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Introduction

Human immunodeficiency virus 1 (HIV-1) reverse transcriptase
(RT) plays a pivotal role in the retrovirus life cycle and hence
many of the clinically used drugs are targeted at this
enzyme.[1] However, particularly with regard to the emergence
of highly resistant viral strains, the development of new and
more potent inhibitors remains indispensable. The biologically
relevant form of HIV-1 RT is a heterodimer consisting of a p51
and p66 subunit.[2] The small subunit p51 is a N-terminal pro-
teolytic cleavage product of the large subunit p66. The corre-
sponding polypeptide chains can be divided into a N-terminal
polymerase domain, a C-terminal RNase H domain, which is
missing in p51, and a so called connection domain.[3] Whereas
p66 harbors all enzymatic activities, the RNA- and DNA-depen-
dent DNA polymerase activity and RNase H activity, p51 is cru-
cial for the structural integrity of the enzyme. Several years
ago, we showed that the enzymatic activities of this retroviral
polymerase are strictly correlated with the dimeric forms.[2, 4, 5]

Thus, the development of inhibitors targeting the dimerization
of the RT represents a highly promising alternative antiviral
strategy.[6–8]

Several molecules have been described to modulate the
dimer stability of RT. Among them, certain non-nucleoside RT
inhibitors (NNRTIs) have been shown to stabilize the dimer,[9]

whereas others impair the stability of RT.[10–12] In addition, pep-
tides have been described to prevent dimerization of RT in vi-
tro and one of them (Pep-7) could be shown to abolish the
production of viral particles in infected cells.[13–15] More recent-
ly, it could be shown that the latter peptide interacts preferen-
tially with the p51 subunit within the heterodimer and thereby

destabilizes the dimer conformation which eventually triggers
dissociation.[16]

Mechanistic studies revealed that dimer formation occurs in
a two-step process,[17, 18] which involves the rapid association of
the two subunits into an inactive dimer, followed by a slow
conformational change yielding the mature enzymatically
active form. The subunit association is predominantly mediat-
ed by hydrophobic interactions between the two connection
subdomains. Here a tryptophan repeat motif, an extraordinary
cluster of six tryptophans, is important for RT dimerization as
shown by mutational studies.[19, 20] Interestingly, this tryptophan
cluster is highly conserved amongst primate lentiviral RTs.

This study describes a structure-based ligand design ap-
proach aimed to identify small molecules, which interfere with
HIV-1 RT heterodimer stability and thereby eventually inhibit
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The enzymatic activities of human immunodeficiency virus type 1
(HIV-1) reverse transcriptase (RT) are strictly correlated with the
dimeric forms of this vital retroviral enzyme. Accordingly, the de-
velopment of inhibitors targeting the dimerization of RT repre-
sents a promising alternative antiviral strategy. Based on muta-
tional studies, we applied a structure-based ligand design ap-
proach generating pharmacophoric models of the large subunit
connection subdomain to possibly identify small molecules from
the ASINEX database, which might interfere with the RT subunit
interaction. Docking studies of the selected compounds identified
several candidates, which were initially tested in an in vitro subu-
nit association assay. One of these molecules (MAS0) strongly re-

duced the association of the two RT subunits p51 and p66. Most
notably, the compound simultaneously inhibited both the poly-
merase as well as the RNase H activity of the retroviral enzyme,
following preincubation with t1/2 of about 2 h, indicative of a
slow isomerization step. This step most probably represents a
shift of the RT dimer equilibrium from an active to an inactive
conformation. Taken together, to the best of our knowledge, this
study represents the first successful rational screen for a small
molecule HIV RT dimerization inhibitor, which may serve as at-
tractive hit compound for the development of novel therapeutic
agents.
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the retroviral enzyme. We provide a “proof of principle” that a
large dimeric macromolecule such as HIV-1 RT with an inter-
face of >4500 C2 can be successfully targeted by a small mole-
cule dimerization inhibitor.

