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We have implemented and tested a new approach to de novo ligand design, CONCERTS
(creation of novel compounds by evaluation of residues at target sites). In this method, each
member of a user-defined set of fragments is allowed to move independently about a target
active site during a molecular dynamics simulation. This allows the fragments to sample
various low-energy orientations. When the geometry between proximal fragments is appropri-
ate, bonds can be formed between the fragments. In this fashion, larger molecules can be
built. The bonding arrangement can subsequently be changed—breaking bonds between chosen
fragment pairs and forming them between other pairs—if the overall process creates lower
energy molecules. We have tested this method with various mixes of fragments against the
active sites of the FK506 binding protein (FKBP-12) and HIV-1 aspartyl protease. In several
cases, CONCERTS suggests ligands which are in surprisingly good agreement with known

inhibitors of these proteins.

Introduction

Although recent developments in the area of combi-
natorial chemistry hold promise for accelerating the lead
identification and optimization cycle of drug design, at
present this process remains very time-consuming. And
even if the promise of such methods is borne out, it is
expected that they will be expensive to implement and
that there will be systems of interest for which they will
not be amenable. In addition, it is certain that with
such methods we will still be limited to synthesizing
only a small fraction of the molecules that could be
reasonably tested against a particular target. For these
reasons, there is tremendous interest in devising theo-
retical methods that can help suggest, de novo and
relatively quickly, compounds which bind to macromo-
lecular targets of interest. These predictions can be
used directly as ligand suggestions, as templates for
directed database searches for potential inhibitors, or
to complement combinatorial approaches by helping to
narrow the range of molecules which are synthesized.

In the past few years, a substantial number of papers
have appeared which describe techniques that attempt
to address this interest.2 Many of the methods appear
promising, though all suffer various drawbacks, par-
ticularly in terms of how they deal with the “combina-
torial explosion” in the number of choices that must be
made in designing a ligand. Most of these methods rely
on chained or tree search techniques, which fail when
inappropriate choices are made early in the chain.
Unfortunately, what appears to be the optimal choice
at any link in the chain is frequently not the best choice
when information further down the chain is considered.

In an attempt to circumvent this problem, we recently
developed and described a new method, CONCEPTS
(creation of novel compounds by evaluation of particles
at target sites).® In the CONCEPTS approach, an active
site is filled with atoms, which adopt low-energy con-
figurations during a molecular dynamics (MD) simula-
tion.* Bonds between atoms can be formed and subse-
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qguently broken based on geometric and energetic
considerations. This ability to both form and break
bonds, and the fact that the system is constantly
evolving under molecular dynamics while these changes
to the topology are occurring, help differentiate the
CONCEPTS technique from other de novo approaches.
Application of CONCEPTS to the FK506 binding protein
FKBP-12 and to HIV-1 aspartyl protease demonstrated
that the method is capable of generating useful de novo
leads suggestive of known inhibitors of these proteins.3

While the results obtained using CONCEPTS are
quite encouraging, and while this method offers, at least
in principle, a potential improvement on other de novo
approaches, CONCEPTS also suffers from several draw-
backs. In particular: (1) It is difficult to incorporate a
charge model into such an atom-based approach which
is both reasonable and sufficiently fast—thereby limiting
the applicability of the program to the design of ligands
that bind mostly through hydrophobic interactions; (2)
The single-atom buildup approach can result in slow
convergence, especially for “spacer” regions that connect
tight-binding but spatially separated moieties; (3) One
obtains only a single suggestion per cpu-intensive run,
and one must often average several runs to obtain a
good inhibitor suggestion. In a more global sense, (2)
and (3) are both related to inefficiencies of the method,
while (1) is a weakness in the model used.

It was our desire to include the benefits of CON-
CEPTS while avoiding some of the drawbacks that lead
us to the method described in this paper: CONCERTS
(creation of novel compounds by evaluation of residues
at target sites). In essence, we hve retained the basic
idea of CONCEPTS: allow the building blocks to
continually reorient in the active site using molecular
dynamics, and connect them based on geometrical and
energetic criteria. But we have changed the elementary
building block from an atom to a molecular fragment
and have made other changes as well. As long as we
utilize only fragments where the change in the charge
distribution upon bonding is reasonably small and
localized, it is possible to incorporate charges into these
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Figure 1. Schematic flowchart illustrating the CONCERTS method. For more details, see the text.

calculations, avoiding CONCEPTS problem (1). While
still offering tremendous conformational and topological
possibilities, larger fragments can much more quickly
span large regions of space, thereby attenuating CON-
CEPTS problem (2). And in CONCERTS, fragments
that do not belong to the same molecule do not see each
other. This means that many molecules (“suggestions”)
can be built in the same binding region during a single
run of CONCERTS, avoiding drawback (3). In addition
to these benefits, CONCERTS also allows greater
control over the types of molecules generated. This
should result in a greater percentage of suggestions
which are synthetically reasonable.

To evaluate the new method, CONCERTS has been
applied to the same test systems as were examined with
CONCEPTS: the binding sites of both the 107-residue
FK506 binding protein, FKBP-12,56 which is important
in a pathway for immunosuppression, and HIV-1 as-
partyl protease,”~® a 198-residue protein which is neces-
sary for the replication of the AIDS virus. These are
good test systems because their structures are well-
characterized and because potent inhibitors of both are
known.

Methods

CONCERTS has been implemented in a very extensively
modified version of the AMBER/SANDER 4.0 minimization/
molecular dynamics program.®!l An overview of the concep-

tual flow of the program is presented in Figure 1. A detailed
description of the implementation is presented in the Ap-
pendix.

In broad terms, the method is as follows. A user-specified
set of molecular fragments (small molecules) move about a
fixed active site during molecular dynamics. These fragments
do not “see” (interact with) each other, so they will tend to
arrange themselves in a distribution that reflects the energet-
ics within the active site. At specified intervals, an attempt
is made to connect fragments which are favorably oriented
relative to one another. Connections can be made between
fragments along user-specified bonds to hydrogens. When
such a bond is made, the two hydrogens are eliminated. On
subsequent steps, the connection between one pair of frag-
ments can be broken in order to form energetically more
favorable connections to different fragments. Thus, it is not
necessary that the original set of connection choices is ideal,;
the connectivity can iteratively improve over the course of the
simulation. This is one of the major advantages of CON-
CERTS over other ligand design methods. Many fragments
can be joined together in the same “macrofragment” (molecule
consisting of several connected fragments). Fragments be-
longing to the same macrofragment see each other, but do not
see any unbound fragments or fragments belonging to other
macrofragments. This allows the generation of a large number
of ligand suggestions with a single run of CONCERTS.

