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Tutorial: Computational Methods in Molecular Docking 

Cambridge, July, 16th, 1994 

Section I: Foundations of Protein-Ligand Interactions and Recognition 

Gerhard Klebe, BASF AG, Hauptlaboratorium, D-67056 Ludwigshafen, F.R.G. 

Introduction 

About 100 years ago Emil Fischer stated his famous "Lock and Key" model on the specific and 
selective binding of a low-molecular weight ligand to a macromolecular target. 

1OOfh Anniversary of Emil Fischer's Lock & Key Principle 

.__ "To use a picture, I would like to say that enzyme and glucoside fit together like 
lock and key in order to have a chemical effect on each other" - 
E. Fischer, Ber, (1894) 27 2992 



Molecular recognition in protein-ligand complexes is the selective and tight binding of a low 
molecular-weight ligand to a specific protein. This binding process serves a particular purpose: 
either a substrat is chemically transformed at the binding site of an enzyme, or a ligand regulates 
or inhibits this enzyme, or a ligand operates as an agonist or antagonist and stimulates a particular 
receptor system (signal transduction). Protein-ligand interactions play a fundamental role in 
biochemical processes. The ligand/receptor interactions are characterized by a high specificity 
that enables a ligand to recognize and bind to ’its’ target protein much tighter compared to other 
related proteins. Usually they are non-covalent in nature. The experimentally determined binding 
constants K, are typically in the range of 10” to 10-12M corresponding to a free energy of binding 
of 20 - 80 kT/mol in aqueous solution. 

captopril trimethoprim 

Compounds that interact specifically with a certain protein are useful in the therapy of many 
diseases. In particular enzymes, regulating many biochemical reactions, are an important target in 
contemporary medicinal chemistry. A number of enzyme inhibitors such as captopril (inhibitor of 
angiotensin converting enzyme for the treatment of hypertension) and trimethoprim (inhibitor of 
bacterial dihydrofolate reductase for the treatment of bacterial infections) are used successful 
drugs on the market. Another important class of protein targets are receptors such as the broad 
class of G-protein coupled receptors. Small molecule ligands can interact with these proteins as 
agonists (stimulating the receptor similarly to the endogenous ligand) or as antagonists (being 
recognized by the receptor without leading to a biological response). 

Our current structural knowledge about the geometry of proteidligand complexes mostly 
originates from globular proteins. Although a limited number of membrane proteins have been 
solved crystallographically, no high-resolution structure of a pharmacologically relevant, 
membrane-bound receptor is yet available. Therefore we restrict our discussion to data from small 
molecule ligands bound to globular proteins. However, we are confident that data from these 
systems about the proteidligand in&rface are also representative for membrane-bound receptor 
proteins. 

A detailed understanding of the underlying principles of molecular recognition in proteidligand 
complexes is of paramount importance for structure-based drug design. If the 3D structure of a 
given protein is known, this information can be directly exploited for the design process. As a 
consequence of the growing information about the geometry of proteins (October 1994 release of 
the Brookhaven Protein Database: 2900 entries) and small organic ligands (April 1995 release of 
the Cambridge Crystallographic Database >140 000 crystal structures of organic molecules), 



, 
structure-based design and discovery of protein ligands has emerged as new powerful tool in 
medicinal chemistry. Recently, a number of groups have convincingly demonstrated that the 
knowledge of the three-dimensional structure of the protein can be used to derive new protein 
ligands with improved binding properties. In most examples, a tailored optimization of a known 
lead structure is described. However, several cases have already been reported where the 3D 
structures have be used to design novel ligands 'de novo'. This new approach in drug design 
provides some challenges for the development of new software tools. New algorithms and 
methods that assist this 'de novo' design process have emerged in literature and will hopefully 
appear in the future. They are concerned with the following questions: 

* what is its binding affinity toward a particular receptor? 
* What are putative conformutiom of a ligand at the biding site? 
* what are the sirnihrities of dvferent ligan& in t e r n  of their recognitwn capabilities? 
* Where and in which orientation will a ligand bind to the uctive site? 
* How to select a new putative protein ligand? 

. 

In the following tutorial we want to concentrate on these different aspects. The frrst section will 
give the foundations to approach the above-mentioned questions. In the second section an 
overview on the presently used algorithms to handle and predict protein-ligand interactions and to 
dock small molecule ligands into proteins will be discussed. 

. .. 



1. What is the Bindinp AffiNW of a Ligand toward a Particular Receptor? 

Factors Determining the Mutual Recognition and Energetic Aspects of LigandlReceptor 
Binding 

(taken from “Structure Correlation”, ed. H.B. Biirgi and J.D. Dunitz, VCH Weinheim, Voi. 2, p. 
543 - 561 (Ref. [1]-[59])) 

13 Structure Correlation 
and Ligand/Receptor Interactions 

Gerhard Kiebe 

13.1 Factors Determining the Mutual Recognition 
and the Energetic Aspects 
of Ligand/Receptor Binding 

Ligands of low-molecular weight (“small molecules” [if) bind to the active site of 
a macromolecular receptor through a mutual recognition process. Once bound, they 
may be chemically modified (eg. by an enzymecatalyzed reaction) or may initiate 
processes such as the opening of a membrane channel or the release of further a m -  
pounds. Finally, the ligand or the derived reaction products dissociate from the re- 
ceptor. These transformations occur on a time scale that is usually in the range of 
milliseconds. The binding process involves as typical interactions hydrogen bonding 
and various hydrophobic short-range contacts which together contribute substantial- 
ly to the binding energy. The formation of covalent chemical bonds is normally not 
part of the actual binding process: however, it frequently occurs in subsequent steps, 
eg. during enzyme reactions. 
Section 13.1 of this chapter reviews general structud and energetic aspects of li- 

ganureceptor recognition and binding. A compilation of common structural pat- 
terns for the interaction of ligands with it protein-like environment is also attempted. 
In Section 13.2, the conformations of ligands bound to protein receptors are com- 
pared with those observed in small molecule crystal structures or obtained from com- 
putational approaches. Section 13.3 of this contribution focuses on the abfity of a 
protein (eg. as a catalyst) to induce structural and eiectronic changes in a ligand mol- 
ecule that alter its chemical reactivity. Differences in the binding mode of structural- 
ly related ligands are compared and associated with differences in their physico- 
chemical properties (cg. pK, iipophilicity, spin state). CQnSequences of the mutual 
influences of ligand and receptor through ligand binding are discussed. 
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13.1.1 Structural Complementarity and Energy Balance 
, in Ligand/Receptor Binding 