Results

Effect of mutations in the p51 subunit on HIV-1 RT
ACHTUNGTRENNUNGdimerization and polymerase activity

To start with, we performed computational and mutational
studies to unravel the contribution of individual amino acids
for the HIV-1 RT heterodimer stability, which then served as
the starting point for the development of small molecules that
block interactions in the connection subdomain (see section
below). Analysis of crystallographic structures of HIV-1 RT re-
vealed amino acids K331, N363, and D364 in the p51 subunit
with putative contributions to subunit interaction. According
to our studies, K331 forms a salt bridge to D364 and N363 un-
dergoes a p–p interaction with W410 (p66), which in addition
interacts via an edge to face interaction with W401 (p51)
(Figure 1). Accordingly, the residues K331, N363, and D364 in
p51 were individually mutated to an alanine and the proteins
were expressed and purified separately. Heterodimer formation
was induced by mixing equimolar amounts of both subunits
and the dimerization process was followed by HPLC gel filtra-
tion analysis (Figure S1a) and polymerase activity assays
(Figure S1b). The mutant K331A showed a drastically reduced
ability to associate with the p66 subunit. The N363A mutation
showed a similar effect but to a lesser extent, whereas the
D364A mutation had no effect on the dimerization nor the
ACHTUNGTRENNUNGactivity of the enzyme.

Structure-based ligand design approach

Based on the mutational studies described above, we followed
a structure-based ligand design approach for the identification
of novel compounds disturbing the RT subunit interaction by
interrupting the interactions described above which target the
p66 tryptophan cluster. Starting from the crystallographic
structure of the p66 subunit (1RTH),[21] three different three-
dimensional pharmacophoric models of the p66 connection
subdomain were generated taking into account the receptor
flexibility. In particular, p66 was first submitted to molecular
dynamics (MD) calculations from which six snapshots were
chosen on the basis of the maximum root-mean-square devia-
tions affecting dihedral angles of both W402 and W410 resi-
dues. Next, for each snapshot, a grid centered on W402, also
including W410 and additional residues, was coded by means
of a GRID Molecular Interaction Field[22, 23] approach into profit-
able interaction regions with three probes (namely DRY, N1,
and O), corresponding to hydrophobic contacts, hydrogen
bond donor, and hydrogen bond acceptor groups, respectively.
Points corresponding to the best interactions between amino
acid groups and probes were transformed into parts of the
pharmacophores, termed pharmacophoric features (Figure S3).
The pharmacophoric models were then used as three-dimen-

sional queries to perform a virtual screening of databases of
commercially available compounds. With this aim, entries of
the ASINEX Gold Collection able to fit at least one of the phar-
macophoric models and to fully satisfy Lipinski’s Rule-of-
Five,[24, 25] were chosen as hit compounds and docked into the
p66 connection subdomain (Figure 2 A and Figure S4).

Effect of selected compounds on HIV-1 RT subunit
ACHTUNGTRENNUNGassociation and enzymatic activities

The structure-based ligand design approach described above
allowed us to identify ten candidates, which were initially
tested in an in vitro subunit association assay. For this purpose
the heterodimeric form of HIV-1 RT was reversibly dissociated
by the addition of acetonitrile (final concentration 12–14 %).
Upon reduction of the acetonitrile concentration to 0.8 % by a
simple dilution of the samples, reassociation of RT was initiated

Figure 1. X-ray structure of HIV-1 RT (1RTH). The p66 subunit is color coded
as follows: polymerase domain (dark green), connection domain (yellow),
and RNase H domain (light green). The p51 subunit is shown in blue and
the p66 tryptophan cluster (aa 398-414) in red. Key amino acids for dimer
stability W402p66, W410p66, K331p51, N363p51, D364p51, and W401p51 are depict-
ed as balls and sticks.
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and could be easily followed by size-exclusion chromatography
or the increase of the enzymatic activities.[4] Applying this pro-
cedure, we identified two compounds, namely MAS0 and
MAS1 (Figure 2 B), which showed a dose-dependent inhibition
of the dimerization process (Figure S2). MAS0 proved to be
about five times more active than MAS1 in this assay. Incuba-
tion of the compounds with heterodimeric RT for up to a week
at 4 8C or 25 8C on the other hand did not induce monomeriza-
tion of the protein. Next, we tested whether these molecules
do interfere with the enzymatic activities of RT. Figure 3 A
shows a dose-dependent, simultaneous inhibition of both the
polymerase and the RNase H activity by MAS0 (MAS1 did not
show any effect) yielding IC50 values of 155 and 111 mm, respec-
tively. Most notably, inhibition of RT could only be observed
following a preincubation of enzyme and MAS0 with t1/2 of
about 2 h (Figure 3 B).

