp. FKI-1463 has the inhibitory
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Fig. 2 Conversion of atrovenetinone.

activity. The active compound was identified as a
phenalenone compound, atrovenetinone methyl acetal (1,
Fig. 1) {13]. This paper presents integrase-inhibiting and
anti-HIV activities of 1 and other natural phenalenones.

A slant culture of the strain FKI-1463 grown on YpSs
agar was inoculated into a 500-m! Erlenmeyer flask
containing 100 ml of a seed medium consisting of glucose
2.0%, Polypepton (Nihon Pharmaceutical Co.) 0.5%, yeast
extract 0.2% (Oriental Yeast Co.), KH,PO, 0.1%,
MgS0, - TH,0 0.05%, and agar 0.1%, pH 6.0. It was
cultured on a reciprocal shaker at 27°C for 3 days. One
milliliter of the seed culture was transferred into each of
twenty 500-m! Erlenmeyer flasks containing 100 ml of a
production medium consisting of glycerol 3.0%, oatmeal
(Nihon Shokuhin Seizo Co.) 2.0%, dry yeast (Gist-
brocades) 1.0%, KH,POQ, 1.0%, Na,HPO, 1.0%,
MgS0, - 7TH,0 0.5%, pH not adjusted. The fermentation
was carried out on a reciprocal shaker at 27°C for 7 days.
The cultured broth (2.0 liters) was centrifuged and the
mycelia were extracted with methanol, which was then
removed from the extract by evaporation. The aqueous
extract was partitioned with ethyl acetate at pH 3.0, and the
organic layer was concentrated to dryness in vacuo to
afford brown oil (644 mg). This was chromatographed over
a silica gel column. Active fractions, eluted with CHCI, -
methanol (100:1) and CHCI, - methano! (20:1), were
concentrated to yield a crude material (284 mg). It was

Erabulenol B (4)

HO_ OCH,

0 o)
HO lll' OH
OO CHs
CHy O CHa
o

CHy OH

Funalenone (5)

Hj

applied on a ODS silica gel column and eluted with
aqueous CH,CN. The 50% CH;CN eluates were
concentrated (95.5mg) and chromatographed over
Sephadex LH-20 to yield green oil (86.8 mg). It was further
purified by reverse phase (Pegasil ODS, Senshu Scientific
Co.) and normal phase (Pegasil Silica, Senshu Scientific
Co.) HPLC to yield 50.5 mg of green oil.

The purified compound was implicated as 1 by
comparison of the NMR data in CDCI, with the reported
data by Nakanishi ef al. [13]. Atrovenetinone (2) is easily
converted into an acetal in alcohol (Fig. 2) [14], and the
acetal is a mixture of diastereomers [13]. So, the NMR
spectra of 1 are complicated. Since 2 exists as the hydrate
(3) in DMSO [14], we observed the NMR spectra of the
isolated compound in DMSO-d,. The spectra were
simplified, and each signal was assigned as follows: 'H
NMR (600 MHz) & 13.67 (IH, s, 5-OH), 12.92 (1H, s, 11-
OH), 6.86 (1H, s, 12-H), 4.70 (1H, q, /=6.5Hz, 2'-H),
4.04 (1H, br s, 8-OH), 2.72 (3H, s, 14-H,), 1.45 (3H, 5, 5'-
H,), 1.22 (3H, 5, 4"-H,), 1.41 (3H, d, J=6.5Hz, 1'-H,); C
NMR (150 MHz) & 197.7 (C-7), 196.2 (C-9), 165.1 (C-11),
164.8 (C-3), 164.5 (C-5), 147.9 (C-13), 136.7 (C-1), 118.1
(C-4}, 117.6 (C-12), 109.0 (C-2), 104.9 (C-10), 101.9 (C-
6), 91.1 (C-2'), 88.0 (C-8), 42.8 (C-37), 25.2 (C-5"), 23.5
{C-14), 20.4 (C-4"), 14.3 (C-1"). The NMR data suggested
that 1 was converted into 3 in DMSO solution (Fig. 2), and
released methano! signals (8, 3.15 and & 48.6) were also
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Table 1 Biological activities of phenalenones
1Cyo (M}
- Selectivity
HIV-1 integrase Anti-HIV Cytotoxicity (B/A)
inhibition activity (4)  {(HPB-M{a}? (B)
Atrovenetinone 19 6.7 13 1.9
methyl acetal (1)