The incipient stages of the ligandjreceptor .recognition processes are believed to in- 
volve mainly electrostatic long-range interactions. After the ligand moIecule has dif- 
fused to the protein surface under the influence of their mutual electrostatic fields, 
it is transferred from the solvent (water) to the more hydrophobic protein environ- 
ment. The loss of solutdsolvent interactions and the transfer from the protein sur- 
face to the active site is accompanied by changes in energy and entropy. In most 
cases, the ligand has to displace water molecules which occupy the active site in its 
unliganded state At the binding site, the ligand is conformationally immobilized, 
and simultaneously interactions with the amino acid residues in the binding pocket 
are optimized. This process can involve substantial changes in conformation, both 
of the ligand and the receptor. 
This mutual “induced fit” procedure can be illustrated using data from “small 

molecule” crystal structure determinations. The 18-crown-6-polyether is a recogni- 
tion site for various cations. As structure analyses reveal [2,3], this “ion-receptor” 
adopts different conformations on coordination to different singly charged cations 
(Figure 13.1). The uncomplexed cycloether (HOXOCD [4]) shows an elongated 
shape, allowing for favorable intramolecuIar 0.. .H-C contacts; the sodium com- 
plex (NATHOD) can be seen as a first step towards an extensive reorganization of 
the host with complete replacement of its entire water coordination sphere In this 
structure, one water molecule remains bound to Nac, while the crown-ether coor- 
dinates from the opposite side. The larger potassium ion induces full expansion of 
the receptor (KTHOXD), resulting in a torus-like complexation of the ion. A similar 
induced fit is obsemed for a cryptate anion receptor which adopts different confor- 
mations (Figure 13.2), depending on the sue and shape of the bound anion [SI. 
Whereas the small F- (CIDMUX) interacts with the receptor through only four 
“recognition sites”, the larger C1- and Br- (CIDNAE, CIDNEI) form six hydrogen 
bonds. The cylindrical azide ion (CIDMOR) appears to possess a shape and a Ione- 
pair directionality that is especially suited to the hydrogen-bonding donor pattern of 
the receptor site 

Our knowledge about mutually induced fit triggered through ligand binding to a 
protein receptor is still rather limited. Although the crystal s t r u m  of integral 
membrane proteins have beej solved [6,7], no high resolution structure of a pharma- 
cologically relevant, membrane-bound receptor is yet available However, the crystal 
structures of some allosteric proteins in their liganded and unliganded form are 
known (hemoglobin [$I, tryptophan repressor 191). The enzyme aspartate carbamoyl- 
transferase exhibits two conformational states (relaxed and tense), and their mutual 
transition is triggered by the binding of low molecular weight ligands [lo- 141. For 
citrate synthase three structural forms have been reported [is]. On binding of the 
co-factor, extended portions of the protein backbone Figure 133) are adjusted to 
optimize the ligand/receptor interactions. These examples give some insight into the 
details underlying the ligand-induced conformatiodl changes of the receptor. Pre- 
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Fig. 13.1. Conformation in the crystal of the uncompfexed ligand, 18crom-dpolyether (HOX- 
OCD), of the complex with sodium (NATHOD), and potassium (KTHOXD), represented as ball- 
and-stick an space-filling diagrams. While the free ligand adopts an ellipsoidal shape, the 
Na+-complex can be regarded as an intermediate on the way to a fully expanded torus-like com- 
plat ion which is achieved in the K+-complex (41 

sumably, such ligand-induced transitions between different conformational states are 
fundamental for intracellular signal recognition and transmission. 

In any case, an absolute prerequisite for specific binding is the structural com- 
plementarity of ligand and receptor at the recognition site. Any lack of complemen- 
tarity, caused by unfavorable van der Waals contacts betwpn sterically interfering 
groups, will interfere with specific binding to the active site. Structural and confor- 
mational aspects of the mutual binding process are discussed in more detail in Sec- 
tion 13.2. 

The global Iigand/receptor binding process can be expressed by the following equi- 
librium: 
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Fig. 13.2. Crystal structures of an oligodentate ligand (cryptand) which accommodates anions of 
different sizes and shapes. The complex with F- (CIDMUX) shows only four short hydrogen 
bonds, whereas with Cl- and Br- (CIDNAE, CIDNEI) the ion receptor shows six short contacts. 
The cylindrical azide ion appears to possess a shape well adapted to the binding pattern of the re- 
ceptor molecule 

ligand+receptor * ligandkeceptor 

[ligand/receptor] 
[ligand] - [receptor] 

K, = 

From the experimentally observed binding constant Ka or from its inverse, the 
dissociation constant Kd = Kr', the free energy of binding.can be estimated. 

AG= -RTLnK, = MY-TAS . 
The determination of Ka as function of temperature permits the separation of the 
enthalpic and entropic contribution to AG. Binding constants are considered high 
if they are in the range between lo5 to 10" M-I, corresponding to a AG of -25 to 
-60 kJ mol-'. Although @e free energy covers a rather small energy window, AH 
and TAS can vary substantially. GiIli and Bora  [16] compiled a list of examples, 
which shows that Iigand/receptor binding can vary from pronounced exothermic to 
entirely endothermic (AH -80 to +80 kJ mol-'). Accordingly, the associated loss 
or gain of entropy also varies over a wide range (-170 to +340 J mol-' K-'). Even 
in a single series of structurally related renin inhibitory peptides, A H  and AS vary 
widely, whereas the variance of AG is much smaller [17]. Plots of binding enthalpy 
(AH) or entropy (AS). versus binding constant (oPAG) show little correlation, but 
A H  and AS appear to be highly correlated [16, 171. Some factors deteimining the 
energetics of ligand binding are discussed below. 
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Fig. US. Ligand prbmoted conformational change in the protein dtrate synthase (1- 2CTS). 
The enzyme is a dimer composed of two identical sub-units. In the the spatial ar- 
rangement of the protein backbone in one of the sub-units is schanatically depicted by a ribbon 
drawing. On cofaaor biding (below, additional molecule with orange surface), ataided portions 
of the backbone an shifted to optimize the ligand/rezeptor inttractionS [4] 

13. I .2 Enthdpic Contributions 

Since dispersion forces may be considered as a sum of many atom-atom interactions, 
more or less uniformIy distributed in space, it is unlikely that their contribution to 
the ligand/solvent interactions is very different from that to the liganUreceptor in- 
teractions. Nevertheless, the change in dispersion energy may contribute to the "fine- 
tuning" of the binding constant, say, in congeneric series of drug molecules. Weak 
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interactions, possible at receptor sites, but not present in aqueous solution, are the 
"charge-transfer" and "ICIx" interactions (approximate energy range: ca. 2-10 kJ 
mol - '1. 

