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Ligand{protein docking simulations are employed to analyze the binding energy

landscape of the pipecolinyl fragment that serves as a recognition core of the FK506

ligand in binding with the FKBP12 protein. This fragment acts as a molecular an-

chor that speci�cally binds within the protein active site in a unique binding mode,

in harmony with the structure of the FK506{FKBP12 complex. Molecular anchors

are characterized by a large stability gap, de�ned to be the free energy of a ligand

bound in the native binding mode relative to the free energy of alternative binding

modes. For ligands that share a common anchor fragment, a linear binding free en-

ergy relationship may be expected for hydrophobic substituents provided they do

not abrogate the anchor binding mode. Changes in solvent{accessible surface area

for these peripheral groups are used to rationalize the relative binding a�nities of

a series of FKBP12{ligand complexes which share the pipecolinyl anchor fragment.

A series of benzene derivatives that bind to a mutant form of T4 lysozyme is also

analyzed, and implications for structure{based drug design are discussed.

1 Introduction

Bimolecular association is a critical step for many chemical and biological pro-

cesses including chemical reactions, catalysis and cell signaling. Speci�city and

a�nity are essential components of recognition and understanding their inter-

relation is an important problem in molecular biology and protein engineering.

Binding a�nity is the free energy of bound ligand{protein complexes relative

to their unbound forms, while binding speci�city is governed by the relative

a�nity of a given ligand to a particular receptor with respect to another recep-

tor, such as a mutant form of the protein, or di�erences in the binding a�nity

of a given receptor with di�erent ligands.

The binding free energy landscape of ligand{protein complexation is typ-

ically characterized by a multitude of energetically similar but structurally

di�erent binding modes reecting the fact that the complex can adopt a vari-

ety of alternative structures. These alternative minima arise because there are

competing interactions and, for example, it is not possible for the complex to

satisfy all possible favorable ligand{protein interactions while simultaneously

maintaining a low energy internal conformation for the ligand. In complex sys-

tems, energy landscapes with competing interactions are ubiquitous and are



termed `frustrated' 1. Consequently, a simpli�ed model of ligand{protein in-

teractions that can adequately reproduce di�erences in the energetics of native

and non{native binding modes is desirable for the analysis of molecular recogni-

tion 2, even when it is unable to estimate precisely binding free energies. This

approach has been used to rationalize experimental di�erences in receptor{

speci�c binding to HIV{1 protease relative to HIV{2 protease 3. It has also

been used to address the origins of speci�city in ternary FKBP12{FK506{CN

and FKBP12{rapamycin{FRAP complexes, and the lack of receptor speci�city

in binary complexes of FK506 and rapamycin with wild{type FKBP12 protein

relative to FKBP12 protein mutants 4.

Structural studies of FKBP12{ligand complexes5;6;7, as well as mutant T4

lysozyme{ligand complexes 8 and streptavidin{peptide complexes 9;10;11, sug-

gest that molecular recognition may be ful�lled by a conserved, relatively rigid

portion of the receptor active site interacting with an anchoring fragment of the

ligand acting as its recognition core in the binding process. Molecular anchors

are small molecules or molecular fragments that bind within the enzyme active

site in a speci�c binding mode that is structurally stable and characterized by

a pronounced gap between the free energy of the favorable binding mode and

that of alternative binding modes. The stabilty gap is a signature of a min-

imally frustrated binding energy landscape that has a dominant free energy

minimum. This gap ensures thermodynamic stability of the favorable binding

mode and has been shown to be an important prerequisite for speci�city of

ligand{protein recognition 3.

Criteria which distinguish known molecular anchors from random molec-

ular fragments were established in computational studies of molecular recog-

nition with the FKBP12 protein 12 and streptavidin 13 based on a statistical

analysis of the binding energy landscapes. Structural harmony arises when the

bound structure of the molecular anchor shares the same binding mode even

when embedded in larger ligands that incorporate this motif. Structural har-

mony and the structural consensus of molecular anchors in multiple docking

simulations can be used to characterize the overall shape of the binding energy

landscape and distinguish these recognition motifs from non{speci�c molecu-

lar fragments 12. These features of the energy landscape reect a more general

minimum frustration principle 1 and are reminiscent of structural harmony in

proteins, where local interactions that stabilize secondary structures must be

consistent with tertiary interactions that stabilize complete protein folds 14.

Molecular anchors, while responsible for speci�c binding, are usually not

su�cient to provide tight binding unless they are incorporated in a larger

ligand. When the relative energy of the native binding mode compared to

alternative modes, the stability gap, is localized in an anchor fragment, ap-



propriate hydrophobic modi�cations of peripheral ligand groups may confer

additional binding a�nity. If the peripheral group alters the binding mode

of the molecular anchor, estimation of the free energy of binding is di�cult.