Erabulenc! B (4) 79 17 230 14
Funalencne (5) 10 1.7 87 51

“HPB-Mia} cells are human peripheral blood cells transformed by rmurine leukemia virus. Anti-HIV
activity was measured using HPB-MIi3) cells with LTR driven luciferase.

observed. Thus, the isolated compound was identified as 1.
It has been reported as a myosin light chain kinase inhibitor
isolated from a culture broth of Penicillium sp. It may be
derived from 2 during purification. Compound 2 is a
phenalenone compound originally obtained by the
oxidation of atrovenetin produced by Penicillium sp., and 2
was lately isolated from a culture broth of Gremmeniella
abietina [14, 15].

We have previously isolated the other fungal
phenalenones, erabulencl B (4) which inhibits cholestery!
ester transfer protein and funalenone (5) which inhibits
collagenase [16, 17]. Funalenone was also reported to
inhibit bacterial cell wall synthesis enzymes MraY and
MurG [18]. We evaluated integrase inhibition and anti-HIV
activity of 1 together with those phenalenones. HIV-1
integrase activity was measured by strand transfer assay
according to Craigie et al. [7]. In vitro anti-HIV activities
of the test compounds were measured by originally
established reporter human T cell line with LTR driven
luciferase. The cells were infected with wild type HIV-1,
and the compounds were added at different concentrations
ranging from 0.0016 to 125 yg/ml. Luciferase activities of
the cells, which appeared to correlate with the level of HIV-
I replication, were measured at day 7, and anti-HIV ICqs
of the compounds were evaluated. The IC,, value of 1
against integrase was 19 uM, and it also showed anti-HIV
activity at 6.7 uM (Table 1). However, its cytotoxicity was
relatively high. Compounds 4 and 5 showed more potent
inhibition against integrase than 1, and also exhibited anti-
HIV activity. The anti-HIV activity of 5 was the most
potent (1.7 uM), and its cytotoxicity (87 uM) was lower
than 1. Though 5 was reported to inhibit collagenase and
bacterial cell wall synthesis enzymes [17, 18], those
inhibitions were less potent than the integrase inhibition
and anti-HIV activity. Therefore, 5 may be a good

candidate lead compound for anti-HIV agent. Inhibition of
DNA polymerases by the other phenalenenes have been
reported, but they did not inhibit HIV reverse transcriptase
[19]. A plant metabolite, hypericin {20], is the only orthe-
and peri-fused aromatic compound reported to show
integrase inhibition [21].
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Protease inhibitors (Pls) such as nelfinavir [NFV) suppress
HIV replication. Pls are substrates of P-glycoprotein
(P-gp), the product of the multidrug-resistance-1 (MDR1)
gene, Three single-nucleotide polymorphisms (SNPs) are
present in exons of the MDRT gene: MDRT 1236, MDR1
2677 and MDR1 3435. We speculated that these genetic
polymorphisms affected Pl concentration in the cell. To
verify this hypothesis, we first genotyped these SNPs in
79 Japanese patients by the SNaPshot method and found
incomplete linkage disequilibrium between the SNPs.
Because the SNP at AMMDRT 3435 has been reported to be
associated with P-gp expression, we evaluated the effect
of that SNP on the export of NFV from HIV-positive
patients’ lymphoblastoid cell lines by measuring time-
dependent decrease in the amount of intracellular NFV by

high-performance liquid chromatography. We found the
intracellular concentration of NPV in lymphoblastoid cell
lines (LCLs) with the homozygous T/T genotype at MDR1
3435 were higher than that with C/C genotype with
statistical significance. This suggests that the activity of
P-gp in patients’ LCL cells with the MDA 3435 T/T geno-
type was lower. In a retrospective study we evaluated the
effect of the SNPs on CD4 cell count recovery in response
to antiretroviral treatment with Pls, and gbtained statis-
tically significant evidence that suggested marginal
association of the SNP at MDR? 1238 but not at MDR7
2677 or MDRT 3435. As in vitro results were not consis-
tent with the clinical evaluation, clinical importance of
MDR1 genotyping for antiretroviral therapy remains to
be investigated in a larger, case-controlled study.