The main driving force for exothermic ligand bmding must be due to electrostatic 
effects. In biopolymers, dipole moments df individual amino acid residues niqy be 
aligned along an a helix. As a consequence, the position at the apex of an a helix 
is a favorable binding site for charged groups in small molecule ligands. Crystal 
structure analyses of enzymes have shown a helices oriented towards the ligand bind- 
ing pocket 1181. In Figure 13.4 the backbone of flavodoIKin (3FXN) is shown; the 
charged phosphate group of the flavin mononucleotide ligand occupies a site at the 
apex of a helix. S i  findings are observed for the location of the diphosphate 
moiety of co-factors, like NADPH, in a Variety of protein stnrctures (see Section 
13.2.4). 

Further interactions responsible for exothermic ligand binding are hydrogen bonds 
(see Reference [19] and Chapter 11), which can also be regarded as mainly electro- 
static in nature. They cover a range up to about 80kJmol-' (extreme 

Fig, l3.4. Binding of the-ligand flavin monondcotide (red) to the protdn flamdoxine (3FXN). rep- 
resented by the spatial orientation of the backbone (magenta). A tuminal phosphate group (blue) 
of the ligand (red) orients towards the apa of a helix &Urn) of the protein backbone (magenta) 
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E . .  H+ . . .F-). The weakest interactions of this kind occur between polarized 
C-H bonds (eg. in aromatics, acetylenes) and electronegative acceptors [20, 211. 
Hydrogen bonds of "normal" strength are found in uncharged systems like water 
solvate structures, alcohols, amines, amides and carboxylic acids. The donor/accep- 
tor distance D.. .A is roughly the sum of the van der Waals radii, and the D- H. . .A 
angle is normally nearly linear. Their heat of formation ranges from 8 to 
35 kJ mol'' [Z]. 

Stronger hydrogen bonding occurs in charged systems. "Charge-assisted" hydro- 
gen bonds (also called "salt bridges" if both partners bear a charge) play an impor- 
tant role in biochemical systems [a], since many residue are charged under physio- 
logical conditions (cf. Lys, Arg, His, Asp, Glu). GSrbitz [24] has correlated crystal 
data of oligopeptides and amino acids to examine the influence of charge on the 
length and, accordingly, the strength of hydrogen bonding (-COO-. . .H3N+ - : 
2.929 A). 

Particularly strong hydrogen bonding is found in structures of compounds like p- 
ketoenols, which often display remarkably short 0.. .O distances (251. This is ex- 
plained in terms of extended "resonance stabiition" in a conjugated x-system, 
leading to increased polarization of the atoms involved in the hydrogen bond. A heat 
of formation of 55-80 kJ mol" is assigned to this type of hydrogen bonding [ 161. 
In proteins, the polypeptide chain often forms a helices or parallel /3 strands, involv- 
ing extended networks of hydrogen bonds which may be stabilized by the mutually 
induced polarity in the amide x-systems. Strong hydrogen bonds are expected at the 
end of an a helix or at the rim of a /3 strand. An example that indicates the occur- 
rence of th is  type of hydrogen-bonding pattern is the binding of the inhibitor 
methotrexate to dihydrofolate reductase (3DFR). The drug molecule binds with one 
of its amino groups in the pteridine moiety to a protein backbone carbonyl group, 
located at the rim of a structural motif of four parallel f l  strands (Figure 13.5). This 
particular hydrogen bond contributes substantially more to the binding energy than 
one where the carbonyl group is not polarized by its neighborhood. A comparable 
type of stabilization has been invoked to contribute to base pair formation in DNA 
r161. 

Enhanced hydrogen bonding can also be observed in systems with neighboring hy- 
drogen donor and acceptor groups, in particular if cyclic hydrogen-bonded arrays are 
formed (Scheme 13.1, [27]). X p l y  hydrogen-bonded systems with adjacent donor 
(0) and acceptor groups (A) can occur in three different arrangements (classified as 
D D D / . . ,  DDA/AAD, and DAD/ADA). Even if the same basic type of hydrogen 
bond NH. . .O or NH. . . N is present in the three arrangements their relative stren 
is quite different. This is explained by considering secondary interactions. The sepa- 
ration of hydrogen atoms in proximal hydrogen bonds is rather short and thus in- 
volves substantial electrostatic interactions. If partial positive charges on H and par- 
tial negative charges on N or 0 are present, the most favorable situation occurs where 
one molecule bears all H-donor groups, the other all acceptor groups. Only second- 
ary attractive interactions result from H-bond formation. & intermediate case, one 
acceptor and two vicinal donor groups in one molecule find a complement of one 
donor and two acceptor groups in the other. Attractive (solid arrow) and repulsive 

2.840& -COO'.. .HN<:2.912& X-0 ... H3N+- :2.908A; >c=O.. .HN<: 
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Fig. 135. ExampIe for a ureso~ce-assisted" hydrogen bond between the inhibitor methotrexate 
and the enzyme DHFR (3DFR). From a backbone carbonyl group at the rim of an extended j3 
strand (yelIow, global view above), a hydrogen bond (blue) is formed to the pteridine moiety of the 
ligand (red). Lower left: a blow-up of the mended B strand (carbon: white, nitrogen: blue, oxygen: 
red, hydrogen: light-blue, hydrogen bonds: green) with the bound inhibitor 

(dashed arrow) secondary interactions have to be considered. The worst situation is 
when donor and acceptor sites alternate between both partners, since only secondary 
repulsive interactions result from complex formation. Calculations on the relative 
free energy difference between these complexes suggest that each destabilizing inter- 
action accounts for ca. 10 kJ mol-' [27J. These results have been confmed experi- 
mentally within a series of related compounds which represent examples of the three 
different H-bond patterns [28]. The influence of these secondary interactions on the 
strength of hydrogen bonding is also observed in crystal structures of small 
molecules [29, 301. A data set of nine ADMDAD examples with two MI.. .O and 
a central NH.. ,N hydrogen bond (Scheme 13.1) shows 2.89(4), 2.936) and 2.98(9) a 
as mean donor/acceptor distances. In a set of twelve similar examples of the 
DDAtAAD-type, the mean NH.. .O distance of the'bond involved in the repulsive 
interactions is comparable to the former case (2.91(5) A). However, the NH.. .N 
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Scheme 13.1 

D AD/AD A 
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and, in particular, the NH . . -0 hydrogen bond involved in the attractive interactions 
show a trend towards shorter values (2.87(6), 2.89(3) A). 