Simulation and Parameter Choices. Three different
sets of fragments were used to generate most of the results
we describe here: (A) 1000 copies of the peptide fragment
HCONHCH; (Figure 2); (B) 700 copies of the fragment C¢Hg
(benzene) plus 1000 copies each of the fragments CH, (meth-
ane), NH; (ammonia), HCOH (formaldehyde), and H,O (water);
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(C) 300 copies each of the fragments, NH; (ammonia), C¢Hs
(benzene), Ce¢Hi2 (cyclohexane), HCO;H (formic acid), C;Hs
(ethane), C,H, (ethylene), HCOH (formaldehyde), HCONH,
(formamide), CH, (methane), CH;OH (methanol), HSO;H
(sulfinic acid), C4H4S (thiophene), H,O (water). In addition,
in one set of simulations, we started from an oligopeptide
backbone suggested from a peptide fragment run and at-
tempted to add standard amino acid side chains. In these
simulations, 150 copies each of 19 standard amino acid side
chains (excluding proline and glycine, and including both ¢-
and e-protonated histidine side chains as separate fragments)
were used. Fragments are not rigid and can undergo confor-
mational fluctuations during MD.

Parameters for all fragments are from the standard Weiner
et al. force field.*? Charges for the peptide and amino acid
fragments are also from Weiner et al. Charges for other
fragments were derived from electrostatic potential fitting to
the HF/6-31G* wave function using the MK option in Gauss-
ian-92.13 All fragments are net neutral, except for the amino
acid side chains Asp and Glu, which have a net charge of —1,
and Lys and Arg, which have a net charge of +1. For all but
the peptide and amino acid side chain fragments, all bonds to
hydrogens were designated as “connection vectors”. For the
peptides, all bonds to hydrogens except the bond to the
hydrogen on the nitrogen were designated “connection vectors”.
For the amino acid side chain fragments, only bonds to
hydrogens connected to Cz were designated “connection vec-
tors”. All-atom models were used for all fragments.

CONCERTS simulations were run in the active sites of two
proteins: FKBP-12 and HIV-1 aspartyl protease. Crystal
structures of both proteins are known.'#15 Hydrogens were
added to the crystal coordinates, and the proteins were
minimized in vacuo. As this minimization was simply to
regularize and remove any bad steric contacts in the crystal
structure, an explicit solvent model was not necessary. The
resulting coordinates were those used in all subsequent work.
In the “FLOAT” phase of initial random fragment positioning,
a box with sides of 14—20 A was used to fully enclose the
appropriate binding site. A total of 100 steps of steepest
descents + 150 steps of conjugate gradients consensus mini-
mization was carried out on the resulting positions to alleviate
any steric overlaps and to prepare the system for subsequent
MD. During this minimization phase, the protein was held
fixed and the force field given in eq 1 (Appendix) was used
(i.e., there were no nonbonded interactions between frag-
ments).

For both systems, consensus MD equilibration was carried
out at 500 K. An elevated temperature was used to speed the
redistribution of fragments into favorable positions. A total
of 10 000 steps of MD with a time step of 1 fs were performed.
The protein was held fixed, and the same energy function (eq
1) was used as for minimization. Fragments were restrained
to a spherical region of radius 10 A (FKBP-12) or 11 A (HIV-
1) centered on the active site by a “cap” restraining potential
with force constant 5.0 kcal/mol (eq 5, Appendix). All simula-
tions were carried out in vacuo, with a dielectric constant of ¢
=r. In the case of the aspartyl protease protein, the “flap
water"—which is believe to be crucial for inhibitor
binding'®>—was included and fixed throughout the simulation.
A crude temperature-scaling method was employed, wherein
the velocities of the system were scaled to the target temper-
ature any time the actual temperature of the system was more
than 100 K away from the target temperature.

A nonbonded cutoff of 7 A was employed. This nonbonded
cutoff is somewhat smaller than the standard cutoff of 8 A
used in much protein modeling and shorter still than some of
the extended cutoffs which have been recommended for precise
modeling.’® We chose to use the shorter cutoff because it
results in a large cpu savings for a cpu-intensive procedure.
Given other approximations in this method, we do not expect
the effects of using this cutoff to be significant, and in fact a
trial simulation with a longer (8 A) cutoff did not yield
appreciably different predictions (unpublished results).

The actual CONCERTS simulations were run for 6000 steps
(MAXSTEP = 6000) using a timestep of 2 fs. The energy
function given in eq 7 (Appendix) was used, with a nonbonded
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Figure 2. The peptide monomeric fragment used in the
CONCERTS simulations described herein. Note that this
fragment differs from the typical definition of a peptide
fragment, which begins with the amide nitrogen and ends wtih
the carbonyl group. Our fragment is defined so that confor-
mation about the amide bond will not be a function of how
adjacent peptide fragments are joined together. This avoids
unwanted cis—trans racemization.

cutoff of 7.0 A and a dielectric constant of ¢ = r. Fragments
were restrained to a spherical region centered on the active
site, as in equilibration. The protein (and associated flap water
for aspartyl protease) was held fixed. To ensure that groups
that should be planar did not exceed planarity by too much
during high-temperature simulations, the “improper” torsion
force constants!? were scaled up by a factor of 10. The
temperature for these runs was changed according to the
following schedule:

steps temperature

0— 1500 Tmax — Tmax
1501 — 3500 Tmax — 300 K
3501 — 5000 300 K— 300 K
5001 — 6000 300 K—50K

This annealing schecule allows the system to rapidly sample
conformational space in the early stages and to relax into a
relatively low-energy configuration later on. As in equilibra-
tion, crude temperature scaling was employed, where velocities
were scaled back to the target temperature any time the actual
temperature of the system deviated by more than 100 K from
the target temperature. For the simulations described herein,
a Tmax 0f 600 K was used. This peak temperature appeared,
gualitatively, to yield more promising predictions than simula-
tions at either 1200 or 300 K. Compared to the runs at 600
K, the 1200 K runs tended to generate many more “odd”,
higher energy macrofragments, while the 300 K runs tended
to yield less diverse and interesting ensembles of structures.

During the CONCERTS simulations, a search for new
connections was performed every 5 dynamics steps (N = 5;
step (8) above). Connections were only attempted to fragments
for which E; < [E;[J where [E;Uis the average energy of all
fragments of the same type as i. This correspondstoC =0in
eq 8, Appendix. We found any C roughly in the range —0.5 —
1.0 seemed to work reasonably well. When determining
potential bond partners, bond and angle tolerances of 6 = 0.3
A and 6y = 30° (egs 9 and 10, Appendix) were used. Eoverlap,
which is the maximum nonbonded interaction energy between
the two fragments/macrofragments which will be joined if a
bond is accepted, was set to 5000 kcal/mol (disallowing only
severe overlaps).