Introduction

Antiretroviral therapy with HIV protease inhibitors
(PIs) in combination with reverse rranscriprase
inhibitors dramatically improved the prognosis of
patients infected with HIV-1. However, some patients
fail to achieve the maximal virological suppression. We
speculate that such failure is partly because PIs do not
accumulate in lymphocytes in their active free forms in
a concentration high enough to inhibit viral replication
[1,2], although the intracellular active PI levels have, to
the best of our knowledge, not yet been determined.
The acrivity of P-glycoprotein (P-gp), the product of the
multidrug resistance-1 (MDR1) gene, appears to affect
intracellular PI concentration, because Pls such as nelfi-
navir {NFV) are subsctrates of P-gp [2]. P-gp is a
glycosylated membrane protein belonging to the ATP-
binding cassette superfamily of membrane transporters.

©3004 International Medical Press 1359-6525/02/$17.00

P-gp is expressed in many tissues and cell types
including intestinal epithelial cells and lymphocytes,
where it acts as an energy-dependent exporter [3-9}.
The MDR1 is polymorphic and at least three single-
nucleotide polymorphisms {SNPs) have been identified
in the exons in a healthy Japanese population [10] as
well as in other ethnic groups [6]. MDR? 1236 and
MDR1 3435 are silent mutations in exons 12 and 26
[3,11], respectively, whereas MDR1 2677 is a substiru-
tion mutation in exon 21 [11]. Reporredly, the SNP at
MDR1 3435 is associated with the amount and activiry
of P-gp protein both in vitro and in vivo [3,12]. In
addirion, individuals with the T/T genotype at MDR1
3435 were found to express less P-gp in lymphocytes
and in intestinal epithelial cells [3,13] and showed
lower efflux of rhodamine from natural killer {NK)
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cells than those with the C/C genotype [13]. According
1o these observations, MDR1 polymorphisms seem to
affect the intracellular Pl concentration and the
outcome of antiretroviral treatment. However, the role
of MDR1 3435 SNP in the response to antirerroviral
therapy is still controversial {12,14).

The objective of this study was to evaluate the effect
of three MDR1 SNPs on the intracellular concentra-
tions of NFV and to evaluate the impact of those SINPs
on virological and immunological response to anti-
retroviral treatment, including NFV and Pls. We
genotyped the SNPs in 79 Japanese patients and
compared the velocity of NFV efflux among selected
patients’ lymphoblastoid cell fines (LCLs) with
different MDR1 3435 genotypes. We also analysed the
viral loads and CD4 cell counts after initiation of anti-
retroviral treatment with prescriptions with Pls
including NFV in 21 parients.

Materials and methods

Patients

A rotal of 79 HIV-positive Japanese patients were
enrolled in this study. These patients attended a
hospital AIDS clinic at the Institute of Medical Science,
University of Tokyo (IMSUT). The patients provided
their written informed consent to participate in the
study and to supply blood samples for DNA analysis
and cell culture. Of the 79 patients, 21 receiving highly
active antiretroviral therapy (HAART) including Pls
were divided into three groups: 11 patients receiving
HAART with NFV, four patients receiving HAART
with indinavir (IDV) and six patients receiving
HAART with saquinavir {SQV) or lopinavir/ritonavir
(LPV/RTV). CD4 cell counts and HIV-RNA of plasma
were analysed for @ months after the initiation of the
antiretroviral trearment. The study has been approved
by the ethics committee of IMSUT,

Single-nuclectide polymorphisms

We typed three single-nucleotide polymorphisms
{SNPs) at MDR1 1236 (exon 12}, MDRI 2677 (exon
21) and MDR1 3435 (exon 26) by polymerase chain
reaction (PCR) followed by ABI PRISM SNaPshot
Multiplex Kit {PE Biosystems, Foster City, Calif., USA)
[15]. Information on primers and conditions for PCR
was obtained at http:/fsnp.ims.u-tokyo.ac.jp [10].

Cells and determination of uptake and efflux of NFV
Peripheral blood mononuclear cells (PBMCs) were
separated from patients’ whole hlood with Ficoll-
Conray gradient centrifugation. LCLs were obtained
by transforming PBMCs with Epstein-Barr virus
(EBV), which was obtained from cell-free supernatants
of EBV-producing B25-8 cell lines [16). LCLs were
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maintained in RPMI 1640 medium (Sigma-Aldrich, Sr.
Louis, Mo., USA} supplemented with 10% heat-inacti-
vated fetal calf serum.