Multiple hydrogen bonds are also important in biological systems. A central motif 
in nucleic acids is the triply hydrogen-bonded pairing of cytosine and guanine, re- 
sembling the DDMAAD-type of interaction. The inhibitor benzamidine is bound to 
the enzyme trypsin (3PTP, [31]) through four adjacent hydrogen bonds; the 
amidinium group is involved as donor in a chelate-type H-bond to Asp189, and in 
two additional bonds to the carbonyl oxygen of Gly219 and the sidechain OH-group 
of Serl90. An opposite pattern is found for p-hydroxybenzoate bound to a hydrox- 
ylase (2PHH, [32]). Here the carboxylate group of the ligand accepts four hydrogen 
bonds from donor groups of the protein: a chelate-type bond to Arg214, and two 
0.. .HO bonds to Ser212 and 5r222 (Scheme 13.2). 

3PTB 
e.H 

2PHH 
Scheme 13.2 
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To estimate the contribution of hydrogen bonding to the binding enthalpy, the net 
balance of all interactions between the solvent and the protein environment has to 
be considered. It is reasonable to assume that all hydrogen-bond donors and accep- 
tors of a ligand are saturated by water molecules in aqueous solution. In order to 
balance interaction energies in water and in a protein, all donor and acceptor groups 
of the ligand have to find matching groups in the active site; to produce an exother- 
mic contribution to the binding enthalpy AH, some of the hydrogen bonds in the 
protein environment have to' be stronger than in water. Such an enhancement is to 
be expected for charge- and resonance-assisted hydrogen bonds, and for those with 
favorable secondary interactions. Counting the number and types of hydrogen bonds 
formed in water and at the protein binding site (hydrogen-bond inventory) allows one 
to obtain insight into the energetics of hydrogen bonding. An elegant approach to 
this problem has been described by Fersht et al. [33,34] who used protein engineer- 
ing to analyze the importance of various types of hydrogen bonds on ligand binding. 
These studies reveal that deleting a hydrogen bond to an uncharged hydrogen-bond 
donor/acceptor weakens ligand binding by 2 to 8 kJ mol-'. If a bond to a charged 
donor/acceptor is removed, binding is reduced by 12 to 25 kJ mol", for either one 
or both partners being charged. Similar values can be estimated from partitioning 
experiments [19]. According to these, the contribution per H-bond ranges from 4 to 
6 kJ mol-* for an uncharged group and from 6 to 12 kJ mol-' for a charged one. 

The following example illustrates the influence of an uncompensated hydrogen- 
bonding pattern on the binding constant. Crystallographic studies [35] on the 
isostructural inhibitors of the zinc protease themolysin, the phosphonate Cbz- 
Gly (y-POzO)-Leu-Leu (6TMN), the phosphonamidate Cbz-Gly(W-P02NH)- 
Leu-Leu (5TMN, Scheme 13.3), and the phosphinate Cbz-Gly(W-P02CH&Leu-Leu 

A 
0 & ASNl12 

H 

Scheme 133 
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[36] reveal closely similar binding geometries in the active site. These inhibitors are 
transition-state analogs (s. Section 13.3), in which the carbony1 group of the sciGile 
peptide group is replaced by a teuahedral phosphoroxy anion. Phosphonamidate 
and phosphinate possess nearly equivaIent binding affinity (9.1 vs. 10.6 nmol.l-', 
expressed as the dissociation constant) whereas the phosphonate is about loo0 times 
less active [36,37]. In the phosphonamidate, the NH-group forms a hydrogen bond 
to the carbonyl oxygen of Ala113 of the enzyme (Scheme 13.3). Since a suitable hy- 
drogen-bond donating group is missing in the analogous phosphonate and 
phosphinate at this position, these two inhibitors are not able to form an equivalent 
hydrogen bond to the protein. In solution, all polar groups in the three inhibitors 
are probably involved in hydrogen bonding to solvent molecules, including the NH 
and 0 of the phosphonamidate and phosphonate. The methylene group of the 
phosphinate cannot engage in such an interaction. A simple comparison of the hy- 
drogen-bonding pattern in solution and in the protein reveals a compensated situa- 
tion for phosphonarnidate and phosphinate, whereas the phosphonate loses its hy- 
drogen-bonding environment about the 0 of the phosphonate group. This uncom- 
pensated situation for the phosphonate leads to a lower binding constant corre- 
sponding to a 17.2 kJ mol-' deficit in binding energy [37]. Since the binding con- 
stants of phosphonamidate and phosphinate are rather similar, it can be concluded 
that the -P02NH.. .O=C interaction between phosphonamidate and Ala113 is 
energetically of the same order as that between the -POzNH-group and the sur- 
rounding water molecules in solution. If the C=O of Ala113 were an especially 
strong hydrogen-bond acceptor for the ligand, the phosphonamidate would show a 
substantially higher affinity than the phosphinate and even more than the 
phosphonate If, for example, the matching group in the active site of the protein 
were the NH rather than the C=O group of Ala1 13, the relative binding properties 
of phosphonate and phosphonamidate would be reversed. A further example for an 
uncompensated hydrogen-bonding pattern is given in Section 13.3.3. 

