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Summary

Inhibition of dimerization to the active form of the HIV-1 aspartic proteinase (HIV-1 PR) may be a way to de-
crease the probability of escape mutations for this viral protein. The Multiple Copy Simultaneous Search (MCSS)
methodology was used to generate functionality maps for the dimerization interface of HIV-1 PR. The positions
of the MCSS minima of 19 organic fragments, once postprocessed to take into account solvation effects, are
in good agreement with experimental data on peptides that bind to the interface. The MCSS minima combined
with an approach for computational combinatorial ligand design yielded a set of modified HIV-1 PR C-terminal
peptides that are similar to known nanomolar inhibitors of HIV-1 PR dimerization. A number of N-substituted
2,5-diketopiperazines are predicted to be potential dimerization inhibitors of HIV-1 PR.

Introduction

The acquired immunodeficiency syndrome (AIDS) is
caused by the human immunodeficiency virus (HIV)
which encodes, among other indispensable enzymes,
an aspartic proteinase (HIV-1 PR) whose function is
essential for viral maturation and replication [1]. A
large number of inhibitors that bind to the active site
of HIV-1 PR have been developed and some of them
are being used as drugs against AIDS [2, 3]. One
problem with most of these, as well as those in clin-
ical trials, is that rapid mutation of the virus has
led to drug resistance [2, 4–10]. Although multidrug
therapy has had some success in overcoming this prob-
lem [11], it is important to search for inhibitors that
are less likely to be susceptible to ‘escape’ by ran-
dom mutation. Since HIV-1 PR is a homodimer, one
possibility is to design inhibitors that prevent dimer-
ization or favor dissociation. Each chain consists of
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99 amino acids and contributes one catalytic aspartic
acid (Asp25, Figure 1a). The main reason for targeting
the dimerization interface is that the virus is less likely
to be able to find mutant residues at the interface that
prevent inhibitor binding and still permit docking of
the two subunits, which is essential for forming the
composite active site. The fact that the proteinase is
a homodimer means that the mutation(s) appear in
both monomers. Thus, dimerization inhibitors are ex-
pected to be less sensitive to mutagenesis. The two
chains are stabilized by noncovalent interactions and
the largest part of the interface is formed by a four-
stranded antiparallelβ-sheet consisting of the four N-
and C-terminal segments of the proteinase (residues 1–
4 and 96–99, respectively). A series of oligopeptides
derived from the C-terminal segment of the HIV-1 PR
monomer have shown inhibition of HIV-1 PR by in-
terfering with dimer formation and stability [12–17].
Recently, a series of synthetic compounds consisting
of two tripeptidic strands attached to an aromatic scaf-
fold were shown to inhibit dimerization of HIV-1 PR
in the submicromolar range [18].



162

Figure 1. (a) Stereoview of the HIV-1 PR homodimer (PDB code 3HVP). All of the stereoviews in this paper are wall-eyed. The backbone
is shown by a ribbon diagram and the residues of the dimerization interface are in a ball and stick representation. One of the two polypeptide
chains is shaded. (b) Zoom image of the hydrophobic pocket in the HIV-1 PR monomer after rotation by 70 degrees around thez-axis and
90 degrees around they-axis. All the labeled residues (but Phe99) are sensitive to mutation [27]. The Leu97′ side chain is drawn with larger
balls and sticks. In all figures primed residues refer to the second monomer. Figures were made with the program MOLSCRIPT [56]. (c) Color
stereoview of the hydrophobic pocket in the HIV-1 PR monomer. Atoms and bonds are colored by element type: carbon white, oxygen red,
nitrogen blue, and sulfur yellow. The orientation is the same as in (b). The Thr26′ and Leu97′ side chains are drawn with larger cylinders.
Hydrogen bonds between the Thr26′ side chain and the unprimed monomer are in green dashed lines. The molecular surface of the unprimed
monomer is shown with dots. The figure was made with the program WITNOTP (A. Widmer, unpublished).
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Figure 1(continued).

In this paper a computer-based combinatorial ap-
proach is used to design dimerization inhibitors of
HIV-1 PR. First, the Multiple Copy Simultaneous
Search (MCSS) method [19] is employed to exhaus-
tively sample the energetically favorable positions
and orientations of functional groups in the dimer-
ization interface. For all of the MCSS minima an
approximated binding free energy is calculated by
supplementing thevacuumforce field with electro-
static and nonpolar solvation contributions calculated
in the continuum approximation. An advance in the
present study with respect to most previous ligand
design works is the use of a partially flexible pro-
tein structure for the replication of the MCSS minima
with favorable binding free energy. This is important
since monomeric HIV-1 PR might have a conforma-
tion different from the one in the dimer [20]. The

replication is performed with an approach based on
quenched molecular dynamics with very weak har-
monic constraints on the protein region close to the
MCSS fragment while protein regions far from the
binding site are kept fixed. The multiple copy sam-
pling with a partially flexible protein had been used
previously (based on minimization alone, i.e., without
molecular dynamics) to study the side chain placement
of Phe14 in the zinc-finger motif which contains the
first 31 residues and the coordinating zinc ion of the
protein Zif268 [21, 22].

Finally, the MCSS minima are connected by the
Computational Combinatorial Ligand Design (CCLD)
program which allows the fast and automatic genera-
tion of diverse candidate ligands [23].

A number of modified C-terminal peptides de-
signed with the help of the MCSS/CCLD approach
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have most of their functional groups in common with
known inhibitors of dimerization of HIV-1 PR.

Methods

Dimerization interface

To limit the high mutation rate which causes the devel-
opment of resistance to drugs in the viral proteinase,
the amino acid side chains buried at the dimer interface
were selected as target regions for ligand design. The
solvent accessible surface (SAS) of the amino acid
side chains in the native structure of HIV-1 PR was
calculated with the CHARMM [24] implementation
of the Lee and Richards algorithm [25] using a probe
sphere of 1.4 Å radius. The calculation was repeated
for the structure of the monomer. By subtracting the
two one obtains the loss of side chain SAS upon dimer-
ization, which is a measure of their contribution to the
dimerization interface. For each monomeric chain of
99 residues the total side chain SAS buried on dimer-
ization is 1157 Å2 and the backbone contribution is
402 Å2; this gives a total buried surface of 3118 Å2

upon dimerization. These values are larger than the
ones of the VL–VH interface in antibodies, although
antibody FV fragments have about 10% more residues
than HIV-1 PR (i.e., about 110 amino acids in VL and
110 in VH). For the antisteroid antibody DB3 (PDB
code 1DBA), the side chain SAS buried at the interface
is 704 Å2 for VL and 709 Å2 for VH while the back-
bone SAS buried is only 105 Å2 for VL and 131 Å2

for VH. This yields a total of 1649 Å2 which is close
to the average value found in the known FV structures
[26]. Burial of main chain atoms is about 4 times larger
in HIV-1 PR than in antibody FV fragments mainly
because of the presence of the four-strandedβ-sheet in
the dimerization interface of the former.

