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ABSTRACT The search for novel leads is a critical step in
the drug discovery process. Computational approaches to
identify new lead molecules have focused on discovering
complete ligands by evaluating the binding affinity of a large
number of candidates, a task of considerable complexity. A
new computational method is introduced in this work based
on the premise that the primary molecular recognition event
in the protein binding site may be accomplished by small core
fragments that serve as molecular anchors, providing a struc-
turally stable platform that can be subsequently tailored into
complete ligands. To fulfill its role, we show that an effective
molecular anchor must meet both the thermodynamic require-
ment of relative energetic stability of a single binding mode
and its consistent kinetic accessibility, which may be mea-
sured by the structural consensus of multiple docking simu-
lations. From a large number of candidates, this technique is
able to identify known core fragments responsible for primary
recognition by the FK506 binding protein (FKBP-12), along
with a diverse repertoire ofnovel molecular cores. By contrast,
absolute energetic criteria for selecting molecular anchors are
found to be promiscuous. A relationship between a minimum
frustration principle of binding energy landscapes and recep-
tor-specific molecular anchors in their role as "recognition
nuclei" is established, thereby unraveling a mechanism of lead
discovery and providing a practical route to receptor-biased
computational combinatorial chemistry.

Concepts of Lead Discovery

Understanding the principles of molecular recognition is a
long-standing problem in molecular biology (1, 2). Methods to
discover novel lead molecules and assess their binding affinity
and receptor specificity are of considerable utility in receptor
structure-based drug design (3-7). Approaches that computa-
tionally screen data bases for complete inhibitors (8-15) are
required to both assess the structure of the bound ligand-
protein complex and reliably estimate the binding free energy.
Each candidate is ranked on the basis of the best energetic
orientation, evaluated by criteria such as packing density,
electrostatic complementarity, molecular mechanics force
field energy, and empirical solvation free energy corrections
(8-11). These scoring functions, which are approximate for
binding affinity, often are unable to distinguish between the
structures of native and nonnative ligand-protein complexes.
A detailed description of ligand-protein association involves a
delicate balance between van der Waals and electrostatic
interactions, solvation effects, and conformational entropy,
resulting in a highly frustrated energy landscape of molecular
recognition with many energetically similar but structurally
different local minima, which makes reliable structure predic-
tion difficult (16, 17). Hence, even if a thermodynamically
complete and accurate energy function suitable for rigorous

predictions of binding affinity were available, it would not
solve the equally important problem of structure prediction in
lead discovery. Thus, computational approaches to discover
complete ligands are restricted both by the ambiguity of
structural prediction and limitations of binding affinity estimates.

Insights into the principles of molecular recognition have
emerged from experimental combinatorial chemistry, where
natural selection is used to discover receptor-specific ligands
(18, 19). Combinatorial screening of random peptide libraries
for ligands that specifically bind to streptavidin manifested a
recurrent consensus tripeptide sequence (20). Subsequent
structural studies revealed a unique orientation of this motif
and a consistent interaction pattern with the receptor (21). A
unique pair of receptor-specific anchor residues are responsi-
ble for peptide recognition by human class I major histocom-
patibility complex molecules and also stabilize the protein in
its biologically functional conformation (22-24). As a result of
these insights, present efforts in receptor-biased combinatorial
chemistry focus on identification of the groups critical for
recognition, which are intolerant to substitution, followed by
design of chemical libraries based on this core motif (25, 26).
Studies of molecular recognition by streptavidin (20, 21),
major histocompatibility complex molecules (22-24), antibod-
ies (27-31), immunophilins (32-34), and SH3 domains (35-37)
have revealed rather general. principles of the primary molec-
ular recognition event, which occurs when a relatively rigid
portion of the receptor active site recognizes receptor-specific
anchor motifs of the ligand. Primary molecular recognition of
the FK506 inhibitor by the FK506 binding protein (FKBP-12)
is fulfilled by the pipecolinyl moiety of FK506, which anchors
the ligand into a single binding mode and positions the
remainder of the inhibitor relative to it (32-34). Core motifs
were used as structural anchors for tailoring lead fragments
into potent peptide hybrids of the FK506 inhibitor (34); a
similar strategy was used to develop nonpeptidic analogs of the
angiotensin peptide hormone (30) and nonpeptidic cyclo-
analogs that bind with streptavidin (38). In all cases, the
minimal recognition motifs. are intolerant to mutation; a
variety of peripheral groups that interact with flexible portions
of the protein active site then provide increased binding
affinity and confer ligand specificity.
Both experimental and computational evidence suggests