13.1.3 Entropic Contributions 

The transfer of a hydrophobic particle from aqueous solution to a more hydrophobic 
environment in a protein involves a decrease in free energy. This is often due not to 
an exothermic process but to an increase in entropy. In aqueous solution, a hydro- 
phobic particle is unable to form hydrogen bonds with the surrounding water mole- 
cules. As a consequence, the H-bonding network among the water molecules 
themselves is strengthened in the direct neighborhood of the particle. Overall, the 
bonding energy of the hydrogen-bond network is not reduced, but the entropy of the 
system is lowered because of the loss of mobility of the wat9 molecules. When the 
hydrophobic partide is transferred to the more lipophilic receptor pocket, the net en- 
tropy increases by an amount'that depends on the surface area of the hydrophobic 
particle. 
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Structural data are difficult to obtain for solutions, but crystal structures of some 
clathrates provide detailed views on the molecular arrangement at some solutehater 
interfaces. Piperazine (PIPERH) crystallizes as a hydrate [38]. The two niGogens are 
hydrogen bonded to the oxygen atoms of two water molecules (Figure 13.6), which 
participate in a cage encapsulating the organic guest molecule. This cage is formed 
by pentagonal rings of water molecules, arranged in a regular three-dimensional net- 
work of face-linked dodecahedra. Similar motifs built from pentagons of water mol- 
ecules are observed in other clathrates [19, 39,401. The pattern results from tetrahe- 
dral coordination of the water oxygens, each water molecule donating and accepting 
two hydrogen bonds. The entire framework resembles the building patterns of some 
ice modifications [19, 391. From a recent neutron diffraction study [41], precise di- 
mensions on a clathrate containing Xe and CCh are available. The Clathrate 
framework is constructed from water pentagons which associate in dodeca- and hex- 
akaidecahedra. The hydrogen atoms are disordered, each position between two 
neighboring oxygens being half-occupied. Although the hydrogen-bonding situation 
resembles that in ice Ih [42], the dimensions of the water frameworks differ in the 
two structures. They indicate a somewhat stronger hydrogen-bond interaction in the 
clathrate, in agreement with the assumption that the hydrogen-bond framework is 
strengthened in the direct neighborhood of a hydrophobic guest molecule, thus 
energetically compensating for the loss of some hydrogen-bond contacts. Similar re- 
sults are obtained by Monte Carlo simulations [431 on the water network encapsulat- 
ing spherical non-polar particles. The analysis of a large number of computed con- 
figurations shows that the water molecules at the solute/solvent interface are engaged 
in stronger hydrogen bonds than the bulk molecules, but there is one less water-water 
interaction at short range for the molecules at the solute surface 

Fig.13.6. Hydrogen-bonding network around piperazine as found in a crystalline clathrate 
(PIPERH). The two nitrogens of the organic solvate are hydrogen bonded to the oxygen atoms of 
two water molecules, which participate in a cage formed b’y pentagonal arrays of five water mole- 
cules 
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Gilli and Bora [la estimate the change in entropy for the transfer of a "typical" 
drug molecule (organic molecule with 50-80 atoms) of medium lipophilicity 
(logP- 2-4) from solution to a protein binding site to be 40-8OJmol" K-'. 
This corresponds to a -TAS of 12.5 to 25 kJ mol-' under physiological conditions. 
Another contribution to entropy will occur if the number of hydrogen bonds differs 
between solvent and receptor. Any loss or gain of a hydrogen bond is associated with 
an entropy change of approximately 40 J mol-' K-' [a]. The corresponding energy 
of ca. f 12 kJ mol-' has to be added to the A H  portion, mentioned above. In the 
absence of a ligand, the binding pocket of a receptor is often occupied by several wa- 
ter molecules. Their release on ligand binding increases entropy substantidy. For 
cytochrome P45OCam, which catalyzes the conversion of- camphor to S-exo-hydroxy- 
camphor, the driving force for ligand binding is ascribed primarily to the entropy 
change resulting from the release of several water molecules from the active site [45]. 

Further entropic changes may result from conformational immobilization of the 
ligand and the residues at the binding site. In the first place, conformational changes 
of the receptor, due to an induced fit upon ligand binding, may influence the total 
entropy content of the system. If conformational degrees of freedom of the ligand 
molecule are frozen in, a further decrease in entropy results (approximately 
3 kJ mol-' in AG per frozen-in degree of freedom [46]). Several examples are 
known where conformationally constrained ligands show a higher receptor affinity 
than unconstrained ones (see below and Table 13.1). 

Dopamine and apomorphine Wble 13.1, upper left) bind as agonists to the dopa- 
mine receptor. The free energy of binding for both is in the same range (dopamine: 
AG = -34.3, AH= -36.4 kJ mol-', AS = -7.5 J mol-' IC', pKa = 8.8, log P = 
0.4; apomorphine: AG = -38.5, A H =  3.3 k.J moI-', AS = 143.9 J mol-' K-', 
pK, = 7.2, log P = 2.7 [16, 471. However, the driving forces for binding are quite 
different. Whereas the affinity of dopamine is mainly determined by a strong exo- 
thermic reaction and is slightly disfavored entropically, apomorphine interacts with 
the receptor solely for entropic reasons. Indeed, its enthalpic contribution to binding 
is slightly endothermic The two agonists differ in size, lipophilicity and pKa-value 
The more basic and less lipophilic dopamine can form strong hydrogen bonds and, 
presumably, improves these interactions at the receptor site, compared with aqueous 
solution. The larger apomorphine is less basic but more lipophilic; thus, the entropic 
change for the transfer from aqueous solution to the binding pocket determines its 
activity. Besides, the molecule is more rigid than dopamine, and no internal degrees 
of rotation are lost on binding to the receptor site to reduce the entropic contribution 
to AG. The molecule exemplifies a rigid molecular framework, in which the essential 
functional groups ("pharmacophor" [48-501) are fmed in the biologically active 
conformation. From the point of view of receptor binding, the steric fit, which 
avoids unfavorable contacts with the receptor, is a necessary prerequisite for binding, 
but by itself it is not sufficient, unless the enthalpic and entropic changes allow for 
a negative free energy of binding. 

- 

I- 
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Table 13.1. Some selected examples from the literature, where the principle of skeleton rigidization 
was successfully applied to elucidate the biologically active conformation within a class oT related 
drug molecules 

GABA-Agonists Anticholinergics Dopamine- 

Dopamine Apomorphine 

Inhibitors of Angiotensin Converting Enzyme 
0 
II 

(153,1541 Analogue 

13.1.4 Structural Systematics in Ligand/Protein Interaction 
and Mapping the Environmental Characteristics 
of Functional Groups 

As already mentioned, no structure of a pharmacologically relevant receptor has so 
far been determined to atomic resolution. However, for the rational design of new 
bioIogically active ligands, information about the structures of these receptors is re- 
quired. So far, various approaches have been developqi for modeling receptor sites 
on the basis of structudactivity relationships [51]. If typical interaction patterns be- 
tween small molecule ligands and macromolecular receptors were available, they 
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would provide a more solid basis [52], but, in the absence of this information, one 
must hope that intermolecular geometries, as found in crystal structures of other, 
more or less comparable ligand/enzyme complexes or of purely organic molecules, 
are representative. Mapping the ways in which functional groups interact with their 
neighbors in crystal structures could show typical patterns of orientational preferenc- 
es which could then serve as templates for building models of receptor biding sites. 