Visual analysis with the help of the molecular mod-
elling program WITNOTP (A. Widmer, unpublished)
revealed that some of the interface residues which be-
come buried on dimerization [Leu5 (90.2 Å2 loss of
side chain SAS upon dimerization), Pro9 (23.6 Å2),
Leu23 (17.8 Å2), Leu24 (11.9 Å2), Asp25 (18.3 Å2),
Thr26 (45.7 Å2), Leu90 (5.8 Å2), Cys95 (25.4 Å2),
Leu97 (89.9 Å2), and Phe99 (171.8 Å2)] form a pocket
of mainly hydrophobic character which is occupied by
Thr26′ and Leu97′ in the dimer (Figure 1b, c); primed
residues refer to the second monomer. The Leu97′ side
chain is involved in favorable van der Waals contacts
with the Leu5, Pro9, Leu24, Thr26, Cys95, and Leu97

side chains while the side chain hydroxyl of Thr26′
donates to the main chain CO of Leu24 and accepts
from the NH of Thr26 (Figure 1c). Mutation of any
of these residues except for Phe99 reduces activity
[27]; it is likely that Phe99 is unimportant because it
is at the end of the pocket. The hydrophobic pocket at
the dimerization interface is adjacent to the interface
β-sheet formed by the four terminal segments of the
dimer (Figure 1a, b) which has already been used as
a target region for the development of dimerization
inhibitors [12–18]. Other surface side chains whose
SAS loss upon dimerization exceeds 40 Å2 are: Trp6
(62.6 Å2), Ile50 (98.5 Å2), Arg87 (90.3 Å2), Thr96
(75.9 Å2), and Asn98 (57.8 Å2). Ile50 is on the flap
while Trp6, Thr96, and Asn98 are on the exposed sur-
face of the interfaceβ-sheet. Substitution of Arg87,
which is involved in a surface salt bridge with Asp29,
results in the complete loss of proteolytic activity [28].
Because of their high solvent exposure in the dimer,
these amino acid side chains are not a suitable target
for ligand design.

System setup

The crystal structure of synthetic unliganded HIV-1
PR at 2.8 Å resolution refined to anR factor of 0.184
[29] was used; it is available from the Brookhaven
Protein Data Bank [30] (entry code 3HVP). The WIT-
NOTP program was employed to modify the syntheti-
cally more accessibleα-amino-N-butyric acid at posi-
tions 67 and 95 into cysteines [29] as in the wild type
enzyme; Cys95 is part of the interface (see Figure 1b).
The coordinates of the hydrogen atoms were gener-
ated with the HBUILD [31] option of the CHARMM
program [24] which was utilized for all minimiza-
tions performed in this work. For both the protein
and the functional groups, the parameters from the
polar hydrogen set (PARAM19) were used [32]. Po-
lar hydrogens are treated explicitly, whereas aliphatic
and aromatic hydrogens are considered part of the
extended carbon atom to which they are bonded. Stan-
dard protonation states were used for the titratable
residues; in particular, Asp25 was not protonated be-
cause Asp25′ from the primed chain is responsible for
the high pKa, i.e., only in the dimeric form is the
pKa shifted. The positions of the hydrogen atoms in
the monomer were first minimized by 200 steps of the
conjugate gradient algorithm with fixed heavy atoms.
This was followed by a minimization with harmonic
constraints on non-hydrogen atoms (force constant of
10 kcal/mol Å2) until the root mean square of the
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Figure 2. Chemical structure and partial charges of DKPI,δ-lactam,
and 2-acylpyrrolidine.

gradient reached a value of 0.0098 kcal/mol Å (20
steps of steepest descent followed by 125 iterations of
conjugate gradient). The root mean square deviation
of the side chains lining the hydrophobic pocket was
0.2 Å. The minimized structure was used as rigid body
in MCSS and CCLD and as starting structure for the
quenched molecular dynamics.

Multiple copy simultaneous search (MCSS)

The MCSS method determines energetically favorable
positions and orientations (local minima of the poten-
tial energy) of functional groups on the surface of a
protein or receptor of known three-dimensional struc-
ture [19]. It has been applied to generate functionality
maps of the sialic acid binding site of the influenza
coat protein hemagglutinin [19], the active site of HIV-
1 PR [33], FKBP [34], thrombin [23, 35, 36], and
picornavirus capsid proteins [37].

For the present application the library of stan-
dard MCSS groups was supplemented with N-

methyl-2,5-diketopiperazine (DKPI),δ-lactam, and
2-acylpyrrolidine (Figure 2). These fragments can
form hydrogen bonds with one or twoβ-strands and
are expected to fit in the uncompleteβ-sheet at the
dimerization interface of the HIV-1 PR monomer.
Parameters for the new groups were derived in anal-
ogy to the corresponding PARAM19 parameters of
N-methylacetamide and proline.

For each of the functional groups listed in Table 1,
5000 replicas were randomly distributed in a sphere of
12 Å radius with its center located between the side
chains of Thr26′ and Leu97′. This sphere contains the
hydrophobic pocket of the dimerization interface.

The force field used for the MCSS procedure
in this study differs in two ways from the standard
CHARMM PARAM19 force field used in the earlier
applications [19, 33]. First, the vacuum Coulombic
potential is screened by a distance-dependent dielec-
tric constant [35, 38]. Second, a simple but useful
approximation to take account of desolvation is used
for nonpolar fragments, which do not bear any partial
charge in the polar-hydrogen approximation. MCSS
determines their optimal position in the protein bind-
ing site exclusively by van der Waals interactions.
Hence, minima of nonpolar fragments occur in hy-
drophilic, as well as hydrophobic, pockets because
of the lack of an energy penalty for protein desolva-
tion. A representative example of a cluster of propane
minima in a mainly hydrophilic region of the HIV-1
aspartic proteinase binding site was shown in Figure 2
of Reference 35. To approximate desolvation of po-
lar regions of the protein, the attractive contribution
of the van der Waals interaction energy is switched
off between atoms of fully nonpolar MCSS fragments
(propane, cyclopentane, cyclohexane, and benzene)
and all protein polar hydrogen, nitrogen, oxygen, and
sp2 carbon atoms. In addition, the van der Waals radius
of nitrogen and oxygen atoms was increased from the
PARAM19 default value of 1.6 Å to 2.2 Å and the van
der Waals radius of the aliphatic carbons was reduced
by 0.1 Å to avoid the large van der Waals distance
between carbons often produced by PARAM19. This
modified force field has been tested on the P3-P2′ re-
gion of the thrombin active site and on the surface of
the A peptide chain of the leucine zipper [39], i.e.,
residues 249-281 of the yeast transcriptional activator
protein GCN4 [40, 41].
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Table 1. Functional groups used for MCSS