that molecular anchors need not be tight-binding fragments. A
reported derivative of the pipecolinyl moiety is a weak binding
ligand (39). Although a specific tripeptide consistently appears
among millions of candidates that bind streptavidin, this motif
makes a relatively small number of interactions in the binding
site of the protein (21). The computed differences in binding
interaction energies between different binding sites of the Fab
of the monoclonal antibody B13I2 with its primary recognition
tripeptide were not greatly different (31). While structural
stability of the anchor portion of the antigen is critical for
recognition, favorable interactions with the binding site of the
antibody are provided by peripheral parts of the peptide.
The binding free energy of ligand-protein complexes is

dependent on the composition and structure of the entire
ligand molecule and is controlled by the resulting thermody-
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FIG. 1. The piecewise linear functional form for both the steric and
hydrogen-bond interaction terms. The total intermolecular energy is
given by a pairwise sum of these terms over all ligand and protein heavy
atoms. The units of energy are arbitrary.

namics (7). However, the primary molecular recognition event,
determined by a small anchor portion of the ligand acting as

a receptor-specific "recognition nucleus," may not be driven
exclusively by binding affinity. To fulfill its functional role, we
suggest that a receptor-specific molecular anchor must satisfy
both the thermodynamic requirement of the relative energetic
stability of a favorable binding mode and its consistent kinetic
accessibility. The kinetic requirement, as measured by the
criterion of structural consensus in multiple docking simula-
tions, implies that the molecular recognition energy landscape
of molecular anchors must have a reduced frustration, which
gives rise to a large number of conformations that can con-

sistently proceed to the single binding mode (40, 41).

Molecular Recognition Model

Simple energy models coupled with extensive conformational
search have shown their robustness in protein structure pre-
diction (42). The requirements of a simple molecular recog-
nition model for reliable structural prediction of ligand-
protein complexes were also recently elucidated (43). The
energetic model includes intramolecular energy terms for the
ligand, given by torsional and nonbonded functions (44), and
intermolecular ligand-protein interaction terms consisting of
steric and hydrogen bond contributions calculated from a

piecewise linear potential summed over all protein and ligand
heavy atoms (Fig. 1). The parameters of the pairwise potential
depend on the four different atom types: hydrogen-bond
donor, hydrogen-bond acceptor, both donor and acceptor, and
nonpolar. Primary and secondary amines are defined to be
donors, while oxygen and nitrogen atoms with no bound
hydrogens are defined to be acceptors. Hydroxyl groups are
defined to be both donor and acceptor, and carbon atoms are

defined to be nonpolar. The ligand and protein atoms interact
via steric and hydrogen bond-like potentials (Table 1), which
have the same functional form, with an additional three-body
contribution to the hydrogen bond term (45). The parameters
(Table 2) were refined to yield the experimental crystallo-
graphic structure of a set of ligand-protein complexes as the
global energy minimum (46). No explicit tuning for the
FKBP-12 protein or any of the fragments analyzed in this study
was performed, and no assumptions regarding either favorable
ligand conformations or any specific ligand-protein interac-
tions were made. The ligand conformations and orientations
are searched by a simulated evolution algorithm (46) in a

rectangular box that encompasses the binding site obtained
from the structure of the crystallographic ligand-protein

Table 2. Parameters of the atomic pairwise ligand-protein
potentials

Interaction
type A* B* C* D* Et Ft

Steric 3.4 3.6 4.5 5.5 -0.4 20.0
Hydrogen bond 2.3 2.6 3.1 3.4 -2.0 20.0

*A, B, C, and D are in A.
tE and F are in arbitrary energy units.

complex with a 2.0-A cushion added to every side of this box.
The ligand bond distances and bond angles, as well as the
torsional angles of nonrotatable bonds, were obtained from
the crystal structure of the bound ligand-protein complex and
held fixed during the docking simulations.

Results

The topology of binding energy landscapes may be character-
ized by studying the inherent structure, or local potential
energy minima, of the underlying energy landscape (47-49).
Consistent structural prediction of a single binding mode is the
signature of an unfrustrated energy landscape, and therefore
of potential molecular anchors, while structural prediction of
many different binding modes is characteristic of rough energy
landscapes with many alternative low energy states and a high
degree of frustration.