A general screening of the ligand/protein complexes deposited in the Brookhaven 
File [53] reveals that binding sites often occur in the proximity of loop regions, close- 
ly following an a helix or 8 sheet. lkro parallel sheets can form a groove, which 
can serve as a binding site for phenyl groups in the ligand (lTPP, F m  13.7). An 
analysis of hydrogen-bonding contacts between proteins (resolution r 3 5  A) and the 
most frequently occurring functional groups of small molecule ligands reveals the 
distributions summarized in Bble 13.2 [54J. In addition to the polar side-chains of 
Arg, Asp, Glu, His, and Lys, the peptide groups of the backbone are often involved 
in ligand binding. This might reflect enhanced H-bond interactions to the backbone 

Fig. 13.7. 'Iko parallel fl  sheets (yellow) of the protein backbone (magenta) in trypsin (ITPP) open 
a groove, which serve as an intercalation site for the phenyl group of the bound inhibitor p- 
amidino-phenyl pyruvate (red) (parallel /3 sheets (yellow) indicated by best p b  (blue)) 
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Table 13.2. Relative occurrence of typical hydrogen-bonding contacts between functional groups of 
small molecule ligands and various polar amino acid residues in proteinAigand complexes, as indi- 
cated by structural data retrieved from the Brookhaven File @b = backbone, Ar = aromatic moiety) - 

&. acid 
sulfate 

phosphate 
ketone 

N m d c  
Ar-NHz 

prirnamine 
secamine 
amide0 
amide(C0) 
prim. alcoh 
Sec. almh 
tert. alcoh. 
Ar-OH 
ether 
amidinium 

groups due to cooperative polarization (induced dipole moments) in the secondary 
structure (cf. Section 13-12). The importance of charge-assisted hydrogen bonding 
is obvious from this compilation (cf. energy balance). 

The extent and accuracy of experimental protein structure data is still rather limit- 
ed. However, an enormous amount of information about the geometry of inter- 
molecular interactions in organic crystal structures is available in database form [55,  
561. These data can be used to study the orientational preferences around certain 
functional groups; for a large data set, perturbations due to specific crystal packing 
effects should average out. To obtain this infoxmation 1571, crystal structures con- 
taining the functional group of interest are retrieved. A common orientation of the 
extracted fragments may be achieved by a least-squares superposition of the atoms 
belonging to the functional-group. Since this group usually shows similar dimensions 
in all structures, only the coordinates of one representative fragment need be stored. 
The coordinates of all contact atoms in the data set are merged into one combined 
assembly. For fragments with non-trival symmetry, the distribution of contact atoms 
has to be expanded accordingly. In Figure 13.8 the composite picture of the symme- 
try-expanded distribution about a pyridine moiety is shown. The data scatter indi- 
cates some preferences for the location of putative hydrogen-bond donors. In l%- 
ble 13.3, the results are given for several functional groups studied by this approach. 

The use of such distributions for predicting putative interaction sites in li- 
gand/protein complexes involves the assumption tKat patterns observed in small 
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Fig. 13.8. Stereo-diagram of the preferred spatial location of hydrogen-bond donors about N in a 
pyridine ring, determined by mapping the composite crystal-field environment; data taken from 
small molecule crystal structures containing this fragment. The data were expanded according to 
the C,,-symrnetry of the pyridine ring 

molecule crystals are relevant for macromolecular systems. In Figure 13.9, sites of 
hydrogen-bond acceptors in small molecule ligands in proximity to Arg-residues in 
proteidligand complexes, retrieved from the Brookhaven File, are superimposed 
[54]. The pattern of hydrogen-bond acceptors around the guanidinium group, taken 
from small molecule crystal data [54], is quite similar. Analogous findings hold for 
the distribution of hydrogen bonds about peptide carbonyl groups in proteins 1521 
and small molecules [54]. These results justify the working hypothesis that the com- 
posite environment of a functional group, derived from small molecule crystal struc- 

*+ +* + +- *+ 2+++ ++ + + +++<< 4++++ + +2-:+z 
*++ 8 3. ++-* 

+#++ 
+ +-++ *,+ *& ++ 

* *zgz -a++ 
++ +&-T 2% + + + + + 

+ +  + + *  + + +  + -I-+ + 

v .It * 
..e' 

Fig. 13.9. Top: Preferred spatial locations of hydrogen-bond acceptors around all Arg-residues in 
protein/ligand complexes that arc involved in a hydrogen bond to a small molecule ligand. Bottom: 
Preferred spatial loation of hydrogen-bond acceptors around guanidinium groups, determined by 
mapping the composite crystal-field environment; data taken from small molecule crystal structures 
(C,,-symmetry expanded in both stereodiagrams) 
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Table 133. Results from studies on the composite crystal-field environment to map putative interaction sites 
and preferred approach directions about various functional groups. For some of the i n t e d o n  pairs, a 
rough sketch of the prefernd spatial location of the data distribution is indicated: spherical cone ( A )  or 
spherical cap (B, as depicted for the first two examples). Pronounced clustering in the distribution is listed 
by the approximate location of their caters. To describe mu@y the populated areas, polar coordinates @, 
8 are used. For terminal acceptor groups and for alcohol, ammonium and phenol donor groups, the origin 
(0.8 = Oo) coincides with the bond towards the acceptor or donor atom for rings and phenylexhus, it coin- 
cides with the biseaor of the angle with the acceptor atom as apex. For the remaining donor groups 
(amidinium groups, trans peptides. indoles, imidazoles) the N-H vector is aligned along the 0 = 8 = Oo 
direction. For the distribution of methyl groups around a phenyl ring. the 0 = 8 = 0' dinction COinCideS 
with the -or normal to and in the center of the phenyl ring. Reference to the original literature is given 

L - a  
z 

1,. 