Group Electrostatic CHARMM energya No. of 1Gbinding
b No. of minima

solvation lowest highest minima lowest 2nd 3rd highest with

free energyc found 1Gbinding< 0

Nonpolar groups:
Propane 0.0 −5.9 −0.0 136 −11.1 −11.0 −10.8 4.7 124

Cyclopentane 0.0 −7.3 −0.0 102 −12.5 −12.2 −11.7 3.8 94

Cyclohexane 0.0 −7.7 −0.0 81 −13.6 −12.2 −11.9 3.7 77

Benzene 0.0 −7.5 −0.0 58 −13.6 −13.4 −11.8 1.8 55

Polar groups:
Methanol −7.4 −17.5 3.9 112 −7.2 −6.7 −6.5 9.7 67

2-Propanone −5.3 −19.0 −0.0 87 −10.0 −9.2 −8.3 8.2 27

N-methylacetamide −9.1 −22.2 −4.1 192 −11.1 −11.0 −10.8 9.2 105

Pyridine −0.4 −11.7 −2.5 141 −13.7 −13.6 −12.7 7.5 98

Pyrrole −3.2 −13.5 2.4 141 −10.6 −10.0 −9.4 −2.0 29

Imidazole −6.0 −17.7 −0.0 175 −11.5 −11.4 −11.1 9.0 79

Phenol −6.8 −20.1 −3.2 224 −14.1 −13.6 −13.1 8.8 146

N-methyl-2,5- diketopiperazine−11.2 −25.5 −2.7 336 −13.8 −12.9 −11.9 6.7 165

δ-Lactam −6.7 −20.3 −0.3 317 −14.5 −13.5 −13.1 6.3 162

Charged groups:
Acetate ion −71.5 −37.3 −2.0 88 −9.4 −8.3 −7.8 8.6 9

Methylammonium −99.0 −41.0 −2.7 71 −0.8 0.6 1.7 9.1 1

Methylguanidinium −84.5 −44.1 −5.7 224 −7.0 −6.4 −6.2 7.4 88

Pyrrolidine −82.2 −41.0 −9.1 89 −2.3 −1.9 1.3 10.1 2

2-Acylpyrrolidine −84.3 −45.0 −3.5 170 −9.8 −9.2 −7.6 10.9 99

Benzamidine −80.6 −38.7 −5.6 163 −10.1 −7.6 −7.2 7.4 42

All energy values are in kcal/mol.
aThe CHARMM energy is the sum of intermolecular and intraligand energies.
bCalculated by use of Equation 1.
cCalculated by numerical solution of the LPB equation.

Binding free energy estimate

For every protein–MCSS minimum complex the bind-
ing free energy is estimated by use of the following
approximation [23]:

1Gbinding= 1Efragm+1E interm
vdW +1Ginterm

elect

+1Gprotein
elect,desolv +k1Gfragm

elect,desolv+1Gcomplex
np .

(1)

The fragments are flexible during the MCSS mini-
mization procedure and the first term on the right side
represents the difference in the energy of the fragment
upon binding; it can be written as

1Efragm= 1Efragm
bonding+1Efragm

vdW +1Efragm
elect , (2)

and is a sum of the bonding (bonds, angles, and
torsions) energy terms(1Efragm

bonding), the intrafragment

van der Waals energy(1Efragm
vdW ), and the intrafrag-

ment vacuumCoulombic energy(1Efragm
elect ). At the

end of the minimization, the CHARMM force field
is used to compute1Efragm and1E interm

vdW , which is
the van der Waals intermolecular (interm) energy be-
tween protein and fragment.1Efragm

vdW is calculated
with the standard PARAM19 force field (cutoff of
7.5 Å and VSHIFT) while1Efragm

elect is evaluated with a
constant dielectric of 1.0 and infinite cutoff. The solva-
tion free energy is expressed as a sum of electrostatic
and nonpolar contributions [42, 43]. The electrosta-
tic contribution to the free energy of binding consists
of shielded intermolecular interaction(1Ginterm

elect ), pro-

tein desolvation(1Gprotein
elect,desolv), and desolvation of the

fragment(1Gfragm
elect,desolv); the latter two contain the self

(or Born) term and the intramolecular shielding. The
total electrostatic free energy of the fragment is the
sum of1Efragm

elect and1Gfragm
elect,desolv. The electrostatic

solvation energy values are calculated by solving the
linearized Poisson-Boltzmann (LPB) equation by the
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finite-difference procedure [44–46] with the UHBD
program [47]. A scaling factor(k) for the electro-
static desolvation of the fragment is introduced (see
Equation 1) to take into account the fact that when a
fragment is part of a larger ligand its desolvation on
binding is smaller. For all MCSS minima, a value of
k = 0.4 was used; this is based on the comparison
of the electrostatic desolvation energy upon binding
of N-methylacetamide and the dipeptide N-acyl-Gly-
NH-CH3 to HIV-1 PR (dimeric form) [23].1Ginterm

elect

and1Gfragm
elect,desolvare zero for fully apolar fragments

like benzene and cyclohexane which have no partial
charges in the PARAM19 approximation.

On the basis of experimental data on alkane-water
partition coefficients [48], the nonpolar contribution
to the free energy of binding(1Gcomplex

np , i.e., the sum
of cavitation energy and solute–solvent van der Waals
energy) is assumed to be proportional to the loss in
SAS [25]:

1Gcomplex
np = γ

(
SAScomplex− (SASprotein

isolated+

SASfragm
isolated)

)
. (3)

The constantγ, which may be interpreted as the
vacuum–water microscopic surface tension, is as-
signed a value of 0.025 kcal/mol Å2 [49]. For the
structure of the complex and its isolated components,
the total area, i.e., area of polar and nonpolar groups
[50], is computed by the CHARMM implementation
of the Lee and Richards algorithm [25] by using a
probe sphere of 1.4 Å radius.

Since the protein structure is fixed for the MCSS
runs, no strain is introduced by the binding of the func-
tional groups. The entropic contributions of the solute
to the free energy of binding are expected to be similar
for different ligands and are neglected.