To determine the rime course of NFV uptake into
LCL cells, LCL cells (1x10%10 ml, counted with a
haematocytomerer) were incubared at 37°C in a
medium containing 10 pM NFV. Cells were harvested
by centrifugation at 1500 xg for S min at
4°C and immediately frozen ar —80°C until high-
performance liquid chromatography (HPLC) analysis.
To determine the velocity of NFV efflux from LCL
cells, these patients’ LCL cells were incubared at 37°C
in a medium containing 10 pM NFV for 3 h. The cells
were then quickly washed twice with 10 ml ice-cold
phosphate-buffered saline and cultured in 10 m! NFv-
free medium for up to 3 h. After an interval, aliquot
cells were harvested by centrifugation at 1500 xg for §
min at 4°C and immediately frozen at —80°C until
HPLC analysis.

Reverse transcription-PCR (RT-PCR)

For quantification of MDRI transcript, RNA from
1x107 LCL cells was isolated using Trizol reagents
(Invitrogen Corp, Carlsbad, Calif., USA). First strand
¢DNA was obtained by using ReverTra Ace {Toyobo,
Osaka, Japan) with 1 pg of total RNA. ¢cDNA was
subjected to PCR. Information on primers and condi-
tions for PCR was obtained as previously described
[17]. We used human glyceraldehyde 3-phosphate
dehydrogenase mRINA as a positive control.

Determination of intracellular concentration of NFV
by HPLC

The patients’ frozen LCL cells were extracted with
1.5 ml of ethanol. The extracts were then clarified by
centrifugation at 2050 xg for 10 min ar 4°C, The
ethanol extracts were evaporated at 30°C and dissolved
in 180 wl of mobile phase, which was a mixture of phos-
phate buffer {containing 50 mM KH,PQ, and 50 mM
Na,HPQ,; pH 5.63) and acetonitrile (1:1, v:v) [18]. The
amounts of NFV were measured using a Sensyu Pack
QDS Cy; column (5 pm particle size; 150x4.6 mm,
Sensyu Scientific Co, Tokyo, Japan) ar a flow rate of
1.5 ml/min by HPLC (Shimadzu Co, Tokyo, Japan).
The UV detection wave length was 220 nm and
efavirenz (EFV) was used as an internal standard. The
lower limits of detection and quantification were 20 ng
(30.1 pmole)10° cells, and the calibration range was
20-2000 ng (30.1-3010 pmole/10° cells).

Results

We typed the three SNPs at MDR1 1236 (exon 12},
MDR1 2677 {exon 21) and MDR1 3435 (exon 26} in
DNA samples from 79 HIV-positive Japanese patients

©2004 International Medical Press



{Figure 1). We found that it was consistent with the
Hardy-Weinberg principle (Tables 1 and 2).
Furthermore, in all possible two-way comparisons of

Figure 1. Frequency of SNPs in MDR1

MDR1 Genotypes

{%0) n=79

T TC gfC

MDRI34S o o4 978

Exon 26 B8

MDR12677 AJA GIG T[T
38 215 203
G/lA G TA
10.1 253 19.0

Exon 21

W TC CC

Exon 12 MDRIN236 417 430 153

The SNPs at MDR1 1236, MDR? 2677 and MDA? 3435 were typed by the
SNaPshat method Genotype frequencies at eath site arg shown as percentage
amang 79 HiV-infected Japanese patients. The thin vertical line at left repre-
sents the MORY gene on human chromosome 7. The closed baxes represent
exons 12, 21 and 26,

Table 1. Hardy-Weinberg principle at MDR?T 1236 (n=79}
T TIC cic

Observed number of patients 33 34 12
Expected number of patients 37 367 1086
33x2+434

p: Frequency for the T allele s =0.633
§: Frequency for the C allele 1-p=0.367
*79xpT=31.7

*79x2pq=36.7

*79xqt=10.6

Table 2. Hardy-Weinberg principle at MDR? 3435 (n=79)
T TC  Cle

Observed number of patients 18 a9 22
Expected number of patients 178" 394" g’
p: Frequency for the T allele 18x2+39 =0.475

%79

q: Frequency for the C allele 1-p=0.525
*79xp’=17.8

*19:2pg=38.4

179xq'=21.8
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SNPs in MDR1 and HIV protease inhibitors

the three SNPs at MDR1 1236 {exon 12), MDRI1
2677 {exon 21, excluding the genotypes containing G)
and MDR1 3435 (exon 26}, we found significant
linkage disequilibrium between MDR1 2677 A (T)
and MDR1 1236 C (T}, MDR1 2677 A (T} and
MDR1 3435 C (T), and MDR1 1236 C (T) and
MDR?1 3435 C (T}, respectively.