Effect of MAS0 on HIV-1 RT heterodimer stability

To examine if MAS0 had an effect on dimer stability, for exam-
ple the equilibrium between enzymatically inactive and active
dimers, which could explain the results described above, we
performed transient kinetic studies following changes of the
intrinsic RT fluorescence upon acetonitrile-induced heterodi-
mer dissociation in the presence or absence of the compound
using a stopped flow device. As reported earlier, the intrinsic
fluorescence emission of RT increases up to 25 % upon dissoci-
ation of the heterodimer.[17, 18, 26] As shown in Figure 4, there
was doubling of the observed RT heterodimer dissociation rate

constants from 0.077 ACHTUNGTRENNUNG(�0.0002) s�1 to 0.188 ACHTUNGTRENNUNG(�0.0004) s�1

caused by MAS0.
Though, as already described in the previous section, this

phenomenon could only be observed after preincubation of
RT with the compound. By plotting the apparent dissociation
rate constants on the RT/MAS0 preincubation time we found a
time dependent increase of these rates with a rate of 0.47-
ACHTUNGTRENNUNG(�0.06) h�1. This number translates into t1/2 of about 1.5 h (Fig-
ure 4 B) and is in remarkably good agreement with the rate
ACHTUNGTRENNUNGderived for the correlation of preincubation time and degree
of inhibition of enzymatic activities.

Figure 2. A) Flowchart of the rational drug design procedure. B) Structure of
the selected compounds.

Figure 3. Simultaneous inhibition of HIV-1 RT polymerase and RNase H activ-
ity by MAS0. A) HIV-1 RT (100 nm) was incubated for 6 h at 20 8C in the pres-
ence of increasing amounts of MAS0 before polymerase (*) or RNase H (~)
activity was determined. Data were analyzed using a hyperbolic equation
yielding an IC50 value of 155 mm for the polymerase and 111 mm for the
RNase H activity. The fits reach for 19 % (�9) and 14 % (�7) residual poly-
merase and RNase H activity, respectively. At MAS0 concentrations far
beyond 1 mm, solubility problems were encountered causing varying and
uncontrollable inhibitor concentrations. B) Effect of RT/MAS0-preincubation
time on both enzymatic activities. Data were analyzed using an exponential
equation yielding rates of 0.35 (�0.08) and 0.3 (�0.07) h�1 for the poly-
merase (*) and the RNase H (*) activity, respectively. During preincubation
no significant reduction of enzymatic activities was observed in the absence
of the compound (data not shown).
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Specificity of inhibition by MAS0

Finally, we analyzed the specificity of MAS0 for the HIV-1
enzyme. For this matter, polymerase assays were performed
with HIV-2 RT, Avian Myeloblastosis Virus (AMV) RT, and E. coli

DNA Pol I (Klenow fragment, KF). As shown in Figure 5, MAS0
decreased the polymerase activity of HIV-2 by about 60 %,
whereas the activity of the AMV RT and KF remained unaffect-
ed.

Discussion and Conclusion

With an interface of >4500 C2[27] and a binding affinity in the
range of 10�10

m
[17] the HIV-1 RT heterodimer represents a par-

ticularly challenging target especially for small molecule drugs.
This might be one of the reasons why, although initially pro-
posed some 17 years ago,[4] nobody has so far succeeded in
successfully developing drugs interfering with RT dimerization.
As briefly outlined in the Introduction, there are several exam-
ples of molecules which do in fact modulate dimer stability to
some extent. However, none of them is capable of really block-
ing the enzyme. Certain peptides, on the other hand, could be
identified as powerful inhibitors. However, peptides possess
ACHTUNGTRENNUNGinherent properties that make them highly unattractive for
downstream drug development. Thus, the intention of the
present study was the identification of small molecules which
affect HIV-1 RT dimer stability by applying a structure-based
ligand design approach. As opposed to earlier studies we
ACHTUNGTRENNUNGfocused strictly on compounds obeying Lipinski’s Rule-of-Five
as a prerequisite for potential further development towards a
clinical application.