Replication of minima with partial protein flexibility

Some of the MCSS minimized positions with good
binding free energy were used as starting structures for
conformational sampling with a partially flexible bind-
ing site. The reasons for this are twofold. Firstly the
structure of the HIV-1 PR monomer is unknown and
it is likely that the lack of two interdigitating strands
from the second monomer might confer some flexibil-
ity to the interface region, particularly to the residues
in the terminal regions of the monomeric chain [20].
Secondly it has recently been recognized in using
CCLD on other protein targets that additional ligands

with alternative binding can be generated by locally
replicating the minima with a good binding free en-
ergy [39]; corresponding results have been obtained
with MCSS and the DLD method for constructing
ligands [34]. The additional sampling was done sep-
arately for each of the MCSS minimum/HIV-1 PR
monomer complex that was chosen for replication.
The MCSS fragment and the protein residues within
7 Å of it were constrained with a harmonic force
constant of 0.01 kcal/mol Å2. More distant residues
were kept fixed to prevent excessive displacements,
which could significantly affect the functionality maps
of other fragments. The sampling procedure consisted
of 100 cycles of a short (0.4 ps) high temperature
molecular dynamics (MD) run followed by energy
minimization. For each MD run the initial and final
temperatures were about 1200 K and 600 K, respec-
tively. Bond oscillations involving the hydrogen atoms
were frozen by the SHAKE algorithm [51] and a
timestep of 2 fs was used. The energy minimization
consisted of a maximum of 1000 steps of the conju-
gate gradient algorithm and a convergence criterion
of 0.09 kcal/mol Å which was reached in more than
90% of the minimizations. A distance-dependent di-
electric constant was used during both dynamics and
minimization. For each of the MCSS minima listed
in Table 5 the quenched MD procedure was repeated
100 times for a total of 40 ps MD. At the end of
each quenched MD cycle, the minimized structure was
used as starting conformation for the next cycle and
a new random seed was used for the assignment of
velocities. Redundant conformations among the 100
structures generated by quenched MD were identified
by a similarity function consisting of a double summa-
tion over all possible atom pairs in two conformations
[52] and discarded. This yielded a set of different
orientations of the MCSS fragment and its protein sur-
roundings (see Results section). In most cases the root
mean square deviation of the heavy atoms of the frag-
ment and the flexible protein side chains were smaller
than 1.0 Å and 1.5 Å, respectively. During the lig-
and construction phase (see below) all of the different
positions of the fragments were employed while the
different protein surroundings were not taken into ac-
count; this approximation is valid because of the small
protein distortion in the replication phase.

Computational combinatorial ligand design (CCLD)

Candidate inhibitors of HIV-1 PR dimerization were
designed with the CCLD program [23]. The mini-
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mized coordinates of the HIV-1 PR monomer (see
section ‘System setup’) were used as the receptor
structure. For the MCSS minima and the fragments
replicated with the partially flexible protein the car-
bon atoms with free valences were defined as linkage
atoms. Minimal and maximal values in Å for the dis-
tance between linkage atoms were:d < 0.43, 0-bond;
1.2 < d < 1.8, 1-bond; 2.2 < d < 2.7, 2-bond
(methylene or keto); 3.4< d < 4.5, 3-bond (ethylene
or amide). Before starting the combinatorial search
CCLD generates a list of bonding fragment pairs, a list
of overlapping fragment pairs and a list of overlapping
linker-fragment pairs. Overlapping fragment pairs are
defined as having one or more bad contacts, and in the
case of only one bad contact, no geometrically correct
way for converting the bad contact into a linkage. If a
linker l between the fragmentsf 1 andf 2 has one or
more bad contacts with the fragmentf 3 the pairl−f3
is added to the list of overlapping linker-fragment pairs
and during ligand construction the fragmentf3 will
not be included whenever a growing ligand already
contains the fragmentsf 1 andf 2 linked byl. The use
of this list represents an improvement with respect to
the original method [23]. The three lists are used dur-
ing the combinatorial search and the two overlap lists
prevent the generation of molecules with bad contacts.

In the present study, the combinatorial generation
of putative ligands was performed in a ‘restrictive’
mode; i.e., CCLD was required to generate candidate
ligands each containing one copy of a user-specified
fragment (e.g., benzene minimum 1). The fact that the
orientations of the fragments were sampled in slightly
different protein surroundings does not affect the out-
come of the CCLD procedure which uses the protein
structure only for the correct placement of the link-
age atoms. The latter are affected only marginally by
the small displacements of the protein regions around
the MCSS minima allowed during the quenched MD
protocol.

Results and analysis

Functionality maps of the rigid protein

In considering the MCSS results obtained with the
rigid protein both structural (e.g., intermolecular hy-
drogen bonds, van der Waals contacts) and energetic
properties of the minima are analyzed. In addition,
a comparison of the functional group sites with the
HIV-1 PR interchain interactions is given for non-

polar, polar, and charged fragments. Only the un-
primed chain was used as the receptor structure for
the MCSS, LPB, and CCLD calculations. The primed
chain is an excellent ‘inhibitor’ and its interactions
are compared with the simulation results. In particular
the ‘consensus sequence’ Thr94-Val,Ile95-Ser,Thr96-
Tyr97-Asp,Glu,Asn98-Leu,Tyr,Trp99of potent peptidic
inhibitors [16] derived from the C-terminal 94-99
segment of the proteinase (Gly94-Cys95-Thr96-Leu97-
Asn98-Phe99) is used as a basis of comparison.

Minima of nonpolar groups with the rigid protein
There are 124 propane, 94 cyclopentane, 77 cyclo-
hexane, and 55 benzene minima with favorable bind-
ing free energy (Table 1) and they are distributed in the
apolar regions of the dimerization interface. Since the
apolar groups have similar functionality maps and en-
ergy values only the positions of benzene are described
in detail. Minima 1 (Figure 3a) and 2 (not shown) over-
lap the Leu97′ side chain and have an approximated
binding free energy of−13.6 and−13.4 kcal/mol, re-
spectively (Table 2). This suggests the replacement of
Phe for Leu at position 97, in agreement with experi-
mental data which show that the tetrapeptide inhibitor
Thr-Phe-Asn-Phe has a slightly better inhibitory ac-
tivity (IC50 value of 450µM) than the ‘wild-type’
C-terminal peptide Thr96-Leu97-Asn98-Phe99 (IC50 of
660µM) [14].

Minima 3 (Figure 3a) and 4 (not shown) overlap
the Leu5′ side chain. Since the N-terminal ‘wild-type’
pentapeptide Ac-Pro1-Gln2-Ile3-Thr4-Leu5 has shown
moderate inhibition [14], it would be useful to test the
Ac-Pro-Gln-Ile-Thr-Phe peptide.