Reportedly, MDR1 3435 T/T genotype was associ-
ated with lower expression of P-gp in leukocytes [13]
so we hypothesized that the genotype was also associ-
ated with slower cellular export of NFV in patients’
lymphocytes. To investigate this, we first established
LCLs by immobilizing selected patients” PBMCs with
EBV. We selected eight patients’ LCLs with MDR1
3435 C/C {n=4)} and T/T (n=4) and verified similar
levels of MDR1 in these LCLs by RT-PCR (Figure 2).
We observed little variation in MDRY transcripts.

We found that uptake of NFV was rapid into LCLs
reaching a steady-state within 5 min (Figure 3}. We
studied eight patients’ LCLs with MDR1 3435 T/T and
MDR1 3435 C/C 1w compare the steady-state
intracellular concentration of NFV after 3 h incubation
in a medium containing 10 uM NFV. The intracellular
concentrations of NFV in LCLs with MDR1 3435 T/T
and C/C genotypes were 2593 pM and 2411 uM,
respectively (n=4), with no statistical difference. We
calculated these values by hypothesizing that the LCLs
are ideal spheres (10 um diamerer) and that NFV
distributes uniformly in the cell.

We then compared NFV efflux from those LCLs
with different genotypes at MDRI 3435. Before
measuring export of NFV, LCLs were cultured with
NFV to a saturated level. These NFV-loaded cells were
transferred to NFV-free medium and cultured for 3 h
with intermittent sampling of cell aliquots. We
compared the efflux of NFV from the eight patients’
LCLs with MDRI 3435 T/T and C/C (#=4 each),
which had been verified to express MDRI mRNA by

Figure 2. MDR1 mRNA expression in LCLs

12 3 4567 8

We selected eight patients” LCLs with MDRT 3435 C/C {langs 1-4) and TfT
(tanes 5-8) and measured the expression of MOR! mRNA. Total cellular RNA,
from ECLs was subjected to RT-PCR with primer sets for MDAT anedt GIPDH
transeripts Aliquots were subjected to agarose gel electrophoresis. The geno-
rypes at MDRY 1236, 2677 and 3435: lanes 1 and 2, (3T, GG, CIC); lanc 3, (1/C,
GJA. CJC): tane 4 [C/C G/A C/C): lane § {T/T. G/T, 1/T): and lanes 6-8 (1T, T/T, T/T).

X3



DZhu et ol

RT-PCR {Figure 2). The concentration of intracellular
NFV in LCLs with the homozygous T/T genotype at
MDR1 3435 was higher than in those with C/C geno-
type at 120 min and 180 min. This difference was
statistically significant (P=0.04 and 0.02, respectively,
Mann~Whirney U-test, Figure 4). This meant the NFV
efflux in patients’ LCL cells with the MDR? 3435 T/T

Figure 3. A typical time course of NFV uptake

1.5+
Z ow
Z%T 14
- O
¥ p
22
T =
8 E 05
4_'-:'::
L e AN R — T

0 20 40 B0 80 100 120 140 160 180

Incubation, mins

LCL cells (1 «10%10 ml] were incubated in medium cantaining 10 uM of NFV.
Cells were harvested at 0, 5, 60, 120 and 180 min and assayed for intracellular
NFV by HPLC. The horizonta) axis shows the incubation time in min. The
vertical axis shows the intraceltular amount of NFV per 10° cells The emor bars
represent the standard deviations.

