1774 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 8

Conclusions

We proposed a mechanism of resistance against NFV due to
the nonactive site mutation N88S in CRFO1_AE PR through
computational simulations. CRFO1_AE PR has polymorphisms
at nonactive sites, unlike subtype B PR. Nevertheless, the
polymorphisms affect the binding affinities between NFV and
PR variants that have the D30ON or N88S mutation. The
simulations suggest that N88S in CRFO1_AE PR confers NFV
resistance by reducing interaction energy between D30 and
NFV. N88S creates hydrogen bonds between the D30 and S88
side chains and causes conformational changes at D30. These
changes reduce the interactions between D30 and NFV.
Furthermore, we proposed an explanation of why the emergence
rates of D30N and N88S differ between subtypes B and AE
HIV-1. The M36I mutation seen in the natural polymorphisms
of CRFO1_AE PR is particularly involved in the difference in
the emergence rates of D30N and N88S.

Experimental Section

Force Field Parameters. Before carrying out molecular dynam-
ics (MD) simulations, we improved the torsional force field
parameters for benzamide and determined the restrained electrostatic
potential (RESP)*! charges for NFV. The improved torsional
parameters were generated in the same manner as that for the
development of the AMBER ff03 force field.*? First, RESP charges
of benzamide were determined on the basis of data from quantum
chemical calculations. Geometric optimization was performed at
the HF/6-31G(d.p) level, and the electrostatic potential was
calculated at the B3LYP/cc-pVTZ level under solvation conditions
with ether (¢ = 4) by the IEFPCM method using the Gaussian 03
program.*? The partial atom charges were determined using the
RESP method so that the atom charges could reproduce the values
of the calculated electrostatic potential at the surrounding points
of the benzamide. Charges were equalized between two atoms if
they were the same element and had the same bond coordination.
Second, a potential energy curve was obtained by repeating the
energy calculations with 5° stepwise changes in the torsional angle
around the torsional axis. Energy calculations were executed at the
MP2/cc-pVTZ level in the ether phase after geometric optimizations
at the HF/6-31G(d.p) level. Third, the torsional parameters were
obtained by fitting them to the potential energies from quantum
chemical calculations. The torsional parameter for CA—CA—C—N
was assumed to be equal to that for CA—CA—C—0O. RESP charges
for NFV were also determined in the same manner as that described
above.

Molecular Dynamics (MD) Simulations. Minimizations and
MD simulations were carried out using the Sander module of
AMBER 8. The AMBER ff03 force field** was used as the
parameters for proteins, ions, and water molecules. The general
AMBER force field* and our developed force field were used as
the parameters for NFV.

We examined the structure of each of the six PRs in complex
with NFV: wild-type (WT) PR, D30ON PR, and N88S PR of subtype
B HIV-1 (labeled B(WT), B(D30N), and B(N88S), respectively);
the reference (Ref) PR, D30N PR, N88S PR of subtype AE HIV-1
in complex with NFV (AE(Ref), AE(D30N), and AE(N88S)).
Additionally, we investigated the structures of M361 PR, M36l/
N88S PR, and L1OF/M36I/N88S PR of subtype B HIV-1 in
complex with NFV (labeled B(M361), B(M361/N88S), and B(L10F/
M361/N88S), respectively). We used HXB2 as the WT sequence
of subtype B HIV-1 and used NHI as the reference sequence of
subtype AE HIV-1.%* Each initial structure for the PR in complex
with NFV was modeled from the atom coordinates of an X-ray
crystal structure (PDB code 10HR)*? using the LEaP module. Each
model was placed in a rectangular box filled with about 8000 TIP3P
water molecules.™ with all of the crystal water molecules remaining.
The cutoff distance for the long-range electrostatic and the van der
Waals energy terms was set to 12.0 A. The expansion and shrinkage
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of all covalent bonds connecting to hydrogen atoms were con-
strained using the SHAKE algorithm.*® Periodic boundary condi-
tions were applied to avoid the edge effect in all calculations. Energy
minimization was achieved in three steps. First, movement was
allowed only for water molecules and ions. Next, the ligand and
the mutated residues were allowed to move in addition to the water
molecules and ions. Finally, all atoms were permitted to move
freely. In each step, energy minimization was executed by the
steepest descent method for the first 10 000 steps and the conjugated
gradient method for the subsequent 10 000 steps. After a 0.1 ns
heating calculation until 310 K using the NVT ensemble. a 3.0 ns
equilibrating calculation was executed at 1 atm and at 310 K using
the NPT ensemble, with an integration time step of 2.0 fs. In the
present calculations, the MD simulations showed no large fluctua-
tions after about 2.0 ns of equilibrating calculations (Supporting
Information Figures S8 and S9). Hence, atom coordinates were
collected at an interval of 1.0 ps for the last 1.0 ns to analyze the
structure in detail.

The protonation states of catalytic aspartates D25 and D25’ vary
depending on the binding ligands or PRs.>” Hence, the appropriate
protonation states of catalytic aspartates should be determined for
each model. Because NFV mimics a transition state of catalytic
reaction by HIV-1 PR, we considered two kinds of protonation
states.”®~% One represented a combination of protonated D25 and
unprotonated D25’ states, and the other represented the opposite
combination. In order to determine the protonation states when NFV
binds to each PR, the free energies of these two kinds of protonation
states were compared using the calculation data obtained during
2.0—3.0 ns of MD simulations. The free energies were calculated
on the basis of the MM/PBSA method.5*%2 We used the same
parameter set for electrostatic and van der Waals energy terms as
that used in the MD simulations, and no cutoff was applied for the
calculation. Since the dielectric constants for the interior of proteins
are considered to be in the range of 2—4, the interior dielectric
constant was set to 2.0.5% The outer dielectric constant was set 10
80.0. The PBSA program was used to solve the Poisson—Boltzmann
(PB) equation. B(D30N), B(M361), B(LL10F/M361/N88S), and AE-
(D30N) were found to prefer the combination of protonated D25
and unprotonated D25". The other five PRs (B(WT), B(N88S),
B(M36I/N88S), AE(Ref), and AE(N88S)) preferred the combination
of unprotonated D25 and protonated D25” (Supporting Information
Table S4).

Hydrogen Bond Criteria. The formation of a hydrogen bond
was defined in terms of distance and orientation. The combination
of donor D, hydrogen H, and acceptor A atoms with a D—H+-A
configuration was regarded as containing a hydrogen bond when
the distance between donor D and acceptor A was shorter than 3.5
A and the angle H—D—A was smaller than 60.0°.

Binding Free Energy Calculation. The binding free energy®*
was calculated by the following equation:

AG, = AG™ + AG™ + AG

int int sol

—TAS

where AG, is the binding free energy in solution, AGr and
AGi‘;ﬂw are electrostatic and van der Waals interaction energies
between a ligand and a protein, AGy, is the solvation energy, and
—TAS is the contribution of conformational entropy to the binding.
In this study, assuming that the contribution of conformational
entropy to the change in AG;, is negligible among mutants,5 we
neglected the entropy term in the energy estimation. AGS* and
AGi‘;ﬂw were computed using the same parameter set as that used
in the MD simulation, and no cutoff was applied to the calculation.
Solvation energy AG,, was calculated using the PBSA program.
The interior dielectric constant was set to 2.0, and the outer dielectric
constant was set to 80.0.%% Furthermore, the contribution of each
residue to the binding free energy was calculated. The total binding
free energy was decomposed into the contribution from each
individual residue by the MM/GBSA method. The modified GB
model developed by Onufriev, Bashford, and Case® was used to
calculate the solvation energy term. To ascertain whether or not
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the MM/GBSA results were consistent with the MM/PBSA results,
we compared the total binding free energy obtained by the MM/
PBSA method with that obtained by the MM/GBSA method for
all coordinates acquired through the MD simulation. The MM/
GBSA results were confirmed to be highly correlated with the MM/
PBSA results (correlation coefficient r = 0.998) (Supporting
Information Figure S10).
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A prominent characteristic of human immunodeficiency virus type 1 (HIV-
1) is its high genetic variability, which generates diversity of the virus and
often causes a serious problem of the emergence of drug-resistant mutants.
Subtype B HIV-1 is dominant in advanced countries, and the mortality rate
due to subtype B HIV-1 has been decreased during the past decade. In
contrast, the number of patients with non-subtype B viruses is still
increasing in developing countries. One of the reasons for the prevalence
of non-subtype B viruses is lack of information about the biological and
therapeutic differences between subtype B and non-subtype B viruses. M361
is the most frequently observed polymorphism in non-subtype B HIV-1
proteases. However, since the 36th residue is located at a non-active site of
the protease and has no direct interaction with any ligands, the structural
role of M36l remains unclear. Here, we performed molecular dynamics
(MD) simulations of M36I protease in complex with nelfinavir and revealed
the influence of the M36I mutation. The results show that M36I regulates the
size of the binding cavity of the protease. The reason for the rare emergence
of D30N variants in non-subtype B HIV-1 proteases was also clarified from
our computational analysis.