Minima 5 (Figure 3a), 6, and 9 interact with
the Phe99 side chain and overlap the side chain of
Cys95′. The ‘wild-type’ C-terminal peptide Cys95-
Thr96-Leu97-Asn98-Phe99 has an IC50 of 150µM for
HIV-1 PR [15]. A mutated C-terminal peptide with a
larger aromatic or aliphatic side chain instead of Cys95
is predicted to have stronger affinity. The ‘consensus
sequence’ of potent peptidic inhibitors derived from
the C-terminus has Val or Ile at position 95 [16].

Minimum 8 matches the benzene ring of Phe99′
(RMSD of 0.7 Å, Figure 3a) and is slightly more
buried. This implies that a larger side chain might
fit in agreement with the ‘consensus sequence’ which
has Leu, Tyr, or Trp at position 99 [16]. For HIV-2
PR the ‘wild-type’ peptide Cys95-Thr96-Leu97-Asn98-
Phe99 has an IC50 of 400 µM [15]. Peptides with a
bulky C-terminal amino acid (Phe99 or Trp99) have a
weaker activity for HIV-2 PR than for HIV-1 PR [16],
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Table 2. Minima of benzene

Ranka Intermolecular Desolvation 1Gbinding
e MCSS Site

v.d. Waalsb nonpolarc electd rankf occupied by

1 −7.4 −8.2 2.0 −13.6 2 Leu97′
2 −7.1 −8.1 1.9 −13.4 1 Leu97′
3 −7.4 −7.0 2.6 −11.8 5 Leu5′
4 −7.5 −7.0 3.3 −11.2 6 Leu5′
5 −5.5 −6.3 1.4 −10.4 8 Cys95′
6 −4.0 −6.2 0.8 −9.4 15 Cys95′
7 −5.2 −6.6 2.8 −9.0 16 Ala28,Ile84g

8 −6.8 −7.7 5.9 −8.6 3 Phe99′
9 −6.8 −8.1 6.4 −8.5 14 Cys95′

10 −4.0 −7.0 2.6 −8.5 17 Ala28,Ile84g

11 −3.8 −5.4 1.2 −8.0 21 Leu5, Pro9g

20 −3.3 −4.6 0.9 −7.0 35 Ile3′

Energy values in kcal/mol are listed for the 10 benzene minima with the lowest binding free
energy and for other benzene minima discussed in the text.
aRanked among the minima of benzene according to binding free energy1Gbinding. Minima
with rank in bold are shown in Figure 3a.
bCalculated with CHARMM with VSHIFT option and cutoff of 7.5 Å.
cCalculated by use of Equation 3.
dOnly protein desolvation since fragment is apolar. Calculated by numerical solution of the LPB
equation as shown in Figure 1a of Reference 23.
eCalculated by use of Equation 1, i.e., sum of columns 2, 3, 4, and1Efragm. The latter is
always unfavorable and smaller than 0.003 kcal/mol for all benzene minima.
fRanked among the minima of the same functional group according to total CHARMM energy
which consists of the sum of vacuum intermolecular (modified van der Waals parameter, see
text) and intraligand energies.
gThe residues of the nonprimed chain closest in space to benzene are listed for the sites not
occupied by any group of the second monomer.

probably because of the Cys95Met mutation which re-
duces the size of the pocket available in the HIV-2 PR
monomer for the side chain of residue 99. Thus, to
improve activity for the HIV-2 PR one should modify
the ‘wild-type’ C-terminal peptide at Phe99 into Leu99,
i.e., Phe95-Thr96-Leu97-Asn98-Leu99.

Minima 12 to 19 are close to the minima 1 to 10
while minimum 11 (Figure 3a and Table 2) interacts
with the Leu5 side chain and minimum 20 interacts
with the Leu97 and Phe99 side chains and partially
overlaps the Ile3′ side chain (Figure 3a and Table 2).

Analogous results are found for propane, cy-
clopentane, and cyclohexane. As an example, cyclo-
hexane minima 1–3, 4–6, and 7–8 overlap the Leu97′,
Leu5′, and Cys95′ side chains, respectively. All of
the apolar cavities filled by hydrophobic residues of
the primed chain are occupied by minima of nonpolar
fragments with very favorable estimated binding free
energies (Figure 3a and Table 2).

Minima of polar groups with the rigid protein
The polar fragments used in this study can be di-
vided in three sets: simple (methanol, 2-propanone,
N-methylacetamide), aromatic (pyrrole, imidazole,
pyridine, phenol), and cyclic nonaromatic (N-methyl-
2,5-diketopiperazine (DKPI),δ-lactam). Fragments
belonging to the same set (e.g., pyrrole and imida-
zole) show similar functionality maps. To simplify the
analysis only some of the low free energy minima are
discussed and in particular those which match similar
moieties of the primed chain. There are 112 MCSS
minima of methanol and the lowest free energy mini-
mum donates to the main chain carbonyl of Thr96 (not
shown). Minima 20 and 32 match the side chain hy-
droxyl of Thr26′ and Thr96′, respectively (Figure 3b).
A number of N-methylacetamide minima match the
main chain of the C-terminal strand of the primed
monomer (residues 95′ to 99′) and are involved in the
same hydrogen bonds as the corresponding peptide
groups. As an example, minimum 5, which over-
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Figure 3. Stereoviews of interesting MCSS minima (thick lines for heavy atoms and thin lines for polar hydrogens) at the HIV-1 PR dimerization
interface. The polypeptide chain used as receptor structure is shown in medium lines (nonprimed residues); the second chain is shown in thin
lines (primed residues) though it was removed during the MCSS procedure. Some Cα atoms of HIV-1 PR are labeled. The MCSS minima
are labeled according to their binding free energy rank within minima of the same type. Hydrogen bonds between protein and MCSS minima
are shown in dashed lines. (a) Representatives of the 20 best benzene minima, (b)δ-lactam minimum 1, N-metylacetamide minimum 5,
methanol minima 20 and 32, (c) N-methyl-2,5-diketopiperazine (DKPI) minimum 2 and phenol minimum 3, (d) best minima of acetate,
methylammonium, methylguanidinium, and benzamidine, acetate minimum 7, and 2-acylpyrrolidine minimum 12.

laps the 96′-97′ amide group, donates to the C=O of
Ile3 and accepts from the main chain NH of Asn98
(Figure 3b).