The structure-based ligand design approach revealed ten
compounds, which were initially screened applying a well es-
tablished redimerization assay.[4] Herein, we could identify two
molecules (MAS0 and MAS1), which affected the p51/p66 sub-
unit association reaction while being incapable of promoting
any dissociation of the dimer even after extended incubation.
A careful examination of the effect of these two compounds
on the enzymatic activities of the retroviral enzyme showed an
identical simultaneous dose-dependent inhibition pattern of
both the polymerase and the RNase H activity by MAS0 where-
as the second compound was inactive.

Figure 4. Transient kinetics of acetonitrile-induced HIV-1 RT dissociation in
the presence or absence of MAS0. A) RT (2.5 mm) and MAS0 (1 mm) were
preincubated at 20 8C for the following time intervals (t): red: control with-
out MAS0, t= 0 h; blue: t= 0 h; cyan: t= 1.5 h; green: t= 3.0 h; magenta:
t= 9.0 h; and dark cyan: t= 16 h, following a rapid mix with 28 % acetonitrile
(final concentration of 14 % after mixing) in a stopped flow device. The in-
crease in intrinsic tryptophan fluorescence of RT upon dissociation of the
heterodimer was followed. Excitation was at 290 nm, and emission was de-
tected via a cut-off filter (320 nm). The experimental data were fitted to a
double exponential equation plus offset (single exponential in case of the
control) yielding rates of 0.077 ACHTUNGTRENNUNG(�0.0002) s�1 (control without MAS0, t= 0 h),
0.088 ACHTUNGTRENNUNG(�0.0002) s�1 (t= 0 h), 0.135 ACHTUNGTRENNUNG(�0.0005) s�1 (t= 1.5 h), 0.165 ACHTUNGTRENNUNG(�0.0005) s�1

(t= 3.0 h), 0.188 ACHTUNGTRENNUNG(�0.0004) s�1 (t= 9.0 h), and 0.183 ACHTUNGTRENNUNG(�0.0007) s�1 (t= 16 h) for
the first phase. The second phase observed in the presence of MAS0 is most
likely due to quenching effects of the compound interacting with the fully
exposed binding pocket. To exclude any effects on dissociation independent
of MAS0, control experiments were performed. No significant change of the
rate after up to 16 h of preincubation of RT in the absence of the compound
could be observed (data not shown). B) Dependence of the observed disso-
ciation rate constants on the RT/MAS0 preincubation time. Data were ana-
lyzed using an exponential equation yielding a rate of 0.47 ACHTUNGTRENNUNG(�0.06) h�1.

Figure 5. Determination of polymerase activity of different enzymes in the
presence of MAS0. Polymerases (60-150 nm) were preincubated with 1 mm

MAS0 for 16 h at 20 8C. Polymerase activities were analyzed as described in
the Experimental Section.
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Remarkably, the degree of inhibition of both enzymatic ac-
tivities was strictly correlated with the preincubation time of
enzyme and inhibitor with a t1/2 of about 2 h. This observation
strongly supports the notion that inhibition is mediated by a
slow equilibrium, conformational change of the enzyme rather
than by a simultaneous direct interaction of the compound
with the two active sites of the enzyme, which are approxi-
mately 65 C apart. Moreover, in the latter case the compound
would have to bind both active sites with equal affinities,
which would be rather implausible.

A highly likely scenario to rationalize the underlying mecha-
nism of MAS0-mediated inhibition is a shift in dimer equilibri-
um from an active dimer to an inactive dimer (see Figure 6 for

illustration). This would explain the simultaneous inhibition of
both enzymatic activities as both activities are confined exclu-
sively to the mature heterodimer.[2, 4, 5] If indeed the compound
interferes with the dimer equilibrium this should affect dimer
stability and such an effect should in principle be measurable.
To address this question we performed transient dissociation
studies. For this purpose, we analyzed acetonitrile-induced
heterodimer dissociation in the presence or absence of the
compound. As anticipated, MAS0 increased the apparent rate
of subunit dissociation. Again, the observed effect, increase in
dissociation rate constant, was strictly correlated with the pre-
incubation time of enzyme and inhibitor with a t1/2 of about
1.5 h. This is in remarkably good agreement with the value ob-
tained for the inhibition of the enzymatic activities and strong-
ly supports the proposed concept that MAS0 traps the enzyme
in an inactive state.