Table 133. (continued) 
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tures, can serve as a reliable guide to putative binding sites in ligancUreceptor com- 
plexes. The approach is applicable not only to hydrogen donor/acceptor interactions, 
but also to the spatial distributions of hydrophobic and other non-bonded contacts 
(see Chapter 15, Figure 15.2). 

This kind of information is viluable in the "de novo" design of inhibitors for a 
known receptor structure. It has been implemented into an automatic procedure for 
the prediction of new ligands [58]. Similar results are obtained by the method imple- 
mented in the computer program GRID [59], which calculates the interaction energy 
between a molecule and a "probe" (eg. a chemical entity like CH3, C=O, -OH, 
NH;) at various points in space by means of an empirical molecular-mechanics 
type energy function. However, since the reliability of this approach is limited, com- 
parison with experimental data is important. If no structural information about a 
particular protein receptor is available, ligands binding to this receptor can be 
brought into a common orientation by aligning similar functional groups. Mapping 
possible interaction sites onto these functional groups in the various ligands allows 
one to characterize areas in space where the ligands might interact with the common 
protein receptor. If interaction sites coincide for different ligands, the attempted 
alignment may be judged to provide information on their putative interaction pro- 
perties and on bio-isosteric functional group replacements. 
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2. What are Putative Conformations of a Ligand at the Binding Site? 

Structure Correlation to Analyze and Predict Biologically Active Conformations of S-1 
Molecule Ligands 

(taken form "structure Correlation", ed. H.B. Biirgi and J.D. Dunitz, VCH Weinheim, Vol. 2, p. 
562 - 578 (Ref. [60]-[90]). 

13.2 Structure Correlation to Analyze 
and Predict Biologically Active Conformations 
of Small Molecule Ligands 

- 

Flexible molecules often exhibit several conformations of nearly equal energy. The 
one adopted in any given case will depend on the particular interactions with the sur- 
rounding environment. It may be different in a crystal, in solution, in the gase phase, 
in a polymer matrix, during a chemical reaction, or at the receptor site of a protein. 
In studies of structure/property relationships, it is often assumed that the molecular 
system under consideration is found in, or close to, one of its local energy minima. 
The definition of the system boundaries is therefore essential. In drug design, the 
system should include at least the ligand, the receptor protein, and the neighboring 
solvent molecules or membrane environment. However, quite often in modeling 
studies the ligand alone is considered, not just for the sake of simplification, but be- 
cause no information about the surrounding protein environment is available In 
such cases, is the limitation to local minima of the reduced molecular system justi- 
fied? And how could we derive relevant estimates of biologically active conforma- 
tions of the drug molecules? 

These questions are addressed empirically in the following sections. The confor- 
mation of a ligand, observed in some Iigandlprotein complex of known structure, 
is compared (keeping in mind the reduced accuracy due to limited resolution) with 
those obtained from small molecule crystal structure determinations and computa- 
tional methods. Some conclusions on the predictability of active conformations will 
be given. 

Note that the conformational space of a flexible molecule and hence the computa- 
tional screening for biologically relevant geometries is usually very complex. Thus, 
a reliable approach in the search for biologically active conformations is the system- 
atic introduction of geometric constraints in an active molecule, leading to a series 
of related and conformationally restricted molecules (see Table 13.1). 

13.2.1 The Binding of - Retinol to Retinol-Binding Protein 

As first example, we consider retinol (Figure 13-10), bound to the retinol-binding 
protein (RBP [a, 611). Retinol occurs in the binding pocket in its extended confor- 
mation and interacts with the protein through several hydrophobic contacts to the 
non-polar residues in the active site CFigUre 13.11). No crystal structure analysis of 
retinol itself is available, but retinoic acid (VITAAcol, VITAAClO [62]) and retinal 
[63] have been studied crystallographically; all three compounds bind to RBP with 
comparable binding constants [611. 
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Retinol in RBP S" 

563 

Fig. 13.10. Superposition of retinol, retinal, and retinoic acid in the conformations adopted at the 
active site of RBP, and in various small molecule crystai structures. For clarity, the H atoms have 
been omitted. ?kto distinct conformations are observed for the single bond between the fi-ionone 
ring and the isoprene chromophore The synclinal conformation, adopted at the receptor site, corre- 
sponds to the global energy minimum of the isolated molecule 

Retinoic acid crystallizes in two polymorphic forms. The molecular Conformation 
in the triclinic modification resembles that found in RBP (Figure 13.10). In both 
cases, the torsion angle between the endocyclic double bond in the B-ionone ring and 
the adjacent double bond in the isoprene chromophore is synclinal (RBP: x = 623 
triclinic: ~ = 4 2 " ) .  However, in the monoclinic form, the torsion angle is an- 
tiperiplanar (T= -166"). Retinal also crystallizes with synclinal torsion angIe 
(T = 5S0), and its geometry closely resembles that of retinol in RBP. If the two ob- 
served conformations of retinoic acid are taken as starting geometries for force-field 
calculations [54] on the isolated molecule, the one with the synciinal torsion angle 
turns out to be the more stable (MMP2 [a]: AE = 6.48 W mol-', MOM0 1651: 
AE = 11.53 kJ mol-'). In both cases, the crystal conformation is very close to the 
CaIculated minimum. Other examples of retinoids in the Cambridge File aIso show 
a preference of 260" and 180" for this torsion angle 1611. 

In this example, computational methods and crystal structures of related small 
molecules both allow us to estimate a conformation for the ligand, which resembles 
the biologically active conformation at the receptor site. Kowever, retinol is a rather 
hydrophobic and conformationally restricted molecule. It binds to the active site 
through many hydrophobic contacts which are not strongly directional. The only po- 
lar group (OH) is situated near the entrance of the binding pocket, thus interacting 
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Fig. 13.11. Binding of retinol to the active site of retinol binding protein (lRBP, stereodiagram). 
The ligand is completely encapsulated in the protein with the &ionone ring in the center and the 
unsaturated isoprene chromophore stretching to the solvent surface along the main axis of the B 
barrel packing motif in this protein 

mainly with the surrounding solvent molecules. For such an example, a reasonable 
structure prediction appears possible. 

13.2.2 The Binding of Citric Acid to Citrate Synthase _. 

In contrast, citric acid binds to citrate synthase through seven hydrogen bonds (Fig- 
ure 13.12, the present discussion is based on the structure determination 3CTS (661). 
Several crystal structures of citric acid, both as free acid and complexed to metal 
ions, are available 1671. In Figure 13.13 these crystal conformations are superimposed 
and shown in projection (right). They are compared with the conformation at the 
receptor site of citrate synthase (left). Three different torsion angles have to be con- 
sidered. 