The minimized positions of polar aromatic frag-
ments reflect a balance between optimal van der Waals
interactions of the aromatic ring and favorable elec-
trostatic interactions of their polar groups. The best

minimum of imidazole is close to the side chain of
Leu5′ and donates a hydrogen bond to the C=O of
Cys95. Imidazole minima 2 to 4 donate to the main
chain carbonyl of Thr96 and have their aromatic ring
close to the side chain of Leu97′. The NH and N atoms
of imidazole minimum 12 make the same hydrogen
bonds as the NH and O atoms of N-methylacetamide
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Figure 3(continued).

minimum 5. The best three minima of phenol over-
lap the side chain of Leu97′ (Table 3) and donate a
hydrogen bond to the main chain C=O of Thr96 (min-
ima 1 and 2) and to the C=O of Leu24 (minimum
3, Figure 3c). The position and interactions of phe-
nol minimum 3 suggest the replacement Leu97Tyr for
dimerization inhibitors derived from the C-terminal
segment in agreement with the aforementioned ‘con-
sensus sequence’ which has only Tyr at position 97
[16].

The importance of using the free energy functional
(Equation 1) for ranking MCSS minima is illustrated

by phenol minimum 3, which was ranked as 101 by the
MCSS energy. Other cases of the role of the solvation
correction are evident from comparing the free energy
ranking and the MCSS ranking in Tables 2–4. The ef-
fect for a nonpolar group like benzene is much less
important because of the modified potential used for
the fully apolar groups in MCSS which prevents them
from appearing in hydrophilic pockets of the protein.

The map of pyridine is similar to the benzene map.
Pyridine minima 1–3, 4–8, and 9 overlap the Leu97′,
Leu5′, and Cys95′ side chains, respectively.
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Table 3. Minima of polar groups

Ranka Strainb Intermolecular Desolvation 1Gbinding
h MCSS Site and

v.d.Waalsc Electd Nonpolare Electrostatic ranki H-bond partners

Proteinf Ligandg

Phenol:
1 0.0 −7.1 −2.7 −8.6 2.6 1.6 −14.1 74 Leu97′; 96CO

2 0.1 −7.6 −2.6 −8.6 2.9 2.2 −13.6 61 Leu97′; 96CO

3 0.3 −8.4 −2.0 −8.5 3.1 2.3 −13.1 101 Leu97′; 24CO

4 0.0 −9.6 −0.7 −7.3 2.2 2.3 −13.0 141 Leu5′
5 0.6 −7.6 −2.3 −8.5 3.0 2.0 −12.8 115 Leu97′; 24CO

6 0.1 −8.5 −3.0 −7.2 3.5 2.4 −12.6 38 Leu5′; Thr91 Oγ1

7 0.0 −6.9 −3.0 −8.8 4.6 1.6 −12.5 76 Leu97′; 96CO

8 0.1 −8.4 −2.7 −7.2 5.1 1.0 −12.1 97 Leu5′; 97NH

9 0.1 −6.8 −3.2 −7.3 3.1 2.4 −11.7 68 Leu5′; 95CO

10 0.1 −8.4 −3.0 −8.7 7.1 1.6 −11.3 91 Thr96′; 98NH

DKPI:
1 0.1 −9.1 −4.6 −10.6 7.7 2.7 −13.8 33 Leu97′; 3NH, 3CO

2 0.1 −8.8 −7.5 −9.5 9.7 3.1 −12.9 1 95′-96′; 5NH, 98NH, 3CO

3 0.1 −11.6 −3.2 −10.1 10.7 2.2 −11.9 30 Thr96′; 5NH, Gln2 Nε2

4 0.7 −10.6 −3.7 −9.7 8.9 2.5 −11.8 40 Thr96′; 5NH, Gln2 Nε2

5 0.4 −10.2 −5.2 −10.7 11.5 2.3 −11.8 38 Leu97′; 3NH, 98NH

6 0.3 −7.5 −6.4 −8.9 8.9 2.2 −11.5 23 Cys95′; 5NH, 98NH

7 0.1 −8.7 −6.5 −9.9 11.1 2.4 −11.4 15 Cys95′; 5NH, 98NH

8 0.4 −10.9 −5.9 −10.8 13.3 2.6 −11.3 2 Thr96′; 98NH, 98CO, Gln2 Nε2
9 1.0 −10.5 −5.4 −10.9 12.4 2.3 −11.0 28 Leu97′; 3NH, 98NH

10 0.1 −6.8 −5.2 −5.7 5.3 1.8 −10.5 47 Pro1’; 99NH, 97CO, Asn98 Nδ2

Energy values in kcal/mol are listed for the 10 MCSS minima of phenol and DKPI with the lowest binding free energy.
aRanked among the minima of the same functional group according to binding free energy. Minima with rank in bold are shown in Figure 3c.
bThe sum of intraligand energy terms is calculated with CHARMM (Equation 2) by using infinite cutoff for the Coulombic term and constant
dielectric.
cCalculated with CHARMM with VSHIFT option and cutoff of 7.5 Å.
dCalculated by numerical solution of the LPB equation.
eCalculated by use of Equation 3.
fCalculated as shown in Figure 1a of Reference 23.
gCalculated as shown in Figure 1c of Reference 23. Values are scaled by k=0.4 (see text).
hCalculated by use of Equation 1, i.e., sum of columns 2 to 7.
iRanked among the minima of the same functional group according to total CHARMM energy, i.e., sum of vacuum intermolecular (unmodified van
der Waals parameters) and intraligand energies.

The lowest free energy minimum of DKPI overlaps
the side chain of Leu97′ and is involved in hydrogen
bonds with the NH and C=O groups of Ile3 (Table 3).
DKPI minima 2, 6, and 7 act as acceptor for the NH
of Leu5 and Asn98. In addition, minimum 2 donates
a hydrogen bond to the C=O of Ile3 and its N-methyl
group is close to the Cβ of Cys95′ (Figure 3c). The
three best minima ofδ-lactam overlap the side chain of
Leu97′ and donate a hydrogen bond to the main chain
carbonyl of Thr96 (Figure 3b).

Minima of charged groups with the rigid protein
Charged groups have few favorable positions because
of the high desolvation penalty upon binding [23].
Three of the four lowest energy minima of acetate
ion are involved in hydrogen bonds with the NH
of Leu5 (Figure 3d) and have an estimated bind-
ing free energy ranging from−9.4 kcal/mol to−5.4
kcal/mol (Table 4). Acetate minimum 7 is close to
the Asp29′ side chain; it makes a salt bridge with
Arg8 and accepts also from the main chain NH of
Arg8 (Figure 3d). Yet, its estimated free energy of
binding is only−3.8 kcal/mol. This is due to the
position of the Arg8 side chain which is on the
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Table 4. Minima of acetate ion