Whereas we currently do not have direct proof that MAS0
does in fact exactly bind to the pocket it was selected for (p66

tryptophan repeat motif, Figure S4), the data provided in
Figure 5 are in strong support of this notion. Apart from HIV-1
RT, we also observed inhibition of the closely related HIV-2 RT,
albeit to a slightly reduced level. Both enzymes possess a tryp-
tophan cluster which is conserved amongst primate lentiviral
RTs. The different levels of inhibition could be explained by
some minor sequence variation in this region (Figure S5). The
likewise heterodimeric AMV RT,[28] on the other hand, is not af-
fected by MAS0. Even though all three RTs (HIV-1, HIV-2,[29] and
AMV) do presumably share a similar overall folding (the X-ray
structure of AMV RT is not known), only enzymes containing a
tryptophan cluster (AMV RT has no such motif) are affected.

Why MAS1 failed to inhibit polymerase and RNase H activity
remains unclear. At least two
scenarios are likely: 1) the two
compounds do have different
binding modes and only MAS0 is
able to trap the enzyme in its in-
active dimer form or 2) it is
simply a matter of the binding
constant. MAS1 appears to bind
about five times weaker than
MAS0 (see Figure S2). Likewise, it
might be a combination of both.

In conclusion, to the best of
our knowledge, this study repre-
sents the first successful rational
screen for a small molecule HIV
RT dimerization inhibitor, which
may serve as an attractive hit
compound for the development
of novel therapeutic agents. Ob-
viously, concentrations in the
low three-digit mm range re-
quired to cause an inhibitory
effect are still fairly high. Then
again, there are numerous exam-
ples in the literature where the
initial hit compounds showed

ACHTUNGTRENNUNGinhibition in the micromolar range (for example, HIV-1 RT
NNRTIs[30]), which eventually turned into powerful inhibitors
with IC50 values in the low nanomolar range by rather few
modifications, considerably increasing affinity.

Experimental Section

Mutagenesis of the p51 subunit of HIV-1 RT: The desired muta-
tions were introduced as described previously[31] using the plasmid
p6HRT51[32] followed by transformation of E. coli M15/pDMI.1
cells.[33]

Protein purification : Recombinant heterodimeric wild-type HIV-
1BH10 as well as p66 subunits and HIV-2D194 RTs were expressed in
E. coli and purified as described.[34, 35] Purification of His-tagged HIV-
1 p51 was carried out according to a protocol described previous-
ly.[36] Enzyme concentrations were determined using an extinction
coefficient at 280 nm of 260 450 m

�1 cm�1 (HIV-1 RT),
238 150 m

�1 cm�1 (HIV-2 RT), 136 270 m
�1 cm�1 (p66), and

Figure 6. Proposed mode of MAS0 action. MAS0 is supposed to interfere with the dimer equilibrium[17, 18] by shift-
ing the equilibrium from an active to an inactive dimer by trapping the enzyme in the inactive conformation. As
the structures of the intermediate inactive dimer and the monomeric species are not known, the structures
shown here for illustration purposes are all derived from the structure of an active heterodimer. The protein is
color coded as follows: fingers (blue), palm (magenta), thumb (green), connection (yellow), and RNase H (red).
Active site residues (polymerase as well as RNase H) are depicted as yellow spheres. The proposed binding site of
MAS0 is encircled. The star distinguishes structural states of the system that otherwise have the same composi-
tion.
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124 180 m
�1 cm�1 (p51). Avian Myeloblastosis Virus (AMV) RT was

purchased from Invitrogen (Karlsruhe, Germany). E. coli DNA Pol I
(Klenow fragment, KF) was purified by a Ni-NTA column and
enzyme concentration was routinely determined using an extinc-
tion coefficient at 280 nm of 55 330 m

�1 cm1.

Polymerase assay : RNA-dependent DNA polymerase activity was
measured at 37 8C for 10 min with poly(rA)/oligo(dT)12�18 as sub-
strate and 10–20 nm of enzyme.[4] All experiments were routinely
performed in reaction buffer containing Tris/HCl (50 mm pH 8.0),
KCl (80 mm), MgCl2 (8 mm), DTT (0.1 mm), BSA (10 mg mL�1), and
[3H]TTP (20 mm). In the case of KF, DNA-dependent DNA poly-
merase activity was measured at 37 8C for 10 min with DNase I acti-
vated salmon sperm DNA (Invitrogen, Karlsruhe Germany) as sub-
strate in a reaction buffer containing Tris/HCl (50 mm pH 8.0), DTT
(1 mm), and MgCl2 (10 mm). 2 N 10 mL of the reaction mixtures were
loaded onto approximately 2 cm2 DEAE filters (Whatman) and al-
lowed to dry. The filters were washed twice with SSC buffer (0.15 m

NaCl, 15 mm sodium citrate pH 7.0) to remove free dNTPs. After a
final wash with ethanol (100 %), filters were dried again, and subse-
quently filter retained radioactivity was quantified in a scintillation
counter.