Figure 4. NFV efflux from patients’ LCLs

O MDR13435T/T (n=4)

® MDR13435 CIC (n=4)
£
©
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=
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I
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Incubation, mins

LCL eells were incubated in medium containing 10 pM of NFV for 3 h. Cells
were then washed and cultured in NFV-free medium. Intracellular concentra-
tion of NFV was determined at 0, 60, 120 and 180 min by HPLC, The horizontal
axis shows the incubation 1ime in min, The vertical axis shows the intracellular
amount of NFV per 10° cells. We selected eight patients [described in the
Tegend to Figure 2) and examined the velocity of NFV efftux from those cells.
The intracellular concentration of NFV was measured several times in all
patients’ LCLs, and data were similar in every test. The errar bars represent the
standarel deviations
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genotype was slower than thar with C/C genotype.
Thus, we suspect the activity of P-gp in patients’ LCLs
with the MDR1I 3435 T/T genotype is lower than that
with the C/C genotype.

To examine the influence of MDRI 3435 genotypes
on the response to treatment, we assessed increase in
CD4 cell counts and viral suppression in 21 patients
after initiation of HAART. At first, we hoped 1o
analyse data obtained from a group of patients
receiving NFV alone as a P, but could not, due to the
small number of NFV-receiving patients. Thus, we
carried out the analysis in those patients receiving Pls
including NFV  (#=11}, indinavir (#=4) and
saquinavit/lopinavir/ritonavir (r=6). CD4 cell counts
before treatment were similar among patients with
various genotypes. Patients with various genotypes at
MDR1 3435 showed similar changes in CD4 celi
counts {Figure 5A) and viral suppression (Figure 6A)
during 9 months of HAART. We found patients with
the MDRI 1236 T/T showed higher increase in CD4
cell counts at 1 month (148 cells/pl) and 9 months (264
cells/pl} after initiation of therapy than those with
MDR1 1236 C/C (20 cells/ul and 34 cells/ul, respec-
tively} (Figure 5C). We suspected that MDR1 1236 T/T
was associated with a higher rate of recovery of CD4
cell eounts for patients receiving HAART with PI. We
did not find differences in rates of viral suppression
among the patients with various MDR] 1236 geno-
types (Figure 6C). We did not observe a statistical
difference in CD4 cell counts or viral loads among
patients with different MDR1 2677 genotypes (Figures
5B and 6B).

Discussion

In this study, we genotyped three SNPs at MDRI 1236
{exon 12), MDR1 2677 {exon 21) and MDR1 343§
{exon 26) (Figure 1} in 79 HIV-positive Japanese
patients and found incomplete linkage disequilibrium -
as has also been reported in other ethnic groups [6]. We
found thar genotype frequencies of the SNPs at MDR1
1236 (exon 12) and MDRI 3435 (exon 26} in this
population were in Hardy-Weinberg equilibrium. This
suggested that the studied population was precisely
genotyped and unbiased in terms of the MDRI gene.
We compared the activity of P-gp among patients’
LCLs with different MDR1 3435 genotypes by
measuring NFV efflux from the cultured LCL cells by
HPLC. We found that the intracellular concentration
of NFV in LCLs with the homozygous T/T genotype at
MDR1 3435 was higher than in those with the C/C
genotype at 120 min and 180 min. This difference was
statistically significant (P=0.04 and 0.02, respectively;
Mann~Whitney U-test; Figure 4). In concrast, in the
retrospective evaluation of 21 HIV-positive patients
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Figure 5. Increase in CD4 cell count among patients with the
various genotypes of MDR1 during antiretroviral treatment

SNPsin MDR1 and HIV protease inhibitors

Figure 6. Suppression of viraemia among patients with
various genotypes of MDR1 after antiretroviral treatment
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We assessed increase in CD4 cell counts among 21 patients. Every subject had
CD4 cell counts and viral loads at months @, 1, 3, 6 and 9. (A) MDRT 3435: 1T
{A}; CIC (®@); 1/C (Q). {B) MDRY 2677 T[T (A); G/G (@); G{T [O); B/A ) 1A
{m); AJA{A). [C) MDRT 12362 1/T [A); C/C (@); T/C (Q). The vertical axis shows
the increase in CD4 cell eount during treatment. Pvalues were calculated by
the Mann-Whitney U-test.
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We assessed suppression of vimemia among the same 21 patients as described
in the legend to Figure 5. (A} MDR? 3435: T(T (A): C/C (@); T/C (O). (E} MDR?
2677: /T (A); G/G (@); 6/ (D): G/A (O); /A (R); AA (Al [C) MOR? 1236:
1T (AL C/C (@); TIC{O). The vertical axis shows decrease in viral load. Values
are shown as log,, copiesim! plasma,
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