Ranka Strainb Intermolecular Desolvation 1Gbinding
h MCSS Site and

v.d.Waalsc Electd Nonpolare Electrostatic ranki H-bond partners

Proteinf Ligandg

1 0.1 −8.6 −8.9 −4.7 5.3 7.4 −9.4 10 5NH

2 0.0 −6.7 −6.7 −4.6 4.9 4.7 −8.3 12 50NH, 51NH

3 0.0 −7.9 −6.1 −5.0 5.6 5.6 −7.8 14 5NH

4 0.0 −7.3 −7.2 −4.5 5.9 7.4 −5.8 13 5NH

5 0.0 −6.5 −7.3 −7.0 10.0 6.0 −4.8 16 3NH, Gln2 Nε2
6 0.0 −6.0 −7.3 −6.8 9.7 5.9 −4.6 17 3NH, Gln2 Nε2
7 0.1 −4.1 −11.5 −4.0 10.0 5.7 −3.8 3 8NH, Arg8 Nε
8 0.1 −2.7 −7.4 −4.5 6.7 4.7 −2.9 11 Arg87 Nη
9 0.1 −3.8 −5.6 −4.7 5.9 5.8 −2.5 15 Arg87 Nη

10 0.1 −0.3 −10.4 −3.1 10.5 3.2 0.0 5 Arg8 Nη

Energy values in kcal/mol are listed for the 10 MCSS minima of phenol and DKPI with the lowest binding free energy.
aRanked among the minima of the same functional group according to binding free energy. Minima with rank in bold are shown in
Figure 3d.
bThe sum of intraligand energy terms is calculated with CHARMM (Equation 2) by using infinite cutoff for the Coulombic term
and constant dielectric.
cCalculated with CHARMM with VSHIFT option and cutoff of 7.5 Å.
dCalculated by numerical solution of the LPB equation.
eCalculated by use of Equation 3.
fCalculated as shown in Figure 1a of Reference 23.
gCalculated as shown in Figure 1c of Reference 23. Values are scaled by k=0.4 (see text).
hCalculated by use of Equation 1, i.e., sum of columns 2 to 7.
iRanked among the minima of the same functional group according to total CHARMM energy, i.e., sum of vacuum intermolecular
(unmodified van der Waals parameters) and intraligand energies.

protein surface; hence, the electrostatic intermole-
cular energy between acetate minimum 7 and the
protein (−11.5 kcal/mol calculated with UHBD), in-
termolecular van der Waals energy (−4.1 kcal/mol),
and nonpolar solvation (−4.0 kcal/mol) are bal-
anced by the electrostatic desolvation of the protein
(10.0 kcal/mol) and the electrostatic desolvation of the
ligand (5.7 kcal/mol). The best minima of methyl-
ammonium, methylguanidinium, and pyrrolidine are
involved in hydrogen bonds with the side chain of
Asp25, in agreement with the results obtained for the
dimeric form [33] while the best benzamidine mini-
mum has its ring on top of the Leu97′ side chain and
donates to the main chain carbonyl of Ile3 and Thr96
(Figure 3d). There are two interesting minima of 2-
acylpyrrolidine. In minimum 1 the aliphatic part of
the ring overlaps the Leu97′ side chain while its po-
lar groups accepts from the NH of Ile3 and donate to
the C=O of Thr96. Minimum 12 (−6.5 kcal/mol of
binding free energy) matches the Pro1′ residue and is
involved in hydrogen bonds with the NH and COO− of
the C-terminal residue Phe99 and the side chain amide
of Asn98 (Figure 3d).

Replication of minima with partial protein flexibility

The quenched MD protocol was run for the lowest free
enegy minima of the apolar fragments and some of
the polar fragments. The number of distinct conforma-
tions sampled ranges from two (benzene minimum 5)
to forty-six (methanol minimum 32, see Table 5). The
total CHARMM energy (distance dependent dielectric
and 7.5 Å nonbonding cutoff) of the quenched MD
conformations does not vary by more than 20% for
most fragments (Table 5). In most quenched MD runs
the total CHARMM energy improves; e.g., in the run
started from the cyclohexane free energy minimum 4
the CHARMM energy changes from−286.4 kcal/mol
for the first quenched minimum to−308.8 kcal/mol
for the 76th minimum. Only for the quenched MD runs
started from cyclopentane free energy minimum 1 and
DKPI free energy minimum 2, does the first minimum
sampled have the most favorable total CHARMM
energy; i.e., there was no improvement during the
quenched MD run. The solvation energy contributions
were not calculated for the conformations obtained by
quenched MD since it is not clear how to introduce the
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Table 5. Conformations sampled with flexible protein

Corresponding MCSS MCSS minima Quenched MD minima

residue in the fragment Rankb 1Gbinding
c Number of CHARMM

prime chaina [kcal/mol] distinct energy rangee

conformationsd [kcal/mol]

Leu97′
benzene 1 −13.6 14 −237.0−222.2

cyclohexane 1 −13.6 11 −250.3−233.9

cyclopentane 1 −12.5 21 −238.1−221.0

Leu5′
benzene 3 −11.8 14 −301.8−284.4

cyclohexane 4 −11.3 21 −306.7−286.4

cyclopentane 5 −10.4 36 −281.8−262.6

Cys95′
benzene 5 −10.4 2 −74.0 −72.5

cyclohexane 7 −10.2 5 −73.5 −58.4

cyclopentane 12 −10.4 30 −67.4 −55.2

Cβ and Cγ of Arg87′
benzene 11 −8.0 8 −161.4−146.4

cyclohexane 16 −8.0 5 −143.7−131.7

cyclopentane 20 −10.4 12 −135.6−128.2

Phe99′
benzene 8 −8.6 7 −219.2−201.5

95′-96′ main chain

DKPI 2 −12.9 15 −144.8−109.3

DKPI 7 −11.4 11 −122.3−106.6

Thr26′
methanol 20 −4.5 16 −215.1−191.1

Thr96′
methanol 32 −3.7 46 −100.6 −79.7

a Residues closest in position in the primed chain.
b Ranked among the minima of the same functional group according to binding free energy (1Gbinding).
c Calculated by use of Equation 1.
d Clustered with an exponential similarity function.
e Total CHARMM energy with distance dependent dielectric and nonbonding energy cutoff of 7.5 Å. Energy
ranges for the representatives of the clusters, i.e., the conformations used by CCLD.

energy changes originating from the flexible regions of
the protein which vary for the different runs.

Figure 4 shows the 11 conformations obtained by
quenched MD starting from DKPI minimum 7. In 10
of the 11 the carbonyl groups of DKPI are involved
in hydrogen bonds with the main chain NH of Leu5
and Asn98 as in the MCSS orientation used as starting
structure; in the 11th the hydrogen bond to the NH
of Asn98 is lost. For some of the protein side chains
at the binding surface a significant number of differ-
ent rotameric states are sampled. The rotation of the
Leu5 side chain is almost free, while the Gln2/Thr4,
Thr96/Gln98, and Leu97/Phe99 side chain pairs ro-
tate in a concerted way (Figure 4). On the other hand,

Ile3 and Trp6 do not assume significantly different
orientations.