RNase H assay : RNase H activity was measured at 37 8C for 15 min
in a buffer containing Tris/HCl (50 mm pH 8.0), KCl (80 mm), MgCl2

(8 mm), DTT (0.1 mm), and BSA (10 mg mL�1) with 5’-32P-labeled 35/
52 mer RNA/DNA substrate (130 nm) and enzyme (15–20 nm).
Products were analyzed by denaturing PAGE (15 % polyacrylamide/
8 m urea) and quantified by scanning the dried gel using a phos-
phorimager (TyphoonTM 8600, GE Healthcare).

HPLC size exclusion chromatography : Association of separately
expressed and purified HIV-1 RT subunits was followed after mixing
of equimolar amounts of both (1.175 mm) in a final volume of
100 mL at 4 8C. Subsequent association of the two subunits was
monitored by HPLC size exclusion chromatography. Chromatogra-
phy was performed using a Superdex 200 HR 10/30 column (GE
Healthcare). The column was eluted with Bis-Tris Propane/HCl
(10 mm pH 7.0) and ammonium sulfate (100 mm) at 0.5 mL min�1.
Prior to mixing of the p66 subunits with p51, preformed p66 ho-
modimers were dissociated by treatment with acetonitrile (15 %)
on ice followed by dilution of the samples in acetonitrile free
buffer.[4] Reassociation of acetonitrile treated HIV-1 RT heterodimers
was followed after complete dissociation of the heterodimers in a
buffer containing MES (50 mm pH 6.0) by adding acetonitrile to a
final concentration of 12–14 % and incubation at 20 8C for 10 min.
Reassociation of the subunits was initiated in the absence or pres-
ence of MAS compounds by a 15-fold dilution into acetonitrile free
polymerase reaction buffer (see above) with a final enzyme con-
centration of 1 mm and followed by HPLC size exclusion chroma-
tography.

Stopped flow measurements : Experiments on the kinetics of ace-
tonitrile-induced HIV-1 RT heterodimer dissociation were per-
formed using a stopped flow apparatus (SX 20, Applied Photophy-
sics Ltd, Leatherhead, England). 2.5 mm of RT (1.25 mm final concen-
tration) in Tris/HCl (50 mm pH 8.0), MgCl2 (10 mm), KCl (50 mm),
and DTT (1 mm) were rapidly mixed 1:1 with a solution of acetoni-
trile (28 % in H2O). Excitation of the samples was at 290 nm using a
Xe high-pressure arc lamp and detection was through a filter with
a cutoff at 320 nm. As reported earlier, the intrinsic fluorescence
emission of RT increases up to 25 % upon dissociation of the hete-
rodimer.[17] Data were collected using the software package provid-
ed by Applied Photophysics and analyzed using the program
“GraFit” (Erithacus software).