However, when the binding mode is preserved, the ligand can be subdivided

into two quasi{independent subsystems representing the anchor fragment and

the peripheral groups. Estimation of binding free energy di�erences in this

case is greatly facilitated.

In this study, ligand{protein docking simulations are performed to explore

the binding energy landscape of the pipecolinyl moiety, a putative molecular

anchor in FKBP12. In addition, derivatives of this compound are analyzed

by docking simulations and are shown to have a high degree of structural

harmony with a common binding mode for the molecular anchor. The binding

free energy of these compounds is predicted to correlate linearly with changes

in the solvent{accessible surface area of peripheral hydrophobic substituents.

The a�nity of a series of compounds that bind to a mutant T4 lysozyme is

also analyzed. The structures of these complexes have been determined by

X{ray crystallography 15; one set of derivatives has structural harmony and

obey a linear binding free energy relationship, while a second set does not

exhibit structural harmony and does not follow a linear binding free energy

relationship.

2 Molecular docking

The structure of the FKBP12 protein used for these simulations was obtained

from a crystal structure of FKBP12 bound with the FK506 ligand 5. Ligand

conformations and orientations are searched by a simulated evolution algorithm

in a parallelepiped that encompasses the binding site obtained from the crys-

tallographic structure of the FKBP12{FK506 complex with a 2.0 �A cushion

added to every side of this box16. A constant energy penalty of 200.0 kcal/mole

is added to every ligand atom outside the box, but no assumptions regarding

either favorable ligand orientations or any speci�c ligand{protein interactions

are made. The protein conformation is held �xed and all crystallographic wa-

ter molecules are included as a part of the protein structure. The structure

with the lowest energy obtained from multiple docking simulations de�nes the

predicted structure for the FKBP12{ligand complex. Bonds linking sp3 hy-

bridized atoms to either sp3 or sp2 hybridized atoms and non{conjugated single

bonds linking two sp2 hybridized atoms are allowed to rotate, while bond dis-

tances, bond angles and all other torsional angles are �xed during the docking

simulations.

The molecular recognition model used in this study includes both in-



Figure 1: a) The function form of the ligand{protein interaction energy. b) The hydrogen

bond interaction energy is multiplied by the hydrogen bond strength term, which is a function

of the angle � determined by the relative orientation of the protein and ligand atoms. The

range of � is between 0 and 180�. c) A protein donor atom D bound to one hydrogen atom H

makes an angle � with the ligand atom L. d) A protein donor atom D bound to two hydrogen

atoms H makes an angle � with the ligand atom L. e) A protein acceptor atom A makes an

angle � with the ligand atom L.



Table 1: Interaction types for various protein and ligand atom types. Primary and secondary

amines are de�ned to be donors while oxygen and nitrogen atoms with no bound hydrogens

are de�ned to be acceptors. Crystallographic water molecules and hydroxyl groups are

de�ned to be both donor and acceptor, and carbon atoms are de�ned to be nonpolar.

Protein

Ligand Donor Acceptor Both Nonpolar

Donor Repulsive H{bond H{bond Steric

Acceptor H{bond Repulsive H{bond Steric

Both H{bond H{bond H{bond Steric

Nonpolar Steric Steric Steric Steric

Table 2: Parameters for the three di�erent ligand{protein interactions. The hydrogen bond

function is multipied by the three{body hydrogen bond strength term (Fig. 1). Parameters

C and D are not relevant for the repulsive interaction term, and are indicated by dashes.

The units of A, B, C, and D are �A. The units of E, F, and G are kcal/mole.

Interaction A B C D E F G

Steric 3.3 3.6 4.5 5.4 {0.1 0.0 20.0

H{bond 2.3 2.6 3.1 3.4 {4.0 0.0 20.0

Repulsive 3.2 6.0 | | 0.0 2.0 20.0

tramolecular energy terms for the ligand, given by torsional and non{bonded

functions 17, and simpli�ed intermolecular ligand{protein interaction terms.

The intermolecular terms represent steric interactions, favorable hydrogen bond

interactions between donors and acceptors, and the repulsive interaction be-

tween pairs of donors or acceptors. The parameters of the energy function were

obtained by requiring the crystallographic conformation of a set of ligand{

protein complexes to be the global potential energy minimum 16. These func-

tions are designed for structure prediction of ligand{protein complexes, and are

not intended to be complete force �elds. The contributions are calculated from

a piecewise linear potential summed over all protein and ligand heavy atoms,

together with an angular dependence for the hydrogen bond interaction (Fig.

1). Hydrogen atoms are not included in the calculation. The parameters of

the pairwise potential depend on the four di�erent atom types: hydrogen{

bond donor, hydrogen{bond acceptor, both donor and acceptor, and nonpolar

(Table 1). All three potentials have the same functional form with di�erent

parameters (Table 2).