De novo design of dimerization inhibitors

The CCLD program was run using as input fragments
the MCSS minima with1Gbinding < −5 kcal/mol
and all the conformations obtained with quenched MD
(Table 5). CCLD used the same protein conformation
as in MCSS. As mentioned above, the orientations
of the fragments sampled in slightly different protein
surroundings do not affect the outcome of the CCLD
procedure which uses the protein structure only for the
correct placement of the linkage atoms.
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Figure 4. Stereoview of the conformational space sampled by the molecular dynamics and minimization procedure. The figure shows the 11
conformations of DKPI minimum 7 and the flexible region of the protein around it.

N-substituted diketopiperazines
DKPI is an interesting fragment that can be used for a
combinatorial chemistry approach. Furthermore, it can
dock between twoβ-strands (separated by one strand)
by making up to three hydrogen bonds. DKPI min-
ima 2 and 7 are docked between the N-terminal and
C-terminal strands of the proteinase and can be sub-
stituted at theirα-carbons and at the N-methyl group.
In a restricted CCLD run only hits that contained one
of the 25 quenched MD conformations of DKPI min-
ima 2 and 7 were saved. This yielded a set of putative
ligands with interesting binding motifs. A preliminary
restricted run which utilized only the DKPI minimum
positions 2 and 7 and did not use the 25 quenched
MD conformations did not generate any hit. Thus, the
conformations sampled by the quenched MD proce-
dure were essential for the generation of hits in the
restricted runs. Figure 5a shows an interesting com-
pound (I ) which makes use of the DKPI scaffold to
connect the benzene rings matching the Cys95′ and
Leu97′ side chains and the methanol group close to

the Thr96′ side chain. The carbonyl groups of DKPI
accept hydrogen bonds from the main chain NH of
Leu5 and Asn98 (see above), while its NH group is
accessible to solvent. Visual analysis of other CCLD
hits suggested a set of putative ligands which might be
synthesized by a combinatorial approach starting from
a series of standard and N-substituted amino acids. As
shown in the schema in Figure 5b the DKPI scaffold
might be substituted at the Cα atom in position 3 with
an aromatic side chain (R3), and at the Cα atom in
position 6 with a short polar side chain (R6). The nitro-
gen substituent (R1) can be either propylbenzene (as in
Figure 5a) or an aliphatic moiety which would occupy
the hydrophobic pocket of the Leu97′ side chain.

Alternatively, it is clear from Figure 5a that the
CCLD hit I without the R1 extension could be at-
tached as an N-terminal fragment to the C-terminal
peptide Leu97-Asn98-Phe99 or the modified peptide
Tyr97-Glu98-Leu99 from the consensus sequence [16].



176

Figure 5. Putative ligands suggested by CCLD (thick lines) in the HIV-1 PR monomeric structure (thin lines). (a) LigandI is a 2,5-diketopiper-
azine derivative. It is shown in the minimized structure of the HIV-1 PR monomer obtained by the quenched MD procedure started from DKPI
minimum 7. The C-terminal pentapeptide of the second chain is shown as a basis of comparison. (b) 2,5-Diketopiperazine derivatives with trans
substituents at C-3, C-6, which could be synthesized by a combinatorial approach. The substituents in bold characters are those of ligandI . (c)
LigandII is a modified C-terminal tetrapeptide. It is shown in the native structure of the HIV-1 PR monomer. (d) Series of ligands of typeII . As
a basis of comparison the four C-terminal residues of wild-type HIV-1 PR are Thr96-Leu97-Asn98-Phe99. The substituents in bold characters
are those of ligandII .
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Figure 5(continued).
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Modified C-terminal peptides
A restricted CCLD run used the 14 quenched MD
conformations of benzene minimum 1 and generated
a series of polysubstituted benzenes. Some of these
are interesting candidates for modifications of the C-
terminal tetrapeptide with Phe at position 97. The
putative ligand shown in Figure 5c (II ) is a modifica-
tion of the Thr96-Phe97-Asn98-Phe99 peptide in which
the aromatic ring of Phe97 is substituted in the or-
tho and para positions. A propylbenzene at the ortho
position reaches the hydrophobic region occupied by
Leu5′. The CH2OH moiety at the para position partic-
ipates in hydrogen bonds with the main chain C=O of
Leu24 and the NH of Thr26.

A series of compounds analogous to ligandII is
shown in Figure 5d. Among these, the compounds
with the CH2OH para-substitution at Phe are similar
to the modified C-terminal peptide Ac-Ser-Tyr-Glu-
Leu which has an inhibition constant of HIV-1 PR
dimerization of 290 nM [16]. They have the additional
ortho substitution at Phe which might improve binding
affinity.

Discussion

When HIV-1 PR active-site inhibitors are adminis-
tered to patients there is a rapid onset of resistance
by point mutations [8, 9]. Dimerization or dissocia-
tive inhibitors are expected to induce less mutations in
the viral genome than active-site directed ligands since
the association of the two HIV-1 PR subunits is essen-
tial to form the composite active site. The dissociation
constant of HIV-1 PR depends on both pH and temper-
ature. Lower pH and temperature stabilize the dimer.
Values of the dissociation constant range from 39 pM
at pH 6.0 and 25◦C [53] to 130 nM at pH 7.5 and
37 ◦C [54]. Because of the very strong dimerization
and the shifting of the dissociation equilibrium toward
the dimer state by substrate stabilization, competitive
substrate inhibition is easier to achieve [54].

In this study the MCSS/CCLD approach was used
to design candidate ligands for the dimerization inter-
face of HIV-1 PR. The binding free energy of each
protein-MCSS minimum complex was estimated by
supplementing the CHARMM energy with electrosta-
tic and nonpolar solvation contributions calculated in
a continuum approximation. For the MCSS minima
with good binding free energy a procedure based on
quenched molecular dynamics and energy minimiza-
tion was used for additional sampling with a partially

flexible protein binding site. The actual flexibility of
the monomeric chain is expected to be larger than
in the present molecular dynamics protocol. On the
other hand, peptidic ligands designed on the basis of a
rigid conformation of the monomer have been shown
to inhibit dimerization in the submicromolar range
[16–18].

A set of apolar fragments were predicted to fill
the hydrophobic pockets which are occupied only
partially by the Cys95′ and the Leu97′ side chains.
This suggested two sets of putative ligands some
of which are similar to a modified C-terminal pep-
tide with nanomolar inhibition constant of HIV-1 PR
dimerization.

Because of their synergistic action [16], dimer-
ization inhibitors could be used as components of
therapeutic ‘cocktails’ [55].
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