For simulations using the non-peptide fragments, the fol-
lowing atom sequences were disallowed for fragment—frag-
ment bonds, in order to reduce the chances of building
chemically unstable or unreasonable compounds: O—0O, N—N,
N—-0O, S—0, O—C—-0, O—N-0, N—C—N. For the peptide runs,
the atom sequences C,—C, and C—C,—C were disallowed,
which ensures that peptides are only joined in the appropriate
direction and that there is no peptide “branching” at the C,
position. The peptide fragment is defined so that the amide
bond does not depend on the relative orientations of two
peptides when they are connected (Figure 2). Thus, by starting
with peptide fragments in the trans conformation about the
amide bond, we effectively ensure that all peptide residues in
the final structures will be trans. (In principle, a trans-to-cis
isomerization could occur during MD, but the barrier to
rotation about this partial double bond is large enough that
this was not observed in our calculations.)

When a fragment—fragment bond is created, harmonic bond
and angle terms and Fourier torsional terms, corresponding
to the bond, angles, and torsions created with the fragment—
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Figure 3. The lowest energy oligopeptide generated by CONCERTS against HIV-1 aspartyl protease (thick lines). This oligopeptide
is compared to JG-365, a subnanomolar peptide inhibitor of the protein, which is shown in thin lines. Also shown is the “flap
water”, which was held fixed during the simulation (see text). The molecules are in the same protein reference frame. Carbon
atoms are in green, oxygen atoms are in red, and nitrogen atoms are in blue. Hydrogen atoms are not shown. Subsites in the
inhibitor are labeled with their standard P1—P3 and P1'—P3' designators. The figure is presented as a stereoview. The predicted
ligand does a good job of mimicking the backbone conformation of JG-365.

fragment bond, are added to the force field. Standard single
bond distance and angle target values are assigned, based on
the types of the atoms making the bond and angles (C—C =
152 A;C—N=1.46 A;C—-0=1.42 A; C-S=1.80 A; sp®angles
= 112°; sp? angles = 120°). The force constant for fragment—
fragment bonds is 300 kcal/mol-A2 and the force constant for
angles created by a fragment—fragment bond is 30 kcal/
mol-rad?. These values were chosen to be representative of
the force constants used in the Weiner et al. force fields for
bonds and angles.*? Torsional parameters are assigned using
the torsion parameters list from the standard Weiner et al.
force field.?> Nonbonded interactions are calculated between
all fragments belonging to the same macrofragment (collection
of joined fragments), subject to exclusions for 1-2 and 1-3
interactions. The 1—4 interactions both within fragments and
between fragments joined by a fragment—fragment bond are
reduced by a factor of %/,.12

Once the CONCERTS simulation is complete, the system
is consensus minimized for approximately 200 steps, using the
same force field as for the MD portion. Again, the protein is
held fixed, and the macrofragments do not see one another.

Each simulation results in many macrofragment sugges-
tions comprised of various numbers of fragments. These can
be ordered in terms of properties such as potential energy or
number of residue and can be examined using a standard
visualization program, such as Insight” or Quanta.'’® Energies
used for comparison are those due to protein—macrofragment
nonbonded interactions and can be either total energy, the
energy per residue, or Y Enp(relative), Where Enp(retative) IS, fOr each
fragment, the nonbonded interaction energy of that fragment
minus the average nonbonded interaction energy for all
fragments of the same type.

The calculations are relatively compute intensive. Run on
a single processor of a SGI R8000 Power Challenge computer,
the 6000-step CONCERTS simulation took between /, and ?/;
day for the peptide fragment runs, and between 4 and 7 days
for the organic fragment simulations. The CONCERTS code
has not been entirely optimized for best cpu performance, and
we expect that these run times could be reduced.

Results

HIV-1 Protease. To test the CONCERTS method,
we first applied the approach to HIV-1 aspartyl pro-
tease, using the set of peptide fragments (A) as our
“basis set”. This is perhaps the best basic test of the
method, since (1) oligopeptide derivatives are known
substrates of HIV-1 aspartyl protease® and (2) limiting
the search to a single fragment type means we can
include more copies of that fragment type than in a
mixture (given finite computer resources), and that
there are considerably fewer fragment configurations
to consider.

The peptide simulation was performed as described
under Methods. After the 6000-step CONCERTS simu-

lation and minimization, the resulting macrofragments
were analyzed. A total of 82 macrofragments consisting
of four or more peptides were found, of which 35 were
tetrapeptides, 27 were pentapeptides, 17 were of
hexapeptides, and 3 were heptapeptides. The lowest
energy macrofragment generated is a seven-residue
oligopeptide, shown in Figure 3. This macrofragment
also corresponds to the fifth lowest value of Y Enprelative)/
residue of any oligopeptide of hexapeptide or longer
length. As can be seen, the polyglycine peptide does a
very good job reproducing the backbone of JG-365,1° a
subnanomolar peptidic inhibitor of HIV-1 protease. (A
variety of subnanomolar HIV-1 protease inhibitors have
been reported;® JG-365 is representative of many of
these.) In particular, the peptide mimics nearly all the
carbonyl positiions in the known inhibitor. While the
five matching carbonyl positions in the peptide macro-
fragment are offset by 0.9—2.0 A, the de novo lead is
clearly suggestive of the experimental binding confor-
mation. It is interesting to note that one carbonyl in
the middle of the oligopeptide points in the opposite
direction of its inhibitor counterpart. This motif was
continually repeated in the set of oligopeptide macro-
fragments and comes about because in this conformation
the carbonyl group can make very favorable hydrogen
bonds with the flap water. In the known inhibitor,
JG-365, a proline ring and added backbone methyl
group disfavor this carbonyl orientation.

The good fit between the lowest energy oligopeptide
conformation in this simulation and the known inhibitor
prompted us to run a second CONCERTS simulation
where we started with the low-energy polyglycine oli-
gopeptide shown in Figure 3 and attempted to add
amino acid side chains to it. The simulation was run
starting with 10 copies of the polyglycine peptide as a
“seed”, and amino acid side chains were attached to the
C, positions during the run. A total of 150 fragment
copies of each standard amino acid side chain were
included in this simulation, as described in the Methods
section. Both the oligopeptide and the side chain
fragments were allowed to move during the simulation.
By the end of the simulation, a peptide side chain had
been added to each of the six o carbons in each of the
10 oligopeptides. This two-step approach to peptide
ligand design (first design the backbone, then add the
side chains) has precedence in earlier ligand design
studies.?°

The structure with the lowest energy (and fifth lowest
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Figure 4. The lowest energy oligopeptide + side chain ligand prediction from a CONCERTS simulation against HIV-1 aspartyl
protease (thick lines). The oligopeptide is compared to JG-365 (thin lines). The molecules are in the same protein reference
frame. Coloring and presentation are as in Figure 3. Agreement between the entirely de novo designed molecule and the known

drug is striking.

Figure 5. A macrofragment CONCERTS prediction for HIV-1 aspartyl protease, using a limited set of fragments (set “B”; see
text). The molecule shown (thick lines) was generated by forming a natural connection between two of the lowest energy suggestions
from the CONCERTS run (each of which spanned approximately half of the active site). A three-benzene-ring tail that falls
entirely outside the active site, but which was appended to the CONCERTS prediction, has been omitted from this figure for
clarity. For comparison, JG-365, in the same protein reference frame, is shown (thin lines). Coloring and presentation are as in
Figure 3. The carbon atoms which formed the connection between the two original suggested halves are shown in white. The
CONCERTS prediction does a reasonable job of following the backbone of the known drug and also places atoms at or near the

locations of all side chains of the drug.