3 Binding a�nity and molecular anchors

The binding free energy of an enzymatic protein P with a ligand L is given by

�G = �kBT ln

�
[LP ]

[L][P ]

�
;

where [L], [P ], and [LP ] are the concentrations of unbound ligand, unbound

protein, and bound ligand{protein complex, respectively. Estimating binding

free energy di�erence due to chemical modi�cation of a ligand, ��G requires

signi�cant computational e�ort and adequate sampling of the entire con�gu-

rational space available to the system. When a chemical modi�cation a�ects

the recognition motif of the ligand, substantial changes in the resulting energy

spectrum are expected and the e�ect of such a chemical modi�cation on the

binding energetics is complicated. The binding free energy assessment is sim-

pli�ed considerably if the binding mode of the recognition motif is structurally

stable and a series of ligands which contain this molecular anchor along with

additional peripheral group retain the binding mode favorable for the molecu-

lar anchor. A necessary condition for this structural stability within the active

site is that the stability gap �anchor � kBT , where

�anchor = �kBT ln

�
[APnon�native]

[APnative]

�

governs the free energy of the native binding mode of the anchor, APnative,

relative to other, non{native binding modes, APnon�native. If the stability

gap �anchor is not large, then the bound form of the molecular anchor is

not dominated by the native binding mode, and addition of peripheral groups

can easily alter the binding mode of the complete ligand. Provided that this

stability gap is su�ciently large and that peripheral groups do not abrogate

the native binding mode, the free energy �G may be written as the sum of

one term due to the anchor and a second due to the peripheral groups. If the

ligand peripheral groups are hydrophobic and do not form speci�c interactions

within the binding site, one expects their contribution to the total free energy

of inhibition to scale with the solvent{accessible surface area � of the peripheral

group, and

�G � �Ganchor +�Gperipheral � �Ganchor + �protein
aqueous

� (1)

The coe�cient �protein
aqueous

depends only on the protein environment within the

native binding site. For a series of compounds where the native binding mode

is una�ected by the peripheral group and which di�er only in the number of

hydrophobic atoms, then using Eq. 1,



��G � �protein
aqueous

��:

The binding process may be decomposed into two parts8: the �rst correspond-

ing to transfer from aqueous solution to cyclohexane, followed by transfer from

cyclohexane to the protein binding site, so

�protein
aqueous

= �cyclohexane
aqueous

+ �
protein

cyclohexane
: (2)

Peripheral ligand groups typically interact with exible regions of the pro-

tein12, and one may anticipate that the binding site resembles a time{averaged

cyclohexane environment 8. In this case, �
protein

cyclohexane
� 0, and so �protein

aqueous
�

�cyclohexane
aqueous

.

3.1 FKBP12{ligand complexes

The binding a�nity for a series of FKBP12{ligand complexes that share a

common core, the pipecolinyl fragment, has been measured experimentally 18.

Importantly, there is no crystallographic information regarding the bound con-

formation of the ligands: the suitability of the proposed model was tested

by predicting the binding a�nity of the FKBP12{ligand complexes. First,

the stability gap of the pipecolinyl fragment, which contains 14 heavy atoms

(Fig. 2), was studied by performing 100 docking simulations for the bare an-

chor. The docking simulations reveal a single favorable binding mode (Fig.

3), within 1.5 �A of the location of the pipecolinyl fragment in the FKBP12{

FK506 complex 5. There are few alternate binding modes, all of which have

ligand{protein interaction energies considerably higher than that of the native

binding mode. Hence, this fragment appears to have a large stability gap with

�anchor � kBT .

To investigate the ability of the molecular anchor to retain its binding

mode when embedded in ligands containing hydrophobic peripheral groups,

exible docking simulations for a series of seven derivatives of the pipecol-

inyl fragment were performed. The structure with the lowest energy obtained

from 100 docking simulations de�nes the predicted structure for the FKBP12{

ligand complex. The predicted structures of the bound ligands reveal a pattern

consistent with the pipecolinyl fragment (Fig. 4), indicative of structural har-

mony in this series of related ligands. Molecular recognition of these ligands

by FKBP12 is apparently controlled by speci�c interactions formed by the

pipecolinyl anchor fragment. The stability gap, �anchor, which governs the

free energy of the native binding mode within the active site relative to alter-

native binding modes within the same active site, is large enough to preserve
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Figure 2: Structure of the 14 heavy

atom pipecolinyl fragment, with hy-

drogens suppressed.
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Figure 3: Energy vs. root mean square

(rms) deviation from the predicted

structure obtained from 100 docking

simulations of the pipecolinyl fragment

in FKBP12.