© 2007 Elsevier Ltd. All rights reserved.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) is
one of the most hazardous viruses for humans. HIV-1

advanced countries during the past decade. In
contrast, developing countries are suffering from a
growing epidemic of non-subtype B viruses. The
number of patients infected w1th HIV-1 is still

has a high genetic variability and has been classified
into three groups: M, N, and O groups. Viruses in
group M are further subdivided into subtypes, and
circulating recombinant forms (CRFs). The subtype B
virus is commonly found in HIV-1-infected patients in
North America, Europe, and Japan. Some anti-HIV-1
drugs that target viral proteins (reverse transcriptase,
aspartic protease, and fusion proteins) have been
clinically used and have lowered the death rate due to
acquired immune deficiency syndrome (AIDS) in

Abbreviations used: HIV-1, human immunodeficiency
virus type 1; PR, protease; PI, protease inhibitor; NFV,
nelfinavir; FDA, Food and Drug Administration; WT,
wild-type; MD, molecular dynamics.

E-mail address of the corresponding author:
odehir@graduate.chiba-u.jp

increasing in developing countries.’

HIV-1 proliferates under the assistance of its own
aspartic protease, so-called HIV-1 protease (HIV-1
PR), in its life cycle®> HIV-1 PR is an enzyme
composed of two identical polypeptides, each of
which consists of 99 amino acid residues (Figure 1(a)),
and has a function to process the viral Gag and Gag-
Pol polyprotein precursors. Because this processing is
essential for viral maturation, inhibition of the PR
function leads to incomplete viral rephcatlon and
prevents the transfer to other human cells.? Therefore,
HIV-1 PR is an attractive target for anti-HIV-1 drugs.
Nine PR inhibitors (PIs) have been approved by the
Food and Drug Administration (FDA). 12 Never-
theless, the currently available PIs were developed
and tested only against subtype B PRs. Some studies
have shown that non-subtype B viruses show dif-
ferent responses than the responses of subtype B virus

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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M36I(B) : GGFIKVGQYDQILIEICGHKAIGTVLVGPTPVNIIGRNLLTQIGCTLNF
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Figure 1. (a) Structure of HIV-1 PR in complex with
NEFV. Locations of two catalytic aspartate residues, the 30th
and the 36th residues, and NFV are shown in ball and stick
representations. The amino acid sequence of subtype Bwild-
type (WT) HIV-1 PR (HXB2) and that of M36] mutant are
shown under the structure. (b) Chemical structure of NFV.

to those PlIs.”>® Ariyoshi et al. reported that the
patterns of emergence of resistant mutations against
nelfinavir (NFV, Figure 1(b)) differed between sub-
type B and CRFO1_AE HIV-1."” D30N predominantly
appears in patients who are infected with subtype B
HIV-1, and treatment with NFV has failed. D30N
specifically confers resistance against NFV.'*?° In
contrast, N88S predominantly appears in patients
with CRFO1_AE HIV-1. D30N is not found in patients
with CRFO1_AE HIV-1. D30N has also rarely been
found in patients with other non-subtype B HIV-1.2*
However, there have been few studies on the suscept-
ibility of non-subtype B viruses to the presently
available PIs, and a standard protocol of chemotherapy
for non-subtype B viruses has not yet been
established.”

Non-subtype B HIV-1PRs have natural polymorph-
isms. Among those polymorphisms, M36l is the most
frequently observed in patients with non-subtype B
HIV-1.242627 M361 is known to be related to resistance
against some FDA-approved PIs: NFV, indinavir,
ritonavir, and atazanavir. >’ Therefore, M36l is a key
mutation to understand the difference between sub-
type B and non-subtype B HIV-1 PRs. Nevertheless,
the structural role of the non-active site mutation M361
remains unclear. This is because the 36th residue of
PR is not located at the active site of PR and has no
direct interaction with any substrates or any Pls.

Here, we investigated the structural role of M361 of
PR in the binding of PR with NFV through computa-

tional simulations. We also examined the structural
role of M36V in order to compare the effect of the side-
chain at the 36th residue. Some previous computa-
tional simulations have revealed structural roles of
non-active site mutations of HIV-1 PR**3* OQur
simulations indicated that the mutations at the 36th
residues influence the volume of the binding cavity of
the active site of PR. The influence on the volume
alters the interaction between D30 of PR and NFV. We
also investigated the relationship between D30N and
the mutation at the 36th residue of PR. Our results
revealed that a combination of D30N and the
mutation at the 36th residue induces the formation
of hydrogen bonds between N30 of PR and NFV,
which are not observed in PR with a single D30N
mutation in complex with NFV. Our simulations
suggest that M36l, despite the fact that it is a mutation
at a non-active site, regulates the binding of ligands
with PR. These findings will be helpful for developing
more effective PIs against non-subtype B HIV-1.

Results

Hydrogen bond networks

We performed MD simulations of six subtype B
HIV-1 PRs in complex with NFV: wild-type (WT) PR,
M36I PR, M36V PR, D30N PR, D30N/M36I PR, and
D30N/M36V PR (labeled as B(WT), B(M36I), B
(M36V), B(D30N), B(D30N/M36]), and B(D30N/
M36V), respectively). First, in order to clarify the
structural role of the mutation at the 36th residue, we
examined direct or one-water-molecule-mediated
hydrogen bonds between each PR and NFV (Table
1, Supplementary Data Table S1). According to the
X-ray structure of HIV-1 PR bound to NFV,3> NFV
has direct and one-water-molecule-mediated hydro-
gen bonds with D25/D25, 150/150’, D29’, and D30
(Supplementary Data Figure S1). In all of the six
models, the side-chains of D25 and D25’ directly
interacted with the central hydroxyl group of NFV
(O3 in Figure 1(b)). All of models also have one-
water-molecule-mediated hydrogen bonds of NFV
with 150/150" and with D29’. Different hydrogen
bonds are observed between the 30th residue and the
phenol group of NFV. In B(WT) and B(M36V), either
the main chain or the side-chain of D30 interacts with
NFV through hydrogen bonds (Figure 2). In B(M36I),
only the side-chain of D30 forms a hydrogen bond
with NFV. In contrast, B(D30N) has no hydrogen
bond with NFV. B(D30N/M36I) and B(D30N/
M36V) show a different feature from that of B
(D30N). They have direct hydrogen bonds between
the main chain of N30 and NFV.