Y Enb(relative)) resulting from this simulation is shown in
Figure 4 and again compared to the known inhibitor.
Itis clear that with the added side chains, the fit of the
backbone of the de novo prediction to the known drug
has gone from good to outstanding. The exact side
chains in the known inhibitor are not replicated, but
the orientations and conformations of the side chains
which were chosen match very closely. The question of
which side chains would, in fact, lead to better binding
is probably beyond the ability of the model and param-
eters we are using. Nonetheless, the de novo prediction
is obviously acceptable as a starting lead for experi-
mental drug design.

The surprisingly good agreement between the CON-
CERTS prediction and experiment with the peptide
fragments provided us with confirmation that the
method can work. We were then encouraged to apply
the approach using the more diverse fragment sets
described in the Methods section. We first applied the
“limited” fragment set (B), consisting of benzene, am-
monia, formaldehyde, methane, and water. This set
was designed as a compromise between (1) using a small
number of groups (thereby reducing the compositional
complexity of the space being searched); (2) including
groups that can act as both hydrogen bond donors and
acceptors; and (3) including groups that can efficiently
span conformational space. This set may also help limit
the number of chiral centers in any suggested macro-
fragment, since with these fragments a chiral center can
only arise from a tri- or tetrasubstituted methane
fragment.

This simulation resulted in a variety of interesting
molecules that span the protein active site, and which
fill the same regions in space as the known inhibitor. A
total of 138 macrofragments (four or more fragments)
were generated. Particularly interesting among these
were two of the lowest energy macrofragments, each of
which filled half of the active site. A natural connection
between these macrofragments is suggested which then
covers the entire active site. The resulting structure
also possesses the lowest Y Enp(relative) Of any macrofrag-
ment suggested. Enpelativey for each fragment is the
nonbonded interaction energy of that fragment minus
the average nonbonded interaction energy for that
fragment type. The resulting macrofragment is shown
in Figure 5. As can be seen, this macrofragment does
an excellent job of following the backbone of the known
peptide inhibitor. In addition, atoms are placed at or
near all six regions of space that are occupied by side
chains in the peptide inhibitor. Particularly appealing,
from a synthetic point of view, is that this macrofrag-
ment contains only a single chiral center. We note that
a three-benzene-ring molecular “tail” generated with
this molecule has been omitted from Figure 5. This tail
falls outside the active site and only makes a few surface
contacts with the protein. It was generated as part of
the inhibitor only because we used a liberal set of
dimensions when defining the cap on the active site, so
as not to spuriously preclude any important structures.

Given our relative successes with runs using limited
libraries of fragments, we proceeded to a third type of
simulation which incorporated a wide variety of frag-
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Figure 6. A macrofragment CONCERTS prediction for HIV-1 aspartyl protease, using the “diverse” set of fragments (set “C”;
see text). The molecule shown (thick lines), which is among the most interesting, corresponds to the sixth lowest relative energy.
JG-365 is shown in the same protein reference frame, for comparison (thin lines). Coloring and presentation are as in Figure 3.
The CONCERTS prediction places atoms in all but one of the regions of space occupied by the side chains of JG-365 and takes
a novel path to placing a benzene ring in a position nearly identical to that of the phenylalanine side chain in P1.

ment types (set “C” in the methods section). At the
onset, we realized that a large fragment library might
present so many possibilities that convergence would
not occur in a feasibly small number of steps. In
practice, we obtained mixed results. As with the limited
fragment set (B), we did obtain a number of very
interesting macrofragments suggestive of known drugs.
But the number of such structures appears to be smaller
with fragment set C than with fragment set B. In all,
151 nontrivial macrofragments (four or more fragments)
were generated. One of the more interesting predictions
is presented in Figure 6. This macrofragment corre-
sponds to the 6th lowest } Enp(relative). Comparison with
the prediction in Figure 5 reveals that this macrofrag-
ment is not in as good agreement with the known drug.
In particular, it does not mimic the peptide backbone
of the drug in the nonprime region. But it does do a
good job of placing atoms in the regions of space
occupied by all but one of the side chains of the drug
(the space occupied by the serine side chain is missed).
And the macrofragment does a notably good job of
mimicking the position of the phenylalanine side chain
in P1.

FKBP-12. The same fragment sets were next applied
to the FKBP-12 protein. Three sets of CONCERTS
simulations were carried out, using the peptide frag-
ment set, the “limited” fragment set, and the large
“diverse” fragment set.

The predictions obtained by applying the peptide
fragment set to FKBP-12 were surprisingly revealing.
Specifically, a number of macrofragments were in
outstanding agreement with the postulated “binding
core” of FK506,% a potent nanomolar binder of FKBP-
12. One of these macrofragments—corresponding to the
9th lowest ) Enp(relative), and the lowest energy 7-mer in
a set of 115 macrofragments (four or more fragments)—
is shown in Figure 7, along with FK506. It can be seen
that the macrofragment overlaps the backbone of the
FK506 in the binding core extremely well—in fact,
agreement would be nearly perfect with a small transla-
tion in the oligopeptide relative to FK506. FKBP-12 is
a proline cis—trans rotamase,?! and it is believed that
the pipecolic group in FK506 mimics the binding
conformation of the proline ring and amide carbonyl in
the bound oligopeptide.?2 The macrofragment suggests
how an oligopeptide could be stabilized in the active site
by favorable hydrogen-bonding interactions with two

carbonyl groups of peptide residues near the proline of
interest. Comparison with FK506 suggests why this
inhibitor, which is non-peptidic but which places two
carbonyl groups in the same positions as the macro-
fragment, might also bind well to FKBP-12. It is
interesting tht the macrofragment places atoms in the
regions occupied by the pyranose and cyclohexyl rings
in FK506. It has been suggested that the cyclohexyl
portion of FK506 is important to recognition by cal-
cineurin.®

Application of CONCERTS using the “limited” frag-
ment set (B) yielded a variety of interesting macrofrag-
ments. In all, 122 macrofragments consisting of four
or more fragments were generated. These structures
variously place atoms in the binding core region of the
active site, in the pyran region, in the vicinity of the
cyclohexyl ring (the “northwest corner”), and in the
other regions of space also occupied by the FK506
macrocycle. A large number of the CONCERTS predic-
tions place atoms in many/all of these regions. The
downside is that, because the binding site in FKBP-12
is rather wide and accessible, large macrofragments are
frequently generated where a significant number of
fragments fall at the edges (or outside) of the active site.
This side effect could be reduced, of course, by decreas-
ing the volume of the acceptable search space for the
CONCERTS run. At any rate, one can very instruc-
tively focus on the portions of the macrofragments that
fall closest to the active site.