It has been shown experimentally that the pipecolinyl moiety
of FK506 acts as a molecular anchor (34). The following
questions then arise: what distinguishes the region of FKBP-12
that recognizes the pipecolinyl portion of FK506, and can this
moiety be identified computationally compared with other
fragments that constitute the FK506 ligand? To address these
issues, the FK506 inhibitor was fragmented into seven different
pieces consisting of 14-heavy atoms each (Fig. 2), with one of
the fragments chosen to encompass the critical pipecolinyl
moiety (32-34). From multiple docking simulations in the
FKBP-12 protein active site, -all seven fragments are predicted
to bind to the region where the pipecolinyl moiety is located
when FK506 is bound to the protein, suggesting that this region
of the binding site recognizes receptor-specific anchor frag-
ments (Fig. 3). However, only the pipecolinyl fragment is
consistently predicted to be in a single binding mode in this
region by the docking simulations. The pipecolinyl fragment
deeply penetrates the active site, surrounded by residues
Tyr-26, Phe-36, Ile-56, and Tyr-82, and is located within 1.0 A
rms of its position in the FKBP-12-FK506 complex (Fig. 3a).
When the fragments are held rigid during docking simulations,
the energy of the pipecolinyl structure is the lowest of the seven
fragments, but this moiety cannot be identified on an absolute
energetic basis during flexible docking simulations (Fig. 4a).
The extent of structural consensus from multiple docking
simulations can be determined quantitatively by computing the
average rms deviation of the resulting structures relative to the
lowest energy structure (Fig. 4b). Importantly, the criterion of
structural consensus does not require a reference crystal
structure, so core motifs can be identified in the absence of a
priori information regarding the crystal structure of the bound
complex. The-fragment containing the pipecolinyl moiety has
significantly lower rms deviation (or higher structural consen-

Table 1. Pairwise atomic interaction types for the molecular recognition model

Ligand atom Protein atom type
type Donor Acceptor Both Nonpolar

Donor Steric Hydrogen bond Hydrogen bond Steric
Acceptor Hydrogen bond Steric Hydrogen bond Steric
Both Hydrogen bond Hydrogen bond Hydrogen bond Steric
Nonpolar Steric Steric Steric Steric
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FIG. 2. A heavy-atom depiction of the FK506 inhibitor and the
seven fragments generated from FK506, each of which consists of
14-heavy atoms. One of these fragments (fragment 1) incorporates the
pipecolinyl moiety, while the remaining fragments incorporate other
portions of the FK506 molecule. The number of internal degrees of
freedom for the seven fragments are two (fragment 1), three (fragment
2), eight (fragment 3), eight (fragment 4), three (fragment 5), four
(fragment 6), and five (fragment 7).

sus) than all other fragments. This feature of the binding
energy landscape unambiguously distinguishes this moiety as a
recognition nucleus from the other fragments in both rigid and
flexible docking simulations. Therefore, the extent of struc-
tural consensus is suitable for searching libraries of chemical
compounds for molecular anchors even when the structure of
the bound complex is not known.

Multiple docking simulations were then performed to find
novel core motifs for the FKBP-12 protein active site. To
eliminate the bias of the absolute energy toward ligands with
more atoms, the pipecolinyl moiety was seeded in a minimized
set (50) of 1374 molecules consisting of 14-heavy atoms
obtained from the Fine Chemicals Directory (MDL Informa-
tion Systems, San Leandro, CA). Molecules with zero, one,
two, three, or four rotatable bonds were examined. This range
was chosen to encompass the number of rotatable bonds in the
pipecolinyl moiety and to assure the reliability of the structural
consensus measurements resulting from multiple docking sim-
ulations. While the absolute energy of the pipecolinyl moiety
is about average for the screened molecules (Fig. 5a), the
structural consensus for this core moiety is in the top 6% of all
molecules and in the top 3% when compared with molecules
with the same number of rotatable bonds (Fig. Sb). The
computational time requirements are consistent with rapid

data base searches: 1000 molecular fragments can be evaluated
in -8 hr using a small network of 20 typical workstations such
as a Silicon Graphics R4400 (Silicon Graphics, Mountain
View, CA).
The features of four molecules of size 14 heavy atoms with