Change in conformation of PR

Next, we investigated the difference in the average
structure of each PR from that of B(WT). The
average structure of each PR was generated from
1000 snapshot structures during the last 1.0 ns of
molecular dynamics (MD) simulations. In order to
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Table 1. Hydrogen bond networks of NFV with D30 or N30 in PR

Donor Acceptor %* Donor Acceptor %
WT D30N

N D30 or° NFV 30.7

o1 NFV OD1/0D2 D30 316

01 NFV o D30 429
M36l D30N/M36I

01 NFV OD2 D30 95.3 o1 NFV o N30 57.1
M36V D30N/M36V

N D30 o1 NFV 18.0 N N30 o1 NFV 249

01 NFV OD1/0D2 D30 46.1

01 NFV 6] D30 359 (O NFV O N30 34.7

# Qccupancy of hydrogen bonds during the 2.0-3.0 ns MD simulation.

The atom names of NFV are shown in Figure 1.

make a comparison between each PR and B(WT), we
superimposed the average structure of each PR onto
that of B(WT) using the coordinates of N, C%, and C
atoms. Since non-active site residues are more
flexible than active site residues and the structure
of non-active site residues is largely influenced by
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Figure 2. Distance between the 30th residue of PR and
NFV. Red and green continuous lines correspond to the
distance between N of the 30th residue and Ol atom of
NFV and that between O of the 30th residue and O1 atom
of NFV, respectively. Blue continuous lines of B(WT),
B(M36I), and B(M36V) show the distance between OD1/
OD2 of D30 and O1 atom of NFV, while those of B(D30N),
B(D30N/M36I), and B(D30N/M36V) are the distance
between OD1/ND2 of N30 and O1 atom of NFV.

random atom motions in MD simulation (Supple-
mentary Data Figure S2), we focused on conforma-
tional change of the active site residues. Figure 3
shows that the displacements of most of the active
site residues are small. Detailed values are shown in
Supplementary Data Figure S3. Exceptionally, a
large conformational change (RMSD=1.5 A) is
observed at D29 in B(D30N/M36I). In the other
PRs, D29 is shifted about 0.7 A. D30 is noticeably
displaced by 0.8 A in only B(D30N), while displace-
ment of the 30th residues is less than 0.5 A in the

Subtype B
WT

0.5 1.0 15 20 25 304

Figure 3. 3D plot of RMSD of the average structure of
each model from that of B(WT). PR is shown in colored
tube representations. Color indicates the magnitude of
RMSD shown in the bottom bar. Each mode! was fitted to
B(WT) using the coordinates of main chain atoms N, C%,
and C of PR. The superimposed gray tubes represent the
average structure of B(WT).



Characterization of the M361 Mutation of HIV-1 PR

601

Table 2. Volume and surface area of the binding cavity in each model

WT M361 M36V D30N D30N/M361 D30N/M36V
Volume (A% 375(x43) 345(36) 365(+43) 403(253) 419(53) 375(x47)
Surface area (A?) 490(+43) 471(£35) 469(+47) 508(240) 506(x54) 484(248)

* The standard deviations were written in the parentheses.

other PRs. At a flap region and around 80s loops,
slight conformational changes are also observed.
The flap and 80s loop consist of the 47th to 50th
residues and of the 79th to 81st residues, respec-
tively. Although HIV-1 PR is a homodimer, the
asymmetric displacements are observed. The dis-
placement in NFV was also examined (Supplemen-
tary Data Figure 54). Conformational changes in the
benzamide group and the S-phenyl group (C6H6-S-)
are observed. B(D30N) and B(D30N/M361) show
larger displacement than that of the other models. In
contrast, the tert-butylcarboxamide moiety and the
dodecahydroisoquinoline ring hardly change their
locations in each model. The displacements of NFV
are also asymmetric and correlate with the displace-
ments of PR. The residues near the benzamide group
of NFV, such as the 29th and 30th residues, show
large displacement. On the other hand, the residues
near the tert-butylcarboxamide moiety or the dode-
cahydroisoquinoline ring of NFV show small
displacements. The asymmetric displacements ob-
served in HIV-1 PR will be due to the structural
collision with NFV.

Furthermore, we examined the effect of the
mutation at the 36th residue on volume of the active
site (Table 2). M36I reduces the volume of the active
site, whereas both D30N and D30N/M361 increase
it. M36V and D30N/M36V have almost no effect on
the volume.

Binding energy calculations

Binding energy between each PR and NFV is
presented in Table 3. A single M36l or M36V
mutation has almost no effect on the binding affinity
with NFV, although the binding energy calculations
have large standard deviations. In contrast, D30N
and D30N/M361 mutations reduce the binding
energies with NFV. Oppositely, D30N/M36V in-
creases the affinity. Clemente ef al. reported the IC50
values of B(WT), B(D30N), B(M36I), and B(D30N/
M361),%® in which M36l was suggested to improve

Table 3. Binding free energy of each model

the binding affinity with NFV, and showed that
D30N/M36I conferred resistance against NFV. Our
results are compatible with those experimental
results.

We additionally analyzed the contribution of each
residue to the binding of NFV (Supplementary Data
Figure S5). In B(MB36I), B(M36V), and B(D30N/
M36V), the respective residues except D25/D25
have contributions similar to those in B(WT). The
contribution of D25/D25" depends on their proto-
nation states. In contrast, B(D30N) reduces the
binding energy between the 30th residue and NFV.
B(D30N/M36I) lowers the interaction between D29
and NFV.

Discussion

Here, we performed MD simulations of HIV-1 PRs
in complex with NFV for the purpose of clarifying
(1) the structural role of the non-active site mutation
M3él and (2) the relationship between D30N and
M36I mutations. M36V was also examined in order
to analyze the effect of the side-chain of the 36th
residue.

Non-subtype B HIV-1 is still pandemic in the
world.! Nevertheless, a standard protocol of che-
motherapy for non-subtype B viruses has not yet
been established,”” and little is known about the
difference between susceptibilities of non-subtype B
viruses and subtype B virus to clinically available
drugs.'*'® M36I is the most frequently observed
polymorphism among non-subtype B HIV-1
PRs.242627 Therefore, M361 is a key mutation to
clarify the reason why the efficacy of Pls varies
among subtypes. Some studies have indicated that
M361 is related to the resistance against NFV and
other FDA-approved Pls by complementing the
effects of other resistant mutations.17.20343¢ For
example, M36I has been shown to contribute to an
increase in the emergence rate of the NFV-resistant
mutation N88S.'7** It has also been reported that a

AGY (kcal/mol)  AGWY (kcal/mol)  AG.y (kcal/mol)  AG,® (kcal/mol)  AAG, (kcal/mol)  IC50° (nM)
WT -125+14 -71.8+38 15.1+1.4 —-69.2+3.7 - 12402
M361 ~11.8+1.2 ~73.3+37 15411 ~69.7+35 -0.5 0.9+0.1
M36V -13.2+15 -72.1+38 16.5+1.3 -68.8+3.6 0.4 ND®
D30N ~6.9+1.2 -70.5+4.1 10.9+0.9 —66.5+3.9 2.7 6.840.9
D30N/M361 -8.1£1.2 -66.843.6 9.8+1.1 —65.0+3.5 4.2 6.0£1.0
D30N/M36V -10.8+1.2 -72.8439 13.321.0 -70.3+4.0 -1.1 ND

2 TAS is not included. N
b Reference from the report by Clemente et al®
€ ND denotes no data.
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single M36I mutation does not confer resistance
against FDA-approved Pls.* The structural role of
M36l is, however, not clear because the 36th residue
of PR is located at a non-active site of HIV-1 PR.
According to the results of the present simulations, a
single M36] mutation reduces the volume of the
binding cavity of subtype B HIV-1 PR. Energetically,
M36I PR slightly increases the binding affinity with
NFV, compared with WT PR. This result is compa-
tible with an experimental finding.*® A single M36V
mutation also reduces the volume of the cavity,
although the effect of M36V on the cavity volume is
not as great as that of M361. When we carried out an
additional 2.0 ns MD simulation of each model, the
reduction of the volume of the active site of M361 PR
and that of M36V PR were also observed (Supple-
mentary Data Table S2). Therefore, the side-chain of
the 36th residue will indeed influence the shape of
the active site of PR, despite its location.