In Figure 8, we present the “limited” fragment set
prediction with the third lowest Enp(relative)y. FOr clarity
and emphasis, we have removed a branch of the
predicted macrofragment which pointed out of the active
site. The remaining portion of the molecule is shown,
along with FK506. It can be seen that the CONCERTS
prediction is in extremely good accord with the known
drug. Not only does the macrofragment place oxygens
close to four important binding core oxygen positions
in FK506 (the oxygens of both carbonyls in the dicar-
bonyl region, the hydroxyl oxygen off the headgroup of
the pyranose ring, and the carbonyl oxygen in the ester
group adjacent to the pipecolinyl ring), but it also
faithfully follows the general path of the FK506 back-
bone through most of its circumference. One could
imagine building off this scaffold to reproduce most of
the functional features of FK506. And, importantly, this
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Figure 7. A low-energy oligopeptide generated by CONCERTS against FKBP-12 (thick lines). This oligopeptide is compared to
FK506, a nanomolar binder of the protein (thin lines). The molecules are in the same protein reference frame. Carbon atoms are
in green, oxygen atoms are in red, and nitrogen atoms are in blue. Hydrogen atoms are not shown. Important domains in
FK506 are labeled: the “northwest corner”, which includes the cyclohexyl ring and the arm leading to it; the “binding core” which
is believed to be responsible for tight binding to FKBP, and which includes the pipecolinyl ring and surrounding carbonyl groups;
the pyran ring region; and the “effector domain”, which includes atoms that are believed to make contact with calcineurin in a
FKBP-12—FK506—calcineurin complex, but that do not make appreciable contact with FKBP-12 itself. The figure is presented
as a stereoview. The peptide prediction very closely reproduces the conformation of FK506 in the important “binding core” region,
as well as placing atoms in the “northwest corner” and pyran region.

Figure 8. A macrofragment CONCERTS prediction for FKBP-12, using a limited set of fragments (set “B”; see text). This molecule
(thick lines) corresponds to the third lowest relative energy of the macrofragments generated. A branch of the predicted ligand
that falls entirely outside the active site has been removed from this figure to emphasize the important features. For comparison,
FK5086, in the same protein reference frame, is shown (thin lines). Coloring and presentation are as in Figure 7. The CONCERTS
prediction mimics four important oxygen atoms found in FK506 and also faithfully follows the overall path of the FK506 backbone

through most of its circumference.

molecule contains no chiral centers, making it poten-
tially a more synthetically accessible target.

We followed up the “limited” CONCERTS simulation
on FKBP-12 with a second simulation using the “di-
verse” fragment set (C). As might be expected, the
resulting set of macrofragments exhibited great variety.
A total of 130 macrofragments (four or more fragments)
were generated. While a number of these were promis-
ingly suggestive of features of the FK506 inhibitor, the
number that placed atoms in the regions covered by
FK506 that are believed to be important for binding was
smaller than that observed with the limited fragment
set run. Instead, for many of the macrofragments, a
majority of the constituent groups were essentially
outside or on the edge of the active site. While these

groups might make favorable interactions with surface
residues of the protein, or with other residues of the
macrofragment itself, they are not particularly sugges-
tive of good drugs. It is likely that the increased number
of possibilities (both compositional and conformational)
presented by the diverse set of fragments means that a
relatively small fraction of the macrofragments in this
run are sufficiently near a converged low-energy con-
figuration.

Nonetheless, a few promising structures emerge. One
of these is shown in Figure 9. The structure shown
corresponds to the 18th lowest Enprelative), OUt Of a set of
130 macrofragments (four or more fragments) generated
from this run. As can be seen, this macrofragment does
a good job of following the FK506 backbone in the region
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Figure 9. A macrofragment CONCERTS prediction for FKBP-12, using the “diverse” set of fragments (set “C”; see text). The
molecule shown (thick lines), which is among the most interesting, corresponds to the 18th lowest relative energy. FK506 is
shown in the same protein reference frame, for comparison (thin lines). Coloring and presentation are as in Figure 7. The
CONCERTS prediction does a reasonable job of reproducing the features of FK506 in the binding core and also places atoms in
the northwest corner and pyranose regions. Note the considerable amount of structure which is superfluous relative to FK506.

Figure 10. The 20 hexamer and larger macrofragment predictions for the peptide fragment set run in the HIV-1 aspartyl protease
active site. For comparison, known inhibitor JG-365 is shown in heavy orange lines. For the ligand predictions, carbon atoms
are shown in green, oxygen atoms are in white, and nitrogen atoms are in blue. Hydrogen atoms are not shown. The figure is
a stereoview. As can be seen, the oligopeptide ligand predictions effectively sample the active site.

of the binding core. It also places two oxygen atoms in
similar locations to those in FK506 (overlapping that
of the second carbonyl in the dicarbonyl region, and that
of the ester carbonyl). This macrofragment presents a
common motif observed among the predicted macrof-
ragments in this run and in the previous run: a modest
projection away from the backbone of the FK506 mol-
ecule, and out of the active site, which then folds back
to place atoms in the “northwest corner” region occupied
by the cyclohexyl ring in FK506. Compared with the
prediction from the “limited” CONCERTS run, this
macrofragment is less concise and, outside of the bind-
ing core/pyranose region, does a poorer job of following
the circumference of FK506. This molecule is also
considerably more complex from a synthetic stand-
point: it contains seven chiral centers, compared to none
in the molecule presented in Figure 8.

Sampling Issues. Two questions arise in prediction
studies like those described here. First, how thorough
is the sampling? And second, how predictive is the
energy function? The first question can be addressed
by examining the space covered, in total, by the pre-
dicted ligands. To this end, in Figure 10 we show the
20 hexamer and larger macrofragments generated dur-
ing the peptide fragment run against HIV-1 aspartyl
protease. As can be seen, this ensemble (from which

the macrofragment in Figure 3 was extracted) does an
excellent job of sampling the active site of the protein.

The second question, how predictive is the energy
function, is more difficult to address. But a crude
gualitative answer can be obtained by comparing the
calculated macrofragment energies to how well the
macrofragments address elements of a model of desir-
able ligand interactions. This model should be derived
from an ensemble of tightly binding known inhibitors.
For HIV-1 aspartyl protease, we have generated such
a model from a set of inhibitors which strongly bind the
protease active site.® Although hydrophobic interactions
can also be significant, for simplicity we have focused
on hydrogen binding. The ensemble of known inhibitors
suggests that hydrogen bonds between the ligand and
residues Asp?5, Gly?7, Gly*8, Aspl?5, Gly'?7, Gly8, and
between the ligand and the flap water, are generally
conserved. In Figure 11, we have plotted the number
of appropriate hydrogen bonds formed with these resi-
dues versus the E,, for the oligopeptide inhibitors, both
normalized by the number of macrofragment residues.
As can be seen, there is a distinct correlation between
the two quantities, with the number of important
hydrogen bonds decreasing with increasing energy.
This implies, at least qualitatively, that our scoring
function is reasonable and that the best-scoring de novo
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Figure 11. The number of important hydrogen bonds formed
per residue versus the macrofragment—protein interaction
energy for the peptide fragment/HIV-1 aspartyl protease
simulation, both normalized by the number of residues in a
macrofragment. Only hydrogen bonds to residues believed to
be important for good ligand binding, based on an ensemble
of known tightly-binding inhibitors, are counted (see text).

suggestions produced by CONCERTS do a good job of
mimicking the specific H-bonding interactions found in
known, tight-binding HIV-1 protease inhibitors.