high structural consensus with the FKBP-12 protein are ana-
lyzed (Fig. 6). The predicted consensual binding mode of these
molecular anchors is achieved by a combination of steric and
hydrogen bond interactions in the protein active site. In
particular, the unusual pattern of aromatic hydrogen bond
interactions detected for the pipecolinyl moiety (33) is also
apparent in these molecular anchors (Table 3). Key recogni-
tion elements of the FKBP-12 active site involved in interac-
tions with the pipecolinyl moiety include Tyr-26, Phe-36,
Ile-56, and Phe-99. Although the discovered anchors have a
similar composition of hydrophobic and hydrophilic atoms, the
number of hydrogen bonds varies from two, made by anchor
1, to five, made by anchor 4 (Table 3). It may be expected that
the binding affinity of these molecules is different. Neverthe-
less, these molecules share the common feature of a high
structural consensus in the FKBP-12 active site and are
potential lead fragments. A rather diverse scaffold of hydrogen
bonds and favorable steric complementarity anchors these
leads in a unique orientation, and elaboration by a variety of
synthetically feasible extensions could confer ligand specificity
and enhance binding affinity.
A small, novel inhibitor of the FKBP-12 protein that consists

of 17-heavy atoms was recently synthesized, and the crystal
structure of the complex was solved (51). This inhibitor binds
in the same location of the active site as the pipecolinyl core
with a single binding mode, has modest binding affinity, and
therefore may be regarded as another molecular anchor for the
FKBP-12 protein. To further validate the ability of the struc-
tural consensus criterion to identify molecular anchors, this
molecule was seeded into a minimized set of 984 17-heavy
atom molecules taken from the Fine Chemicals Directory with
between zero and four rotatable bonds. Once again, the
absolute energy of the known molecular anchor is about
average for the screened molecules, but the structural con-
sensus is in the top 4% of molecules with the same number of
rotatable bonds (Fig. 5 c and d).
The extent of structural consensus is a measure of the kinetic

accessibility of the native binding mode, and high consensus
presumably arises due to the presence of multiple kinetic
routes in the binding energy landscape leading to the favorable
binding mode. It has been shown in protein folding studies (52,
53) that kinetic accessibility is correlated with the relative
energetic stability of the native structure compared with
alternative local minima. An analysis of the binding energy

FIG. 3. (a) The structures of fragment 1 obtained from 100 flexible docking simulations were ranked by energy, and five representative
structures (ranked 10, 20, 30, 40, and 50) are displayed. There is only a single binding mode (shown in blue). (b) Representative structures for
fragment 2, which has the next best structural consensus, chosen as for fragment 1. There are two binding modes (shown in blue and orange).
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FIG. 4. (a) The energies of the lowest energy structures of the seven
fragments for rigid (-) and flexible (0) docking simulations. The
fragments are numbered as in Fig. 1. (b) The consensus value (C)112 of
the seven fragments for rigidt ) and flexible (o) docking simulations,
defined to be: (C)N/M = li=2 1(N - 1) VAr?. The structures are
ordered in terms of energy and the lowest energy structure defines the
reference. rms differences \/7&Th between the reference structure and
structure i are computed for the N lowest energy structures out of a
total ofM simulations. For each FK506 fragment, a total ofM = 100
simulations were performed, N = 50, and the ratio NIM = 1/2.

spectra reveals that the two known molecular anchors, which
have a high structural consensus, also have a pronounced
stability gap between the native binding mode and structurally
different binding modes (Fig. 7). Thus, high structural con-
sensus is associated with relative energetic stability, and this
energy gap ensures the thermodynamic stability of the native
binding mode. By contrast, fragments of average energy and
average structural consensus have little or no energy gap (Fig.
7) and are unlikely to be structurally stable molecular anchors.

Discussion and Conclusions

By applying the criterion of structural consensus, we have
demonstrated that two different molecular anchors of
FKBP-12 can be distinguished from random compounds of
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FIG. 5. The energy (a) and consensus (b) of 1374 molecules
consisting of 14-heavy atoms and the energy (c) and consensus (d) of
984 molecules consisting of 17-heavy atoms, obtained from 20 docking
simulations of each compound. The energy and consensus of the
pipecolinyl acid residue is marked by arrows in (a) and (b), while in (c)
and (d), the energy and consensus of the 17-heavy atom inhibitor are
similarly marked.