In order to reveal the mechanism by which the
non-active site mutation M36I regulates the volume
of the active site of PR, we additionally calculated the
interaction energy between each residue of PR and
the 36th residue. The energy calculations suggest
that the 36th residue mainly interacts with 115/115/,
Q18/Q18’, K20/K20’, L33/L33’, and V77/V77’
(Supplementary Datal Figure S6). Among these
residues, 1.33/1L33’ and V77/V77’ are located near
active site residues (Figure 4). V77/V77' is close to
the 80s loop, which consists of the residues from
P79/P79' to P81/P81’. L33/L33' is in the vicinity of
T31/T31’. Interestingly, mutations at L33 and V77
(L33F and V77I) are also related to the resistance
against some Pls.”® These mutations would play a
role similar to that of M36I. We speculate that the

Figure 4. Interactions of the 36th residues with L33 and
with V77. The average structure of B(WT) was super-
imposed onto that of B(M36I) using the coordinates of N,
C®, and C atoms. The superimposed structure of B(WT) is
shown in gray sticks and cartoons representation. The
orange arrow indicates the locations of the 80s loop, where a
prominent change of conformation occurred by M36L

slight inward shifts of L33/L33’ and V77/V77' due
to the mutation M36lI trigger the reduction in volume
of the cavity of PR. In order to confirm this
speculation, we further examined the shift of each
residue and extracted the shift only toward the
center of the active site (Figure 5, Supplementary
Data Figures S7-59). The results show that M36l
causes a shrinkage of the active site around P79 and
around T31’. The 31st residue T31/T31’ creates
stable hydrogen bond networks with D29, T74, and
N88 or with D29’, T74’, and N88’ (Supplementary
Data Table S3).** also indirectly influences the
conformations around D29/D29’. A28/, D29/, D30/,
and T31’ in one monomer are all displaced inward.
In contrast, A28 and D29 show outward positional
shifts, while the residues around L33 in the other
monomer move inward. It is notable that these
residues rotate on D30. M36I hardly shrinks or
expands the cavity at D30. However, D30 shifts
toward the a-helix region (R87-193) in B(M36I)
(Supplementary Data Figure S10). Although this
displacement is very slight (0.4 A), the shift enlarges
the distance from the main chain of D30 to the m-
phenol group of NFV, and it also shortens the
distance from the side-chain of D30 to NFV (Figure
2). Therefore, M361 changes the interaction between
D30 and NFV. D30 is an important residue for
binding with NFV.?%**35 B(M36I) has a hydrogen
bond of the m-phenol group of NFV only with the
side-chain of D30, unlike B(WT). B(WT) forms
hydrogen bonds of the m-phenol group of NFV
with either the main chain or the side-chain of D30.
These results show that the non-active site mutation
M36I influences the shape of the active site of PR by
the following mechanism. M36I mutation shifts .33/
L33’ and V77/V77' inward. Subsequently, these
shifts cause changes in conformation at the active
site, especially around T31/T31’ and P79/P79’.

It is also informative to investigate the relationship
between D30N and M36I. As stated in Introduction,
most of the non-subtype B HIV-1 PRs carry M36I as
a polymorphism.?426-27 In contrast, D30N rarely
appears in non-subtype B HIV-1 PRs.?"~** This rare
emergence of D30N in non-subtype B PRs has been
assumed to be due to the low viral replication ability
of D30N mutants in non-subtype B viruses,*2-%
because L89M, which is a polymorphism of some
non-subtype B PRs, and D30N decrease the replica-
tion ability.”** On the other hand, our simulations
provide a novel insight into the relationship bet-
ween D30N and M36I. It should be noted that B
(D30N/M36I) forms a hydrogen bond between the
main chain of N30 and NFV (Figure 2), which is not
seen in B(D30N). M36] enforces the interaction
between N30 and NFV in D30N mutant PR. A
clear difference is observed at D29 among B(WT), B
(M3el), B(D30N), and B(D30N/M36l) (Figure 5).
D29 in B(D30N/M36l) shows a large outward
positional shift from that of B(WT). The shift of B
(D30N/M36l) is two-times larger than that of B
(M36l) and B(D30N). Binding energy calculations
show that D30N/M36I lowers the binding affinity
of NFV with subtype B PR (Table 3) and greatly
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indicate elongation of the distances. Bottom black lines represent the locations of the active site residues.

reduces the interaction between D29 and NFV.
D30N/M36I mutant of subtype B PR was reported
to confer resistance against NFV.>® This energetical
result is compatible with experimental findings.*
These results suggest that the resistance mechanism
due to D30N/M36I is different from that of D30N.
D30N causes resistance against NFV because of the
loss of hydrogen bonds between N30 and NFV.*3*
On the other hand, D30N/M36I confers resistance
against NFV due to the large change in conforma-
tion at D29. NFV still interacts with N30 in B(D30N/
Ma3él). It is known that D30N is not observed in
CRF0O1_AE PR.”” As we previously reported,® this
observation is explained by the finding that the
affinity of CRFO1_AE D30N PR with NFV is similar
to that of CRF01_AE reference PR. CRF01_AE D30N
PR has stronger interaction with NFV than does
subtype B D30N PR. CRF01_AE D30N PR has one-
water-molecule-mediated hydrogen bonds between
NFV and N30, whereas subtype B D30N PR forms
no hydrogen bond between them. M36l enforces the

interaction between N30 and NFV, and polymorph-
isms other than M36I will release the distortion at
D29. NFV will be able to maintain its efficacy against
D30N mutant PR in non-subtype B viruses. There-
fore, D30N mutation is rarely observed in non-
subtype B HIV-1 PRs.

Here, we performed MD simulations of six HIV-1
PRs in complex with NFVand clarified the structural
role of the non-active site mutation M361. M36I
influences the shape of the active site of PR in spite
of its location. The changes in conformation at the
active site are caused by the alteration of interaction
of the 36th residue with L33 and V77. We also
examined the relationship between D30N and M36L
A combination of D30N and M36I enforces the
interaction between N30 and NFV, causing distor-
tion on the conformation around D29. D30N/M36l
shows a different mechanism of resistance against
NFV from that of D30N. M36l is the most frequently
observed mutation in non-subtype B PRs. Therefore,
M36l is a key mutation to understand the differences
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between subtype B and non-subtype B PRs. The
findings of this study provide valuable information
for developing the drugs that are more effective for
non-subtype B PRs. Furthermore, accumulation of
information on structural roles of key residues of PR
will enable us to predict the effectiveness of Pls
against non-subtype B viruses as well as against
subtype B ones.

Materials and Methods

Molecular dynamics simulation

We performed minimizations and MD simulations in a
manner similar to that described elsewhere.>* Minimiza-
tions and MD simulations were carried out using the
Sander module of the AMBERS package.38 The AMBER
ff03 force field® was used as the parameters for proteins,
ions, and water molecules. Our originally developed
torsion parameters for the benzamide moiety in NFV, CA-
CA-C -N and CA-CA-C -O, were applied.* The general
AMBER force field*® was used as other parameters for NFV.
RESP charges for NFV were determined on the basis of data
obtained from quantum chemical calculations.>

We performed simulations of six proteases in complex
with NFV: wild-type (WT) PR, M361 PR, M36V PR, D30N
PR, D30N/M36l PR, and D30N/M36V PR of subtype
B HIV-1 (labeled as B(WT), B(M36I), B(M36V), B(D30N),
B(D30N/M36I), and B(D30N/M36V), respectively).
B(M36V) and B(D30N/M36V) were examined in order
to analyze the effect of the side-chain of the 36th residue
clearly. We used HXB2 as the WT sequence of subtype B
HIV-1. Each initial structure for the PR in complex with
NFV was modeled from the atom coordinates of an X-ray
crystal structure (PDB code: 10HR*®) and the respective
mutations were introduced using the LEaP module. First,
we obtained the PDB file of the PR bound to NFV from
Protein Data Bankt. Second, we edited the PDB file to
change the residue names of the mutated residues and to
delete the information on the coordinates of the side-chain
atoms of the mutated residues. Third, the coordinates of
the side-chain atoms of the mutated residues were
automatically generated by LEaP module. Fourth, each
model was placed in a rectangular box filled with about
8000 TIP3P water molecules,*' with all of the crystal water
molecules remaining. The cutoff distance for the long-
range electrostatic and the van der Waals energy terms
was set to 12.0 A. The expansion and shrinkage of all
covalent bonds connecting to a hydrogen atom were
constrained using the SHAKE algorithm.*? Periodic
boundary conditions were applied to avoid the edge
effect in all calculations. Energy minimization was
achieved in three steps. First, movement was allowed
only for water molecules and ions. Next, the ligand and
the mutated residues were allowed to move in addition to
the water molecules and ions. In this step, steric collisions
of the automatically generated residues were minimized
and favorable configurations of the side-chains of the
mutated residues were obtained. Finally, all atoms were
permitted to move freely. In each step, energy minimiza-
tion was executed by the steepest descent method for the
first 10,000 cycles and the conjugated gradient method for
the subsequent 10,000 cycles. After a 0.1 ns heating

T http:/ /www.pdb.org/
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calculation until 310 K using the NVT ensemble, a 3.0 ns
equilibrating calculation was executed at 1 atm and at
310 K using the NPT ensemble, with an integration time
step of 2.0 fs. In the present calculations, the MD
simulations showed no large fluctuations after about 2.0
ns equilibrating calculation (Supplementary Data Figures
511 and S$12). Hence, atom coordinates were collected at
intervals of 1.0 ps for the last 1.0 ns to analyze the
structure in detail. Furthermore, we performed an
additional 2.0 ns simulation for each model and
confirmed equilibrium of each simulation (Supplemen-
tary Data Figure S13).