Discussion

We have described and applied a new de novo ligand
design method, CONCERTS, to the active sites of HIV-1
aspartyl protease and FKBP-12, using three different
sets of fragment building blocks. The results of these
calculations are quite encouraging. In particular, in
each simulation we were able to generate interesting
ligands which are suggestive of known inhibitors of
these proteins.

It is instructive to compare the types of predictions
generated with the different sets of fragments. For
example, runs using only peptide fragments appear to
produce a greater number of predictions which are in
excellent accord with the experimentally known inhibi-
tors. The simulations using a variety of fragments
produce structures which are more diverse, and some
of the predictions from these runs are also in good
agreement with known inhibitors. But others are not,
and this tendency appears to increase as the diversity
of the basis fragment set is increased. Of course, just
because a predicted molecule does not look like a known
inhibitor does not mean that the prediction is not
valuable. In fact, such molecules may well be the most
valuable, since they might lead to novel classes of leads.

What is almost certainly true, however, is that the
chance of converging on high-quality inhibitor leads is
higher for simulatioins using a limited number of
fragments. This is apparent comparing the results from
simulations using limited sets of organic fragments with
those from simulations using more diverse sets of such
fragments. If we take a crude qualitative measure of
convergence to be the number of resulting macrofrag-
ments covering the regions of the active site we believe
to be important, the less diverse fragment sets appear
to result in greater convergence. This is not surprising,
of course. All this says is that for the more diverse
fragment sets it may be necessary to run the simula-
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tions for a greater number of steps to achieve equivalent
convergence. Unfortunately, the rate of convergence
should also be improved by including larger numbers
of replicates of each fragment type, which will slow
down the calculation in an approximately linear fashion.
So not only do we need to perform more MD dynamics
steps, but each of these steps is also slower. The
tradeoff is that with simple fragment sets, one may
build in bias (based on the set used) that results in
missing interesting possibilities.

Perhaps most provocative of the predictions obtained
using CONCERTS was the result from the peptide
fragments + side chains simulation for HIV-1 aspartyl
protease. In that case, we were able to generate,
entirely de novo, an oligopeptide inhibitor that is in
surprisingly good agreement with a known peptide
inhibitor. The result is good enough, in fact, that it
would easily serve as a usable scaffold for subsequent
drug-discovery work. This serves as clear affirmation
of the potential power of the CONCERTS method.

In developing CONCERTS, we set out to preserve
some of the features of the CONCERTS approach we
published earlier, and to rectify some of the drawbacks
we had encountered. In particular, we shifted from an
atom-based method to one where the building blocks are
fragments, and we expanded the method so that more
than one inhibitor suggestion would be made during any
single CONCERTS run. Our intent was both to improve
the efficiency of the method and to allow a natural way
to include charged groups. From the results we have
obtained, we believe we have succeeded on both counts.
One particular advantage of CONCERTS over CON-
CEPTS is that we now have a good way of including
hydrogen-bonding groups (which include partial charges)
in the ligand buildup scheme. The inclusion of such
groups is clearly crucial for detailed positioning of
inhibitors like the HIV protease oligopeptide, and for
appropriate alignment in the “binding core” region of
FK506. Unlike CONCEPTS, CONCERTS also allows
for the straightforward inclusion of torsional energy
terms for macrofragments. Calculating these terms will
certainly improve the predictive qualities of the force
field used and, ultimately, of the macrofragments
generated.

Also of note is the fact that the most “interesting”
predicted inhibitors are not always those with the very
lowest absolute (or relative) energies. The scoring
function, which is based on the Weiner et al. force field
typically used with AMBER,!? is reasonably good, but
far from perfect. Other elements of the model (fixed
protein, no explicit solvent, potential energies rather
than free energies, etc.) add to the approximate nature
of the energy predictions. For these reasons, it is
valuable to examine a range of low-energy structures,
not just one or two. With this in mind, the CONCERTS
method has been designed so that we obtain a wide
range of bound conformations. Of course, without
reference to known inhibitors—surely the case in the
most potentially valuable applicatioins of a de novo
approach—we cannot know a prioro which of the low-
energy predictions are “best”. In such a case, one might
attempt to discern trends among the predictions or else
might try to perform more elaborate modeling on a few
promising structures (e.g. while letting the protein move
and with explicit solvent included) to attempt to better
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rank them before moving ahead. Simple screens are
also possible. For example, macrofragments which do
not make sufficient close contact with the protein can
be eliminated.

A number of improvements and additional experi-
ments present themselves. For example, one could
modify the program to facilitate the creation of ad-
ditional types of structures. By incorporating the ability
to perform “fusion” between properly oriented closed
ring systems one could increase the number of struc-
tural classes that could be generated without increasing
the number of fragments in the basis set. One could
also envision coupling CONCERTS to methods like
CAVEAT2 or HOOK,2* which are efficient at connecting
disjoint fragments. In such an approach, CONCERTS
could be used to generate a series of small tightly
binding macrofragments, and these could be fed into the
other programs. CONCERTS would then serve a simi-
lar purpose to the multiple copy simulataneous search
approach, MCSS,25 and the combination of CONCERTS
and CAVEAT is conceptually quite similar to the use
of MCSS and HOOK in tandem. This might be more
efficient than requiring CONCERTS to also generate
reasonable linker regions between the tightly binding
subunits. Along these lines, it is worth noting the work
of Caflisch et al.2® These authors used simple connec-
tion criteria and clustering methods to join up a static
set of fragments that had been distributed using MCSS
MD followed by MCSS minimization. Of all the pub-
lished de novo design methods, this is probably closest
in spirit to the method described here. Their work
demonstrated that even such a static approach, one
where, unlike CONCERTS, molecular conformation
does not continually reflect changes in the topology
during the buildup procedure, is capable of generating
molecules which are suggestive of known inhibitors. It
is also worth noting the recently-published MCDNLG
method,?® which shares similarities to both CONCERTS
and the atom-based CONCERTS antecedent, CON-
CEPTS. In MCDNLG, a randomly chosen collection of
atoms is tightly packed into the active site of a receptor,
and this set of atoms is then slowly annealed into a
chemically stable molecule, using a Monte Carlo search
algorithm. MCDNLG has shown promise in trial ap-
plications to DHFR, thymidylate synthase, and HIV-1
aspartyl protease.