Computational studies : To build structure-based pharmacophoric
models of the p66 connection subdomain, a molecular dynamics
(MD) simulation was performed on the p66 subunit (taken from
the crystallographic structure of the HIV-1 RT, entry 1RTH[21] of the
Brookhaven Protein Data Bank), using the software packages
NAMD[37] (version 2.5) and CHARM M27[38] force field. Hydrogen
atoms were added by means of the psfgen package. The p66 subu-
nit was embedded in a sphere of water molecules (60 C radius) ap-
plying spherical boundary conditions. The starting structure was
optimized with 1000 steps of conjugate gradient energy minimiza-
tion to remove unfavorable contacts. MD simulation was carried
out at 310 K for 1 ns, collecting snapshot structures every 1 ps. The
Langevin Dynamics procedure, with a dumping factor of 5 ps�1,
was used to control the temperature. From the MD trajectory, six
snapshots, characterized by different conformations of relevant
ACHTUNGTRENNUNGresidues of the connection subdomain (in particular, W402 and
W410), were chosen. For each snapshot, a 39 N 33 N 14 C grid (NPLA
parameter set to 0.25 C), centered on W402, was defined. Molecu-
lar interaction fields (MIFs, by means of the software GRID, ver-
sion21,[22, 23] Molecular Discovery Ltd. : Pinner, Middlesex, UK) be-
tween residues within the grid and three probes (hydrophobic,
DRY; hydrogen bond donor, N1; hydrogen bond acceptor, O) were
computed to describe hydrophobic interactions and hydrogen
bond contacts. The best interaction points (that is, minimum
energy points of the MIFs calculated for each probe) between
probes and both W402 and W410 were identified for each snap-
shot (using MINIM and FILMAP programs included in the GRID
package) and converted by means of the DS Viewer Pro 6 software
(Accelrys, Inc. , San Diego, CA, USA) into portions (called features)
of pharmacophoric models. In particular, the center of each phar-
macophoric feature (a sphere with a 1.5 C radius) was placed at
the same coordinates of each best interaction point. Minima identi-
fied by computing MIFs with the DRY probe corresponded to hy-
drophobic features (defined by aliphatic groups and aromatic moi-
eties), whereas minima for N1 and O probes were replaced by the
center of hydrogen bond donor and acceptor features, respective-
ly. Excluded-volume spheres (corresponding to residue W398,
W402, W410, and W414) were added to each of the six models to
better define size and shape of the binding site and to avoid the
identification of compounds during the next virtual screening pro-
cedure that may overlap portions of the protein, thus causing
steric protein–ligand clashes.

Finally, the six pharmacophoric models derived from the selected
MD snapshots were merged into three pharmacophoric hypothe-
ses using the Merge Hypothesis/Features option of the View Hy-
pothesis Workbench module of the software Catalyst 4.8 (Catalyst
4.8; Accelrys, Inc. , San Diego, CA, USA). The merging was carried
out on the basis of the distance tolerance value. As a result, Hypo1
was obtained by merging pharmacophoric models derived from
three snapshots, Hypo2 merging models from two snapshots,
whereas Hypo3 corresponded to one pharmacophoric model as
obtained from the corresponding MD snapshot (Figure S3).

Catalyst was also used to apply the virtual screening procedure. All
the compounds of the Asinex Gold Collection (www.ASINEX.com/
prod/gold.html) were converted in a Catalyst database by means
of catDB (maxconfs option set to 100). The screening was carried
out using the Fast Flexible Search module. Compounds satisfying
all the pharmacophoric features of at least one model were re-
trieved. Selected compounds were then filtered on the basis of Lip-
inski’s Rule-of-Five,[24, 25] to retain only drug-like entries. Finally, only
compounds showing the highest fit value to the pharmacophoric
models were kept.

ChemBioChem 2008, 9, 916 – 922 > 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 921

HIV RT Dimerization Inhibitor

www.chembiochem.org


Selected compounds were docked into the p66 connection subdo-
main using AutoDock 3.0.5 (The Scripps Research Institute, La Jolla,
CA, USA) as a docking simulation tool. To prepare the input struc-
tures of the selected compounds for docking calculations, a geom-
etry optimization was performed using the Gaussian03 program
(semiempirical hamiltonian AM1,[39] Gaussian, Inc. , Wallingford, CT,
USA). Charges were computed by a Hartree–Fock calculation with
a 6–31G(d)[40] basis-set, according to the Merz-Singh-Kollman pro-
cedure.[41, 42] Finally, the structures of the compounds, together
with charge values, were imported into AutoDockTools to automat-
ically define rigid root and rotatable bonds.

To prepare the protein structure for docking calculations, three
snapshots (one for each pharmacophoric model) were chosen.
Their structures were imported into AutoDockTools and manipulat-
ed by removing nonpolar hydrogens, while Kollman united-atom
partial charges and solvent parameters were added.

The Lamarkian Genetic Algorithm (LGA)[43] was used to perform
docking simulations. For each compound, the following protocol
was applied: 200 independent LGA runs, a population size of 400
individuals, and a maximum number of 1 000 000 energy evalua-
tions. Results differing by less than 1 C in positional root mean
square deviations were clustered together. Results of the docking
simulations were analyzed on the basis of the cluster analyses and
the values of the binding/docking energy. Residues involved in the
binding of MAS0 are shown in Figure S4.
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