Protonation states of the catalytic aspartic acids D25 and
D25’ vary depending on the binding ligands or PRs.*?
Hence, appropriate protonation states of the catalytic
aspartic acids should be determined for each model. Since
NFV mimics a transition state of catalytic reaction by HIV-
1 PR, we considered two kinds of protonation states.**~%¢
One complex represented a combination of protonated
D25 /unprotonated D25’ states, and the other represented
the opposite combination. In order to determine the
protonation states when NFV is bound to each PR, the
free energies of two kinds of complexes were compared
using calculation data obtained during the 2.0-3.0 ns MD
simulations (Supplementary Data Table 54). The free
energies were calculated on the basis of the MM/PBSA
method.**® We used the same parameter set for electro-
static and van der Waals energy terms as that used in the
MD simulations, and no cutoff was applied for the
calculation. Since the dielectric constants for the interior
of proteins is considered to be in the range of 2 to 4, the
interior dielectric constant was set to 2.0.* The outer
dielectric constant was set to 80.0. The pbsa program was
used to solve the Poisson-Boltzmman (PB) equation.
B(D30N), B(M36I), and B(D30N/M36I) have been found
to favor the combination of protonated D25 and unpro-
tonated D25’. The other three PRs, B(WT), B(M36V) and B
(D30N/M36V), prefer the combination of unprotonated
D25 and protonated D25’

Hydrogen bond criteria

The formation of a hydrogen bond was defined in terms
of distance and orientation. The combination of donor D,
hydrogen H, and acceptor A atoms witha D-H ... A
configuration was regarded as a hydrogen bond when the
distance between donor D and acceptor A was shorter
than 3.5 A and the angle H-D-A was smaller than 60.0
degrees.

Calculations of volume and surface area of the
binding cavity

We employed the Pocket program™ to estimate the
volume and the surface area of the active site of PR. The
program is based on the Alpha Shape theory,”® which
provides an analytical method for detecting pockets in
proteins and measuring their volume and surface area.
The ligand-binding cavity of HIV-1 PR is not completely
separated from solvent. However, it should be noted that,
in the Pocket program, a pocket is defined as a cavity that
is inaccessible to the solvent outside of a protein. If a water
molecule is trapped within the pocket, the water molecule
cannot escape to the outside of the protein. Hence, we can
define the ligand-binding cavity as a pocket. Supplemen-
tary Data Figure 514 shows the binding pocket of HIV-1
PR visualized by MAGE program.™
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Binding free energy calculation

The binding free energy52 was calculated by the follow-
ing equation:

AGy, = AG# + AGY™ + AG,y —

int int

TAS,

where AG, is the binding free energy in solution, AGig

and AGH# are the electrostatic and van der Waals
interaction energies between a ligand and a protein,
AGg, is the solvation energy, and —TAS is the contribution
of conformational entropy to the binding. Here, assuming
that the contribution of conformational entropy to the
change in AG, is negligible among mutants, >3 we
dlsregarded the entropy term in the energy estimation.
AGHS and AG¥™ were computed using the same
parameter set as that used in the MD simulation, and no
cutoff was applied for the calculation. Solvation energy
AG,y was calculated using the pbsa program. The interior
dielectric constant was set to 2.0° and the outer dielectric
constant was set to 80.0. Furthermore, the contribution of
each residue to the binding free energy was calculated.
The total binding free energy was decomposed into the
contribution from each individual residue by the MM/
GBSA method. The modified GB model developed by
Onufriev et al.>* was used to calculate the solvation energy
term. The MM/GBSA results were highly correlated with
the MM /PBSA results, as we described previously.*
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Inhibiting lentiviral replication by HEXIM1, a cellular
negative regulator of the CDK9/cyclin T complex
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Objective: Tat-dependent transcriptional elongation is crucial for the replication of
HIV-1 and depends on positive transcription elongation factor b complex (P-TEFb),
composed of cyclin dependent kinase 9 (CDK9) and cyclin T. Hexamethylene bisa-
cetamide-induced protein 1 (HEXIM1) inhibits P-TEFb in cooperation with 7SK RNA,
but direct evidence that this inhibition limits the replication of HIV-1 has been lacking.
In the present study we examined whether the expression of FLAG-tagged HEXIM1
(HEXIM1-f) affected lentiviral replication in human T cell lines.

Methods: HEXIM1-f was introduced to five human T cell lines, relevant host for HIV-1,
by murine leukemia virus vector and cells expressing HEXIM1-f were collected by
fluorescence activated cell sorter. The lentiviral replication kinetics in HEXIM1-f-
expressing cells was compared with that in green fluorescent protein (GFP)-expressing
cells.

Results: HIV-1 and simian immunodeficiency virus replicated less efficiently in
HEXIM1-f-expressing cells than in GFP-expressing cells of the five T cell lines tested.
The viral revertants were not immediately selected in culture. In contrast, the replication
of vaccinia virus, adenovirus, and herpes simplex virus type 1 was not limited. The
quantitative PCR analyses revealed that the early phase of viral life cycle was not
blocked by HEXIM1. On the other hand, Tat-dependent transcription in HEXIM1-f-
expressing cells was substantially repressed as compared with that in GFP-expressing
cells.

Conclusion: These data indicate that HEXIM1 is a host factor that negatively regulates
lentiviral replication specifically. Elucidating the regulatory mechanism of HEXIM1
might lead to ways to control lentiviral replication. © 2007 Lippincott Williams & Wilkins
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Introduction terminal repeat (LTR) (reviewed in [2,3]). The functional

interaction between P-TEFb and the viral protein Tat has
Activation of transcription elongation requires the been well studied. Immediately after viral transcription
positive transcription elongation factor b complex (P- starts at the LTR. of the integrated proviral genome, the
TEFb) composed of cyclin dependent kinase 9 (CDK9) nascent viral transcript forms a three-dimensional
and cyclin T1, T2, or K [1]. P-TEFb is essential for structure called TAR. In the presence of P-TEFb, Tat
efficient transcriptional elongation from the promoter of binds to TAR. Through the Tat—TAR interaction, Tat
human immunodeficiency virus type 1 (HIV-1), the long activates P-TEFb and therefore assures the efficient
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completion of viral gene transcription and the propa-
gation of HIV-1.

Recently, the regulatory mechanisms of P-TEFb function
have been elucidated. In 2001, the interaction of P-TEFb
with 7SK RNA was found to be necessary to inactivate
the kinase activity of CDK9 within P-TEFb [4-6].
However, the binding of 7SK RNA alone is not
sufficient to inactivate P-TEFb. More recently, Yik
et al. demonstrated that the inactivation of P-TEFb
requires hexamethylene bisacetamide-induced protein 1
(HEXIMT1; synonyms CLP1, MAQI1, and HIS1) {7-9].
The inactivation of P-TEFb by the HEXIM1-7SK RNA
complex appears to regulate the transcriptional elong-
ation of cellular genes.