One can also develop other basis sets of fragments
than those used here. The key in this respect will be
balancing diversity in the fragment set with decreases
in the speed at which the simulation will converge. For
example, one could use a full set of amino acid frag-
ments in place of the two-step procedure employed here
where side chains were added to a polyglycine chain.
In fact, there are likely many situations where the two-
step process used here would not work so well, situa-
tions where the gross conformation of the backbone is
not strongly dictated by hydrogen-bonding interactions
with groups lining the binding site. On the other hand,
it is far from certain that, if we use a diverse fragment
set at the onset, we will efficiently converge on simularly
good predictions. The process of adding a large set of
side chains onto a well-chosen low-energy oligopeptide
scaffold might well converge more quickly than a
procedure where one needs to handle all the diversity
from the beginning of the simulation.
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It is obvious that the CONCERTS approach requires
choosing a significant number of constants which define,
for example, the relative weights of terms in the force
field, the number of replicates of different fragment
types, the annealing temperature, and so on. The
results we have presented herein are based on a series
of simulations carried out using a constant set of control
parameters. Only by utilizing a consistent set of
simulation conditions, as we have done, can one develop
faith that the method wil be generally applicable. We
have carried out a limited number of characterization
runs (unpublished results) which have led us to believe
that the parameter sets used herein are reasonable.
However, it is likely that future refinement of these
parameters could lead to even better simulation results.
This is beyond the scope of the current paper and is left
for subsequent studies.

It is interesting to note that CONCERTS parallels the
approach of combinatorial chemistry in that both can
be applied to determining which sets of functional
groups may result in the “best” binding ligand, given a
chosen scaffold. However, we are currently limited by
cpu and memory considerations to considering only a
modest number of fragment types in the active site
during any single run. By contrast, in the type of
semiexhaustive search for which one frequently employs
combinatorial chemistry, it is possible to screen com-
plexes with hundreds or thousands of fragment types.
The greatest strength of CONCERTS at present is
probably its ability to suggest scaffolds for future ligand
design.

Overall, it appears that CONCERTS is another step
forward in progress toward a truly useful de novo drug
design approach. The underlying key to all these
methods is sampling efficiency. The fragment-based
approach used by CONCERTS, and the ability of
fragment—fragment connections to change (evolve) over
time, make the search performed by CONCERTS par-
ticularly efficient. It is expected that methods of this
type, where a major bottleneck is performing sufficient
sampling to obtain converged results, will become ever
more valuable as computer resources continue to become
cheaper. In the meantime, CONCERTS appears to be
efficient enough that it offers, even today, the chance
to generate genuinely useful predictions.

Appendix

Detailed Program Description. CONCERTS has
been implemented in a modified version of the AMBER/
SANDER 4.0 minimization/molecular dynamics pro-
gram.1%11 Both CONCERTS and associated program
FLOAT are written in Fortran. An overview of the
conceptual flow of the program is presented in Figure
1. The implemention is described below in detail.

(1) One selects the number and types of the fragments
to be used in the simulation. A molecular fragment can
be any residue, functional group, or molecule. In
general, one chooses either standard functional groups
or polymeric building blocks (e.g., amino acids or nucle-
otides), but this is not required. Most fragments have
a net charge of zero, while some, like amino acid side
chains containing a carboxylate group, have a net
integral charge. Fragments are defined as in standard
AMBER:!! the topology is specified using a “tree”
nomenclature, and each atom is assigned a parameter
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type and a charge. Limits on the numbers of various
fragments are required to keep the number of non-
bonded interactions (and hence cpu time required)
tractable and, to a lesser extent, to keep the required
computer memory down to a reasonable level.

(2) “Connection vectors” are chosen for each fragment
type. A connection vector is a heavy atom—hydrogen
bond. During the CONCERTS simulation, bonds be-
tween fragments can only be formed along such con-
nection vectors and are created by removing the hydro-
gens and covalently linking the two associated heavy
atoms:

(heavy atom)—(hydrogen 1) +
(heavy atom 2)—(hydrogen 2) —
(heavy atom 1)—(heavy atom 2)

Each fragment type can have as many connection
vectors as is desired. Generally, most of the hydrogen—
heavy atom bonds in the system are designated as
connection vectors. When a fragment—fragment con-
nection is formed, the associated hydrogens effectively
“disappear” from the system, and the charges on the
hydrogens which have been removed are added into the
attached heavy atoms to maintain a constant net
charge. (In the following discussion yin, refers to the nth
connection vector located on fragment i; likewise, yjm
refers to the mth connection vector on fragment j.)

(3) A protein of interest is chosen whose structure is
known. One defines a volume (“binding region”) cen-
tered on the binding site for this protein. The binding
region is specified by user-supplied ranges in x, y, and
z coordinates.

(4) The fragments are randomly oriented in the
chosen binding region using our program FLOAT, which
implements an idea described by Hart and Read.?” In
this program, a fragment is randomly placed (sometimes
in the interior of the protein) and then moved using a
series of Monte Carlo translations and rotations that
bias the fragment to “float” toward the surface of the
protein. The bounds defined in step (3) are incorporated
to ensure that the fragment floats to the surface in the
chosen active site. The float procedure is performed for
the every copy of every fragment used.

(5) “Consensus minimization” is performed on the
randomly oriented fragments. In consensus minimiza-
tion, the protein is fixed, and the fragments do not see
one another. The fragments themselves are not rigid.
Thus, the only nonbonded interactions in the system are
intrafragment and fragment—protein. Energy terms
take the standard forms.12 The net energy function
used is:

Etotal = Ebond + Eangle + Etorsion + Eintrafragment +

Efragment—protein + Ecap (1)

where
Ebond = ZKr(r - req)2 (2)
Eangle = zKe(r - aeq)z 3
Kn
Etorsion = 27 [1 + COS(I’]¢ - V)] (4)
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Ecap = z
Ri—cent> Rcap
and both Eintrafragment and Efragment—protein are given by the
same series of nonbonded terms (E,p), summed over the
appropriate subset interactions:

A; By
E - _6 + qiqj/GRij +
i<] Rij Rij

Kcap(Riﬁcent - Rcap)2 %)

Enb =

. D.
ij ij

; 2 oo ©)
H-bonds Rij Rij

Etotal is the potential energy of the system; K, and req
are the bond stretching constant and the equilibrium
bond distance; Ky and ¢4 are the bond angle stretching
constant and the equilibrium bond angle; K,, n and y
are the torsional force constant, the periodicity of the
torsional term, and the phase angle; A;; and Bjj are the
nonbond (Lennard-Jones) repulsion and attraction coef-
ficients; Rjj is the interatomic distance between atoms
i and j; g; and q; are the atomic partial charges on atoms
i and j; and ¢ is the effective dielectric constant. At this
stage, the bond, angle, and torsion terms are summed
only over intrafragment interactions. Ecqp is a positional
restraint term that ensures that the fragments do not
drift more than a specified distance, Rcsp, from the
center of the active site. Rij—cent iS the distance of atom
i from the prespecified center of the “cap”. Kcap is the
cap force constant. Standard (unscaled) forces, as
calculated from the first derivative of the above equa-
tion, are applied to all fragment—protein interactions.
Consensus minimization is required to relax the system
in preparation for consensus MD (below). Minimization
is performed using a combination of steepest descents
and conjugate gradients until a maximum rms gradient
of 0.1 kcal/mol-A is achieved.