Figure 4: Predicted structures for each of six compounds (thin lines) derived from the

pipecolinyl fragment (ball and stick) superimposed within the FKBP12 binding site. For

clarity, hydrogens and the protein are not shown: a common binding mode for the pipecolinyl

fragment is revealed.



a favorable binding mode. According to the proposed model, then, changes in

solvent{accessible surface area are expected to correlate linearly with changes

in binding a�nity for this series of hydrophobic derivatives (Fig. 5). The

experimental binding a�nity for this series of inhibitors is well approximated

by the e�ect of non{speci�c binding for peripheral hydrophobic groups, with

�FKBP12

aqueous
= �21:7 cal/mole/�A2.

3.2 T4 lysozyme{ligand complexes

A similar linear free energy relationship arises in a series of ligands bound to a

designed cavity of T4 lysozyme 8. These ligands share a common benzene ring

but have peripheral hydrophobic chains of di�erent lengths. Crystallographic

structure determination revealed structural harmony for these molecules 15:

the addition of up to four peripheral carbon atoms has no signi�cant e�ect

on the binding mode of the benzene fragment. For this series of ligands,

�lysozyme

aqueous
= �11:5 cal/mole/�A2 (Fig. 6). In a study of solvation free en-

ergies, Simonson and Br�unger 19 found that the atomic surface tension for

neutral amino acids was �cyclohexane
aqueous

= �19:0� 6:0 cal/mole/�A2, which is in

agreement with experimental estimates for n{alkanes. From Eq. 2, the mag-

nitudes of both �FKBP

cyclohexane
and �

lysozyme

cyclohexane
are near zero, as expected if the

protein environment for the peripheral atoms is similar to that of cyclohexane.

A second series of compounds bound to the mutant T4 lysozyme shows that

binding free energies can be determined by subtle di�erences in the electronic

structure of the ligand. The binding modes for the isosteric ligands indene, in-

dole and benzofuran are altered relative to that of the anchor benzene molecule

and do not obey a simple binding free energy relationship. Di�erences in the

binding a�nity for these compounds are not dominated by di�erences in their

hydrophobicity, as was intended in their original design, but rather appear to

be determined by di�erences in their interaction with the protein. Even in this

series of closely related ligands, small di�erences in ligand composition alter

the energy distribution of the binding modes and no single favorable binding

mode is shared by all of these compounds. The favorable binding mode di�ers

for each chemical modi�cation in this series and no structural harmony is ob-

served; as a result no linear free energy relationship is found or expected. A

linear free energy relationship is only anticipated for ligands with hydrophobic

substituents and a common anchor fragment that is structurally stable.



Figure 6: Changes in measured binding a�nities 8 vs. changes in solvent{accessible

surface area 19 for a series of six ligands that bind a mutant T4 lysozyme, rela-

tive to compound 1, with structures indicated. The coe�cient �
lysozyme

aqueous = �11:5

cal/mole/�A2 with a linear correlation coe�cient r
2 = 0:96.



4 Implications for structure{based drug design

This study demonstrates that computational prediction of binding a�nity is

considerably simpli�ed for ligands within a series that contains a common

anchor fragment. Excellent correlation was obtained using a simple binding

a�nity model based on changes in solvent{accessible surface area, even in

the absence of explicit crystallographic information about the ligands. Given

an anchoring fragment with a signi�cant stability gap �anchor, peripheral hy-

drophobic groups that do not abrogate the initial binding mode lead to ligands

with improved binding a�nity and which may be described by a simple linear

free energy relationship. For such ligands, precise knowledge of interaction

energies may therefore not be necessary since transfer free energies between

cyclohexane and water could serve as a good estimate of the binding free en-

ergies. For polar substituents, the presence of an anchor fragment will still

simplify the computational prediction of binding a�nity, although the linear

correlation between changes in solvent{accessible surface area and changes in

binding free energy shown in this work would no longer be expected.

A lead molecule with a large stability gap for a native binding mode is ex-

pected to be speci�c for a given protein active site and consequently is amenable

to further optimization. Chemical modi�cations of the peripheral groups can

confer additional a�nity in a series of related compounds where the native

binding mode is preserved. When searching for a new drug lead, molecules

with anchor fragments that are characterized by large stability gaps for the

favored binding mode but possibly modest binding a�nity may be preferable

to molecules with a number of isoenergetic and structurally di�erent binding

modes but relatively high binding a�nity. This concept has been exploited in

the technique called SAR by NMR 20, where small molecules that bind to a

speci�c site in a receptor with low a�nity are identi�ed. Then, in the presence

of saturating concentrations of this small molecule, a second small molecule is

identi�ed that binds to a nearby site. These two small molecules are linked

to form a single ligand, which can bind with signi�cantly improved binding

a�nity 21. The identi�cation of small anchor molecules may also be useful

for a receptor{biased combinatorial chemistry that begins with computational

discovery of anchor fragments. Subsequent production of chemical libraries

that employ a diversity of peripheral groups to interact with exible portions

of the active site may be an e�cient method for the generation of novel drug

leads.
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