~ The HEXIM1-7SK RNA complex has been shown to

physically compete with Tat for binding to P-TEFb [10].
In agreement with this finding, HEXIM1 was shown to
inhibit Tat-dependent transcription from the HIV-1 LTR
in transient transfection assays [8,11,12]. However, no
data demonstrating that HEXIM1 is able to limit HIV-1
replication has been provided. Here we provide direct
experimental evidence that the constitutive expression of
HEXIM1 specifically limits lentiviral replication.

Methods

Plasmids

The FLAG-tagged HEXIM1 expression constructs were
generated by reverse-transcription PCR using RNA
isolated from CEM cells as templates. The primers used
were 5'-CACCTCGAGCCACCATGGACTACAAA-
GACGATGACGACAAGGCCGAGCCATTCTTGT
C-3 and 5'-CAATTGCTAGTCTCCAAACTTGGA-
AAGCGGCGC-3" for amino terminus FLAG tagging,
and 5-CACCTCGAGCCACCATGGCCGAGCCA-
TTCTTGTCAGAATATC-3'and5'-CAATTGCTAGT-
CGTCATCGTCTTTGTAGTCGTCTCCAAACTT-
GGAAAGCGGCGCTC-3' for carboxy terminus FLAG
tagging. The Xhol-Mfel fragments of the PCR. products
were cloned into the Xhol-Mfel sites of pPCMMP IRES
GFP, generating pCMMP fHEXIM1 and pCMMP
HEXIM1-f[13]. The cytomegalovirus (CMV) promoter-
driven gag-pol expression vector psyngag-pol has been
previously described by Wagner et al. [14] and pLTR gag-
pol was constructed by cloning the Miul-HindIII fragment
encodingthe LTR frompNL-luc [15}into the MIul-HindlIl
sites of psyngag-pol. The tax expressing plasmid pCGtax
and pHTLV LTR luciferase were kindly provided by
Dr. Watanabe (Tokyo Medical Institute). The tat-express-
ing plasmid pSVtat was a generous gift from Dr. Freed
(National CancerlInstitute-Frederick, Frederick, Maryland,
USA). The plasmid pLTR-luc has been described previ-
ously (Miyauchi et al., Antiviral Chemistry and Chemotherapy,
in press). The following plasmids have been described
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previously by Komano et al. {13]: pVSV-G, pMDygag-pol,
pTM3Luci, phRL-CMVand pSIVmac239AnefLuc.

Cells and transfection

All the mammalian cells were maintained in RPMI 1640
(Sigma, St Louis, Missouri, USA) supplemented with
10% fetal bovine serum (Japan Bioserum, Tokyo, Japan),
penicillin and streptomycin (Invitrogen, Tokyo, Japan).
Cells were incubated at 37°C in a humidified 5% CO,
atmosphere. Cells were transfected using Lipofectamine
2000 according to the manufacturer’s protocol (Invitro-

gen).

Western blotting

Cells were lysed with sample buffer, sonicated, and boiled
for 5 min. Samples were separated on 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels and
transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, Massachusetts, USA) for western
blotting according to standard techniques. Membranes
were blocked with Tris-buffered saline containing 0.05%
Tween-20 (TBS-T) containing 5% (w/v) non-fat skim
milk (Yuki-Jirushi, Tokyo, Japan) for 1h at room
temperature and incubated with primary antibodies
including the M2 and-FLAG epitope monoclonal
antibody (Sigma), an anti-actin monoclonal antibody
(MAB1501R; Chemicon/Millipore, Billerica, Massa-
chusetts, USA), an anti-cyclin T1 rabbit polyclonal
antibody (H-245; Santa Cruz Biotechnology, Santa Cruz,
California, USA), an anti-cyclin T2a/b goat polyclonal
antibody (A-20; Santa Cruz), an anti-p24 monoclonal
antibody (183-H12-5C; NIH AIDS Research and
Reference Reagent Program), an anti-HIS1 chicken
polyclonal antibody (N-150; GenWay, San Diego,
California, USA), and an anti-Bip/GRP78 monoclonal
antibody (clone 40; BD Biosciences/Transduction
Laboratories, San Jose, California, USA) for 1h at room
temperature. Membranes were washed with TBS-T and
incubated with appropriate second antibodies including
biotinylated anti-goat (GE Healthcare Bio-Sciences,
Piscataway, New Jersey, USA) or anti-chicken IgY
(Promega, Madison, Wisconsin, USA), and EnVision+
(Dako, Glostrup, Denmark) for 1 h at room temperature.
For a tertiary probe, we used horseradish peroxidase
(HR P)-streptavidine (GE Healthcare) if necessary. Signals
were visualized with an LAS3000 imager (Fujifilm,
Tokyo, Japan) after treating the membranes with the
Lumi-Light Western Blotting Substrate (Roche Diag-
nostics GmbH, Mannheim, Germany).

Reporter assay

Luciferase activity was measured 48 h after transfection or
infection using a DualGlo assay kit (Promega) according
to the manufacturer’s protocol. The beta-galactosidase
activity was measured using a LumiGal assay kit (BD
Biosciences/Clontech, San Jose, California, USA)
according to the manufacturers protocol. The
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chemiluminescence was detected with a Veritas lumin-
ometer (Promega).

Monitoring viral replication

To monitor HIV-1 replication, the culture supernantants
were subjected to either a reverse transcriptase assay [16]
or an enzyme-linked immunosorbent assay (ELISA) to
detect p24 anrtigens using a Retro TEK p24 antigen
ELISA kit according to the manufacturer’s protocol
(Zepto Metrix, Buffalo, New York, USA). For simian
immunodeficiency virus (SIV) a p27 antigen ELISA kit
was used according to the manufacturer’s protocol (Zepto
Metrix). The signals were measured with a Multiskan Ex
microplate photometer (ThermoLabsystems, Helsinki,
Finland). For vaccinia virus, adenovirus, and herpes
simplex virus (HSV)-1, the activity of reporter genes was
measured as previously described [13].

Generating viruses

To produce HIV-1 and SIV, 293T cells were transfected
with plasmids encoding proviral DNA of HIV-1
(pPHXB2) or pSIVmac239AnefLuc and culture super-
natants containing viruses were collected at 48 h post-
transfection. Murine leukemia virus (MLV) and lentiviral
vectors pseudotyped with VSV-G were produced as
described previously by cotransfecting 293T cells with
either the pNL-Luc and pVSV-G vectors or the pMDgag-
pol, pVSV-G, and pCMMP vectors [13]. Green
fluorescent cells were sorted by fluorescence activated
cell sorter (FACS) Aria (Becton Dickinson, San Jose,
California, USA).

Reverse transcriptase-polymerase chain reaction
Total RNA was isolated with an RNeasy kit (Qiagen
GmbH, Hilden, Germany) according to the manufac-
turer’s instruction. The reverse transcriptase (RT)-
polymerase chain reaction (PCR) assay was performed
with a One Step RNA PCR Kit (Takara, Otsu, Japan),
imaged by a Typhoon scanner 9400 (GE Healthcare), and
quantified with Image Quant software (GE Healthcare).
For the amplification of endogenous HEXIMI1, the
forward primer 5-ACCACACGGAGAGCCTGCA-
GAAC-3' and the reverse primer 5'-TAGCTAAA-
TTTACGAAACCAAAGCC-3' were used. For the
amplification of HEXIM1-f, the forward primer 5'-
GTACCTGGAACTGGAGAAGTGCCC-3' and the
reverse primer 5'-CAATTGCTAGTCGTCATCGTC-
TTTGTAGTC-3" were used. For cyclophilin A, the
forward primer 5-CACCGCCACCATGGTCAAC-
CCCACCGTGTTCTTCGAC-3 and the reverse
primer 5'-CCCGGGCCTCGAGCTTTCGAGTTGT-
CCACAGTCAGCAATGG-3' were used.