(6) “Consensus MD” is performed on the system,
starting with the results from consensus minimization.
The same energy function is used, and once again the
protein is fixed and fragments do not see one another.
During consensus MD, the fragments move about the
active site independently of one another. At the end of
consensus MD, one will have generated an ensemble of
the more favorable positions and orientations for each
fragment type. The resulting configuration will be used
as input into the CONCEPTS program. Note that
consensus MD is similar to the MCSS method.?®

(7) Start the actual CONCERTS simulation. The
simulation starts with the equilibrated system gener-
ated as described in step (6).

(8) MAXSTERP is the total number of MD steps to be
performed. N is the MD step interval between itera-
tions where CONCERTS checks for possible fragment—
fragment connections. If the current step number is
larger than MAXSTEP — N, the CONCERTS simulation
is terminated. Otherwise, take N consensus MD steps.
The protein is held fixed. The energy function used
during consensus MD in CONCERTS is

Etotal = Ebond + Eangle + Etorsion + Eintra(macro)fragment +
+ ECap @)

E(macro)fragment—protein

where Eintramacrojfragment aNd E(macro)fragment—protein €ach
represent the sum of three terms, as given by eq 6. This
function is very similar to that used during the equili-
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bration phase consensus MD (eq 1), and the functional
forms of the individual terms are identical. The differ-
ence is that, in CONCERTS, fragments can be joined
together. Once fragments are joined together (to form
a “macrofragment”, i.e., any set of two or more bonded
fragments), the internal energy contributions (bond,
angle, torsion) are calculated not only for the individual
fragments, but also for any additional internals that are
formed between the joined fragments. Nonbonded
interactions are also calculated between any fragments
which are part of the same macrofragment (subject to
standard 1—2 and 1—3 interaction exclusions?® across
the fragment—fragment bond). Fragments which are
not part of the same macrofragment still do not see each
other, whether or not they belong to other macrofrag-
ments.

(9) Start at a randomly chosen connection vector yin,
the nth connection vector on fragment i. This and the
following steps will be repeated until every connection
vector yin in the system has been considered. When all
connection vectors have been considered for this cycle,
return to step (8) and carry out another N steps of
consensus MD.

(10) Compare the nonbonded energy of fragment i, E;,
to the average energy for all fragments of the same type.
If

E, = (EQ+ Co = 3; (8)

where [E[lis the average value of E; for all fragments
of the same thpe as i, o is the standard deviation in the
values of E; for all fragments of the same type as
fragment i, and C is a user defined constant, then
proceed to step (11). If eq 8 is not satisfied, do not look
for new bonding partners for fragment i (although we
keep any fragment—fragment bonds already made to j),
and return to step (9). Limiting the search to fragments
whose energy is more favorable than an average-based
threshold has precedence in the GroupBuild method.?°

(11) Build up a list of all “potential bonding partners”
along yin. This is a list of all connection vectors yjm
which meet the geometric, energetic and atom sequence
criteria as specified in the following steps. To create
this list, consider a connection vector yjm on residue j (j
# 1) which has not yet been considered for yin. At this
stage, every connection vector yjm (j = i) is potentially a
connection partner for yin, even a yjm currently used in
a connection to another fragment. If all potential
connection vectors yjm have been considered, skip to step
(17). Otherwise, if connection vectors yin and yjm are
already being used to bond fragments i and j to each
other, store yjm in the potential bonding partners list,
and consider the next Xjm. If not, subject yjm to the
following tests.

(12) Is Ej = >;? If not, go back to step (11) and
consider another connection vector yjm.

(13) Check to see if the potential fragment—fragment
connection between residues i and j is allowed. The user
can specify sequences of atoms (atom—atom and atom—
atom—atom) which are disallowed based on atom name,
atom type, or parameter type. If the proposed connec-
tion is disallowed, go back to step (11) and consider
another connection vector yjm.

(14) Determine the fragment—fragment connection
bond distance r and all valence angles 6 that would
result if a fragment—fragment bond was made along yin
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— xim- Compare these to the target “ideal” values ro
(bonds) and 6y (angles). Are

r—ryo<9, 9)

6—06,<9, (10)

where 6, and dy are specified by the user? If not, go
back to step (11) and consider another connection vector

im-

(15) If the connection vector yjm is already being used
to make a fragment—fragment bond with some fragment
k, compare the relative nonbonded energy of that
fragment, Egrelative), t0 the nonbonded energy of frag-
ment i. If Exgrelative) < Ei(retative), 90 back to step (11) and
consider another connection vector yjm. Eielative) iS the
nonbonded energy of fragment i minus the average
nonbonded energy for all fragments of the same type.

(16) The proposed connection satisfies all necessary
criteria. Add yjm to the “potential bonding partners” list
and return to step (11) to consider another connection
vector yjm.

(17) At this point, all possible connection partner/
vectors yjm to connection partner/vector yin have been
considered, and the “potential bonding partners” list of
those meeting the appropriate criteria has been formed.
If the list is empty, no partners are available for yin. In
this case, return to step (9) and consider another yin.
Otherwise, consider the potential partner on the list
with the lowest fragment—protein nonbonded energy.

(18) Calculate the nonbonded + electrostatic interac-
tion between the macrofragments containing the frag-
ments i and j (excluding 1—2 and 1—3 interactions that
would result from creating the bond along yin and yjm).
If this interaction energy is greater than a user specified
limit, Eoverlap, remove yjm from the list of potential
partners and return to step (17).

(19) Accept the macrofragment connection yin — xjm.
Make the changes in topology to form a bond between
fragments i and j, along xin and xjm. If either connection
vector was formerly used to make a bond to a different
fragment, first delete that bond and free up the associ-
ated connection vectors. When a connection vector is
freed up, the hydrogen atom at the end of the bond
(which was removed when the fragment—fragment bond
was created) reappears, and the appropriate charge is
transferred from the attached heavy atom back to the
hydrogen itself. Return to step (9) to consider another
Xin-

When the CONCERTS procedure described above
terminates (after the specified number of steps of MD
have been run; see step 8), one obtains a set of many
macrofragments. Each of these can be considered a
ligand “suggestion”. A small amount of consensus
minimization (using the energy function given in eq 7,
i.e., where the macrofragments do not interact with one
another) is subsequently performed on the system to
reduce internal strain in each macrofragment. The
resulting macrofragments can be visualized and ana-
lyzed. The number of macrofragments resulting from
any run depends on the number and types of fragments
used in the run and on the various user-set parameters
governing the run.
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