FIG. 6. Anchor fragments obtained from a search of the Fine
Chemicals Directory for molecules consisting of 14-heavy atoms. A
total of 20 docking simulations of each molecule into the FKBP-12
protein binding site were performed. These molecules have amongst
them the ten best consensus values for a given number of rotatable
bonds. a, zero rotatable bonds; b, one rotatable bond; c, three
rotatable bonds; and d, four rotatable bonds.

similar size. We have shown that the basic requirement of a

molecular anchor is the formation of a single binding mode
that is both thermodynamically stable, compared with alter-
native binding modes, and kinetically accessible. Reminiscent
of protein folding studies, molecular anchors may work as
receptor-specific recognition nuclei (54) by providing not only
relative thermodynamic stability of a favorable binding mode,
but also ensuring the presence of dynamical routes or kinetic
funnels leading to the native structure (55, 56). Molecules that
meet these requirements and may serve as lead fragments in
the drug discovery process represent a relatively small fraction
of conceivable fragments, namely those that satisfy a minimum
frustration principle. Randomly chosen molecular fragments
of the same size and composition have rough energy surfaces

Table 3. Four novel molecular anchors obtained from the Fine
Chemicals Directory using the criterion of structural consensus

Chemical structure Donor Acceptor Distance, A
02

I56 NH ol r(N-O)=3.10
/ 2Y82 OH 02 r(0-O)=2.64

03H 156 NH Ol r(N-O)=2.96
H I56 NH 02 r(N-O)=3.14

Y82 OH 03 r(O-O)=2.57

02 01 Y26 CeH Ol r(H-O)=2.24
F36 CeH ol r(H-O)=2.63

HO Y82 OH 02 r(O-O)=3.06
F99 CeH ol r(H-O)=2.51

F36 CeH Ol r(H-O)=2.40
F36 CeH 02 r(H-O)=2.75

01 03 I56 NH 03 r(N-O)=3.16
Y82 OH 02 r(0-0)=2.73

2HcH Y82 OH ol r(O-O)=2.98

Proc. Natl. Acad. Sci. USA 93 (1996)
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FIG. 7. (a) Energy spectra for the pipecolinyl core and three
random fragments of size 14 heavy atoms and average energy and
consensus. (b) Energy spectra for the 17-heavy atom inhibitor and
three random fragments of the same size and average energy and
consensus. Energies associated with the native binding mode are

collapsed into a single value. This highlights that the stability gap
between the native binding mode and alternative binding modes for
molecular anchors is considerably larger than for random fragments.

with many alternative binding modes and are unable to be
stable receptor-specific structural cores.
While standard screening techniques aimed at finding com-

plete ligands properly focus on estimates of the binding
affinity, molecular anchors need not be tight binding frag-
ments, and binding affinity estimates therefore may not be
discriminatory for screening virtual chemical libraries to find
molecular anchors. The failure of the absolute energetic
criteria to select molecular anchors may not be merely an
artifact of the simple description of ligand-protein interactions
employed in this study, but it may reflect more general
molecular recognition rules that yield receptor specific mo-
lecular anchors. As in the nucleation mechanism suggested for
reliably folding protein sequences (54), it may be important in
the design of complete ligands that the relative stabilization
energy be localized in a specific recognition nucleus. It is
tempting to suggest that in early stages of evolution, proteins
may have developed by natural selection to form first preor-
ganized, rigid active sites that reduce frustration in the energy
landscapes of molecular recognition with the anchor portion of
their substrate. Nature may then have exploited the flexible
portions of the protein active site to confer substrate specificity
and tailor other properties. Molecular anchors, serving as

receptor-specific recognition nuclei, may have provided the
primary molecular recognition event at the relatively high
temperatures corresponding to early stages of evolution.
The role of core fragments in binding is primarily structural;

they act as thermodynamically stable and kinetically accessible
platforms that are specific to a given receptor. Although
molecules that have a strong binding affinity and a single
binding mode need not necessarily contain an anchor, such
molecules may be more susceptible to multiple binding modes,
which complicates structure-based drug design. Computa-
tional discovery of core anchor groups with subsequent design
of chemical libraries based on these cores provides a direct
road to receptor-targeted combinatorial chemistry. Synthesis
of lead molecules derived from anchors represents a strategy
that is amenable to iterative chemical modifications, contrast-
ing with lead discovery of natural products, where the inherent
structural complexity of leads often precludes synthetic acces-

sibility of chemical analogs. The approach proposed in this
work may accelerate lead discovery and serve as a foundation
for future drug discovery processes.
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