Quantitative real time polymerase chain reaction
The real time PCR reaction was performed in 2 DNA
Engine Opricon 2 Continuous Fluorescence Detection
System (Bio-Rad, Hercules, California, USA). The
cellular genomic DNA and total RNA were extracted
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48 h post-infection with a DNeasy kit (Qiagen) and
RNeasy kit (Qiagen), respectively, according to the
manufacturer’s instruction. For the reagents, we used
QuantTect SYBR Green PCR and RT-PCR Kits
(Qiagen). To estimate the amount of integrated HIV-1
DNA, Alu-LTR PCR was performed according to the
method described previously using the following primers:
for the first PCR, 5-AACTAGGGAACCCACTGCT-
TAAG-3' and 5-TGCTGGGATTACAGGCGTGAG-
3, and for the second PCR, 5-AACTAGGGAACC-
CACTGCTTAAG-3 and 5-CTGCTAGAGATTT-
TCCACACTGAC-3' [17]. The beta-globin primers
have been described previously [18]. To estimate the
amount of HIV-1 RNA, the second PCR primers for the
Alu-LTR PCR were used. The primers for cyclophilin A
are described above.

Results and discussion

The HEXIM1 cDNA tagged with a FLAG epitope at
either the amino terminus (FHEXIM1) or the carboxy
terminus (HEXIM1-f) was cloned in a mammalian
expression plasmid (Fig. 1a). A luciferase assay revealed
that the Tat-dependent enhancement of transcription
from the HIV-1 LTR was reduced by co-transfecting
HEXIM1-expressing plasmids, whereas neither Tat-
independent basal transcription from the HIV-1 LTR
nor CMV promoter-driven transcription was affected
(Fig. 1b). An oncogenic retrovirus human T cell leukemia
virus type 1 (HTLV-1) encodes for fax, a functional
homologue of HIV-1’s tat, that utilizes P-TEFb to
enhance transcription from the LTR promoter [19].
However, tax-dependent enhancement of transcription
was not affected by HEXIM1 in similar experimental
conditons (Fig. 1c). To monitor the effect of HEXIM1
on HIV-1 replication, we introduced HEXIM1-expres-
sing plasmids into HeLa-CD4 cells along with pNL4-3,
which produces replication-competent HIV-1, and
measured the RT activity in the culture supernatant
1 week post-transfection. Transfecting HEXIM1-expres-
sing plasmids decreased the RT activity in a dose-
dependent manner (Fig. 1d). Next, we asked whether the
inhibition of viral replication was specific to HIV-1 by
examining vaccinia virus, adenovirus, and HSV-1
replication. We found that the propagation of these
three viruses was not inhibited by HEXIM1-f expression
(Fig. le—g), suggesting that the inhibition of viral
replication by HEXIM1 was HIV-1-specific.

To examine whether HEXIM1 negatively affects
lentiviral replication in the physiologically relevant host,
we isolated human T cell lines constitutively expressing
HEXIM1-f. We cloned HEXIM1-f ¢DNA into a
pCMMP (MLV retroviral vector plasmid (Fig. 2a).
The plasmid encoded an internal ribosomal entry site
(IRES)-mediated green fluorescent protein (GFP)
expression cassette, so that MLV vector-infected cells

577



578

AIDS 2007, Vol 21 No 5

(a) (b) 35% reduction (C) (d)
A A y
o 50% reduction a
*® ﬁ‘f\, > 100000 f > 300000 Noreduction . 3000000 ». E 6000
L g FUG 2 = 25 4 @
ST L 8 g3 Sz 8z 4000
AR Acin 0 D o 2+ TBE 3000
- ® = 50000 ®URLuc @ 2 150000 1500000 ¢ O o g
v 2 3 ES OCmv-Luc 58 g g g = 2000
3 TE TEL & j000
3 3 = 5
e o = o ° - 8 0
t 2 3 &4 5 6 Ty 2 3 a4 £ 1 2 3 4 5§
FHEXIME - - &+ + - - HEXIMI4 - -+« LTRLuc -HEXIM1 - sl - -
HEXM1A - - - - + « Tax -+ - 4 OcMV-Lue HEXiM1+4 - R R—
Tat - + - 4+ -
(e) Vacginia virus ® Adenavirus (9) HSV-1
> 1e000 > 14000000 > 500000
= 12000 { -8 HEXIM1 3 12000000 | —#- HEXIM1 3 00000 | W HEXIMY
G too00 { +GFP g 10000000 { - GFP 3] - GFP
& =~ IP= T = 400000
o = 8000 o = 8000000 =]
o = 0w = a2 300000
S@E 6000 s 6000000 s
3 4000 3 4000000 2 200000
E 2000 g 2000000 8 100000
- - -
4 [ 0
1 2 3 4 5 8 1T 2 3 4 5 6 7 1 2 3 4
Time after infection (h) Time after infection (h) Time after infection (h)

Fig. 1. Expression of hexamethylene bisacetamide-induced protein 1 (HEXIM1) specifically inhibits HIV-1 replication.
(a) Detection of HEXIM1 cDNA tagged with a FLAG epitope at either the amino terminus (f-HEXIM1) or the carboxy terminus
(HEXIM1-f) by western blot analysis in transiently transfected 293 cells (upper panel, approximately 65 kD). A western blot against
actin is shown as a loading control {lower panel). (b) Expressing FLAG-tagged HEXIM1 decreased the luciferase activity driven by
HIV-1 long terminal repeat (LTR) promoter in the presence of Tat (lanes 4 and 6, LTR-Luc, solid bars). However, FLAG-tagged
HEXIM1 did not affect the expression of renilla luciferase from co-transfected plasmid driven by the cytomegalovirus (CMV)
promoter (CMV-Luc, open bars). Representative data from three independent experiments done in triplicate are shown. Cells were
transfected with 0.8 g HEXIM1-expressing plasmid for the indicated lanes, 0.1 pg of pSVtat for the indicated lanes, and 0.1 g of
pLTR-Luc and 0.5 pg for phRL/CMYV for all lanes. (c) Expressing FLAG-tagged HEXIM1 did not decrease the luciferase activity
driven by HTLV-1 LTR promoter in the presence of Tax (lanes 2 and 4, LTR-Luc, solid bars) as well as renilla luciferase driven by the
CMV promoter (CMV-Luc, open bars). Representative data from three independent experiments done in triplicate are shown. Cells
were transfected with 0.8 pg of HEXIM1-expressing plasmid for the indicated lanes, 0.1 ug of pCGtax for the indicated lanes, and
0.1 pug of pHTLV LTR Luc and 0.5 pg for phRL/CMYV for all lanes. (d) The dose-dependent reduction of HIV-1 production by
transfection of HEXIM1-encoding plasmids (0.1 ug for lanes 2 and 4, 0.4 pg for lanes 3 and 5) along with a plasmid producing
infectious HIV-1 (pNL4-3, 0.1 pg) in Hela-CD4 cells. (e—g) Expressing HEXIM1-f did not limit the replication of vaccinia virus
(e), adenovirus (f), or HSV-1 (g) in 293T cells. The y-axis represents the reporter gene activity, which reflects viral replication.
Representative data from three independent experiments are shown. GFP, green fluorescent protein; RLU, relative light unit.

could be readily identified by the green fluorescence. did not affect the cell surface levels of the HIV-1 receptors
Human T cell lines, including SUP-T1, MOLT-4, CEM, CD4 and CXCR4 as demonstrated by FACS analysis
Jurkat, and M8166 were infected with MLV pseudotyped (data not shown). These data indicate that the expression
with vesicular stomatitis virus glycoprotein (VSV-G), and of HEXIM1-f did not reach levels where the physio-
GFP-positive cells were collected with a FACS (Fig. 2a). logical reguladon of P-TEFb blocked cellular gene
For the negative control, we used MLV expressing GFP transcription.

only. The successful introduction of HEXIM1-f into the

cells was verified by RT-PCR and Western blot analysis The replication kinetics of HIV-1 or SIV was monitored
(Fig. 2b and c). The total HEXIM1 protein expression in by measuring the accumulation of viral capsid antigen in
HEXIM1-f-transduced cells was approximately 3.7-, 1.5-, the culture medium. Strikingly, HIV-1 replicated more
2.0-, 4.8-, and 1.8-fold higher than in GFP-transduced slowly in cells of all four T cell lines expressing HEXIM1-
cells in the CEM, Jurkat, MOLT-4, SUP-T1, and M8166 f than in cells expressing GFP (Fig. 2d—g). Similarly,
cell lines, respectively (Fig. 2c¢). To our surprise, the HEXIM1-f-expressing M8166 cells supported SIV

HEXIM1-f-expressing T cell lines remained GFP- replication less efficientdy than did GFP-expressing
positive, and therefore HEXIM1-f-positive, for more M8166 cells (Fig. 2h). Interestingly, the magnitude of
than 6 months and proliferated at rates almost indis- HIV-1 replication delay was the most substantial in SUP-

tinguishable from GFP-expressing cells. The expression T1 cells, in which the levels of endogenous HEXIM1
levels of cyclin T1, cyclin T2, actin, and Bip/GRK78 in were the lowest among the four cell lines tested for HIV-1

HEXIM1-f-expressing cells were almost identcal to replication (Fig. 2c). Similar observations were made
those in GFP-expressing cells, suggesting that the gene when the HIV-1 infection experiments were repeated,
expression did not compensate the upregulated HEXIM1 indicating that the expression of functional HEXIM1-f
(Fig. 2b and c). Expression of cyclin T2 was undetectable did not change over the course of the replication

in M8166 cells (Fig. 2¢). Similarly, HEXIM1-f expression monitoring. We tested whether the viruses emerged in
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Fig. 2. Lentiviral replication is inhibited in various T cell lines constitutively expressing hexamethylene bisacetamide-induced
protein 1 (HEXIM-1) cDNA tagged with a FLAG epitope at the carboxy terminus (HEXIM1-f). (2) The genomic organization of the
retroviral vector expressing HEXIM1-f and a schematic representation of the experimental approach. (b) Detection of endogenous
HEXIM1 and murine leukemia virus (MLV)-transduced HEXIM1-f (exogenous) mRNA by reverse transcriptase-polymerase chain
reaction in green fluorescent protein (GFP)- and HEXIM1-f-expressing cells. The primer design is drawn schematically.
Amplification efficiency was examined by using a known number of templates as standards for HEXIM1. Cyclophilin A (CyPA)
was amplified to ensure the quality of the RNA. (c) Western blot analysis demonstrating expression of HEXIM1-f (denoted FLAG),
endogenous HEXIM1 (HEXIM1), Bip, cyclin T1, cyclin T2, and actin in isolated T cell lines. (d-g) Replication profiles of HIV-1
(HXB2) in SUP-T1 (d), MOLT-4 (e), Jurkat (), and CEM (g) cells either expressing HEXIM1-f or GFP alone. Representative data from
two or three independent experiments are shown. (h) Replication profile of SIV in M8166 cells either expressing HEXIM1-f or GFP
alone. Representative data from two independent experiments are shown. (i) The replication profiles of HIV-1 recovered from SUP-
TI/HEXIM1-f cells (asterisk in Fig. 2d) in fresh SUP-T1/GFP or SUP-T1/HEXIM1-f, LTR, long terminal repeat.

HEXIM1-f-expressing cells were ‘revertants’ that might
be able to replicate in HEXIM1-f-expressing cells as fast
as in GFP-expressing cells. To address this, we recovered
virus-containing culture supernatants from SUP-T1/
HEXIMI1-f cells at the peak of replication kinetics
(asterisk, Fig. 2d). Then, both fresh SUP-T1/GFP and
SUP-T1/HEXIM1-f were infected with the recovered
virus and the replication kinetics was monitored.
However, HIV-1 still replicated in SUP-T1/HEXIM1-
f cells more slowly than in SUP-T1/GFP cells (Fig. 2i),
akin to the original profiles (Fig. 2d), and the nucleotide
sequences of LTR and tat, the primary targets of
HEXIMI1, remained unchanged (double asterisk in
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Fig. 2i). In addition, no mutations were found in viruses
propagated in GFP-expressing SUP-T1 cells. Similar
observations were made in MOLT-4 cells (data not
shown). These data provide direct evidence that the
expression of HEXIM1 inhibits lentiviral replication in
human T cell lines.

Based on our experimental observations as well as the
reported functions of HEXIM1, we assumed that the
ability of HEXIM1 to limit HIV-1 replication was mostly
due to the inhibiton of Tat/P-TEFb-dependent tran-
scriptional elongation. However, it was possible that
HEXIM1 might also have targeted other viral replication
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Fig. 3. Hexamethylene bisacetamide-induced protein 1 (HEXIM1) cDNA tagged with a FLAG epitope at the carboxy terminus
(HEXIM1-f) does not affect the efficiency of viral integration or post-translational processes. (a) The Alu-long terminal repeat
(LTR) and beta-globin polymerase chain reaction products from VSV-G-pseudotyped HIV-1-infected MOLT-4 and SUP-T1 cells
expressing either green fluorescent protein (GFP) or HEXIM1-f alone were separated in an agarose gel and photographed. (b) The
luciferase activities in SUP-T1/GFP or SUP-T1/HEXIM1-f cells electroporated with 10 ug of a plasmid encoding LTR-driven firefly
luciferase plus 1 pg of phRL/cytomegalovirus (CMV). The firefly luciferase activity normalized to renilla luciferase activity in SUP-
T1/GFP cells was set to 100%. The error bars represent the standard deviation of three independent experiments. (c) Western blot
analysis showing Gag and its cleaved products expressed from either CMV promoter- or LTR promoter-driven gag-pol expression
plasmid in the presence of pSVtat (0.1 pg, all lanes) and increasing amounts of HEXIM1-f (0.2 pg for lanes 2 and 6, 0.6 ug for lanes
3and7,and 2.0 ugfor lanes 4 and 8). (d) The amount of p24 produced in the culture supernatant from cells analyzed in Fig. 3c was
measured by enzyme-linked immunosorbent assay. Representative data from three independent experiments done in triplicate are
shown. SIV, simian immunodeficiency virus.

steps. To test this possibility, we examined the viral entry independent experiments, respectively (Table 1). These
and production processes separately. The efficiency of data suggest that the efficiency of viral integration was not
viral entry was analyzed by measuring the efficiency of inhibited in HEXIM1-f-expressing SUP-T1 cells. In
viral integration. SUP-T1/GFP or SUP-T1/HEXIM1-f contrast, the relative abundance of HIV-1 transcript

cells were infected with a replication-incompetent HIV-1 expressed in SUP-T1/HEXIM1-f cells was substantially
vector pseudotyped with VSV-G that expresses luciferase decreased to 0.03 and 2.9% relative to SUPT1/GFP cells
upon successful infection. We conducted an Alu-LTR (Table 1). Furthermore, the luciferase activities were 200-
PCR assay to detect the integrated viral genome. PCR fold lower in SUP-T1/HEXIM1-f cells than in SUP-T1/
products were detected only from HIV-1-infected cells GFP cells (Table 1). Similar data was obtained from

(Fig. 3a). The signal intensiies of Alu-LTR PCR MOLT-4 cells infected with HIV-1 pseudotyped with
products from GFP- and HEXIMI1-f-experssing cells VSV-G (data not shown). The transfection of plasmids

were similar. To compare the efficiency of viral infection encoding reporter viral DNA can bypass the viral entry
as well as transcription quantitatively, we employed a real and make it possible to measure the effect of HEXIM1 on
time PCR technique. Some infected cells were collected LTR-driven transcription and translation. Consistent
for an Alu-LTR PCR assay to quantify the amount of with above data, transfecting pNL-Luc into SUP-T1/
integrated viral genome, and the rest were processed to HEXIMI1-f cells gave significandy lower luciferase
measure the amount of viral transcript as well as the activities than SUP-T1/GFP cells (Fig. 3b, left). Similar

luciferase activity. The amount of Alu-LTR PCR data were obtained using pSIVmac239AnefLuc (Fig. 3b,
product from SUP-T1/HEXIMI1-f cells was 3.5- and right). These data strengthen the possibility that
3.3-fold more to that from SUP-T1/GFP cells from two HEXIM1 targets post-integration processes.