In the crystal structures the lowest scatter is observed for 72, which describes the 
conformation of the carboxyl group at the quarternary carbon. It is always close to 
Oo or 180' (if C=O and C-0 are not distinguished, Figure 13.13, right). A search 
through the CSD for other molecules containing this fragment shows the same pref- 
erence (Figure 13.14, top right). Along the carbon backbone of the citrate molecule 
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Fig. 13.12. Binding of citric acid to the active site of citrate synthase (3CTS, stereo-diagram); the 
Ligand is fixed in a gaucheconformation through seven hydrogen bonds 

(s3), gauche- and tramanformations are observed. At the receptor site, the 
gauche-geometry is adopted. A statistical analysis of related fragments (Figure 13.14, 
bottom) also reveals that torsion angles of 60" and 180" are preferred. For the temi- 
nal carboxy groups (r,), no clear preference is evident, neither for the citrates nor 
for other molecules containing the same fragment (Figure 13.14, top left). Not sur- 
prisingly, the torsion angles s1, fi, and r3 observed at the receptor site of citrate syn- 
thase are among those found for the many conformations of smdl moIecuIes con- 
taining the same fragments. 

Which result is obtained from a computational approach? The pKa-values of 
citric acid suggest that under physiological conditions the acid is singly 
deprotonated. Comparison With the pKl-values of CH3CH2COOH (4.87) and 
CH3CH(OH)COOH (3.85) suggests that the carboxyl group at the quarternary car- 
bon is deprotonated first (simple MNDO-AMl-caIculations 1681 corroborate this). 
Force-field calculations on the isolated molecule in this protonation stage were per- 
formed 1541, starting from the geometry in 3CTS. They all led to local minima, show- 
ing intramolecular hydrogen bonds. Since the experimental results do not show any 
evidence for intramolecular hydrogen bonding, such calculations clearly have to take 
into account an environment containing appropriate hydrogen-bond acceptors and 
donors. 

Molecular dynamics simulations [69] of citric acid in water at room temperature do 
show intermolecular hydrogen bonds to the solvent molecules along the entire trajecto- 
ry (541. To observe a gauche/rram-transition (r3) within a Me-frame of a few 100 ps, 
the simulation temperature has to be elevated. Computational studies including a mo- 
lecular environment capable of forming hydrogen bonds clearly are more relevant than 
gas-phase calculations in the search for biologically active conformations. 
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Fig. 13.13. Left. Conformation of citric acid at the binding site of citrate synthase (3CTS): Right: 
superposition of conformations of citric acid both as free acid and complexed to metal ions in 
small-molecule crystat structures 
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1 

A particularly impressive difference between iigand conformations in solution and 
in a ligand-protein complex is provided by the immunosuppressive cyclic undecapep- 
tide cyclosporin A (Scheme 13.4). Its structure in the crystalline state and in 
chloroform [70,.71] consists of a twisted /3 sheet, a type 1I'-turn, and a loop which 
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Cyclosporin A 

I 
0 

Phosphoramidon 

Scheme 13.4 

includes one cis peptide bond (see Sections 15.3.3, 15.3.4). The four amide protons 
are involved in three transannular hydrogen bonds. An additional intramolecular 
hydrogen bond is present. Bound to its receptor, the protein cyclophilin, cyclosporin 
A adopts a completely different conformation with no secondary structure elements, 
no intramolecular hydrogen bonds, and all peptide bonds in fmns configuration 1721. 
The undecapeptide has essentially turned itself inside out and now exposes most of 
its hydrogen-bond donor and acceptor groups to the protein to enable intermolecular 
recognition. 

However, ligands with intramolecular hydrogen bonding at the binding site are 
also known. For instance, phosphoramidon (Scheme 13.4), a potent inhibitor of the 
endopeptidase themolysin [73], binds to the enzyme binding pocket with an in- 
tramolecular hydrogen bond between the carboxy terminus and the C2-hydroxyl 
group of the rhamnose moiety. This hydrogen bond probably helps to immobilize 
the inhibitor in a conformation optimal for binding. Note that the carboxy terminus 
is the only hydrogen-bonding acceptor in the inhibitor whi.h shows no contacts to 
the enzyme. It is not entireiy surprising, that the enzyme does not provide a hydro- 
gen-bond donor site for this acceptor group since in the natural polypeptide sub- 
strate no carboxylate is present at this position. 
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13.2.3 Conformation of Guanosine and Adenosine Phosphates 
in Small-Molecule and LigandIProtein Crystal Structises 

The number of known protein structures that contain a small moIecule ligand is stili 
quite limited. Among them, the adenosine -and guanosine diphosphate fragments 
(Figure 13.15) are found most frequently, usually as part of a cofactor (eg. NAD, 
NADP, FAD, ADP, GDP, ATP, see Scheme 13.5; 32 examples [74]). Ninety cone- 
sponding monophosphate fragments are available for comparison in the CSD [7S]. 
Twelve of these are di- and triphosphates. 

The conformation of the trial fragment is defined by the 21 torsion angles about 
the various single bonds in this moiety (Figure 13.15). A principal component analy- 
sis on these angles I291 in the small molecule sample reveals five principal compo- 
nents accounting for 59, 12, 8, 6 and 5% of the varianm After applying the 
VARIMAX-criterion, it is obvious that all 13 torsion angles involving the atoms of 

.the ribose ring and the non-hydrogen atoms directly bonded to this ring, contribute 
to the largest component. The data cluster about two distinct conformations of the 
ribose ring, usually classified as C(2’)-endo and C(39-end0 [76-781 (see Figure 
18.3d in Chapter IS). The second component essentially reflects the variance of the 
torsion angle f16, while components three and five involve mainly the torsion angles 
at the phosphate group (tI7, 518, T ~ ~ ) .  The fourth component is mainly determined 
by the variance of r14 and ‘tis. The angles towards the purine moiety (tm, r2,) are 
involed in components 1, 2, 3, and 5. 

Given these variances and covariances, the torsion angles ~ 1 4 ,  716, 717, rrn (cf. 
components 2-5) were selected for a comparison of the conformational preferences 
of the trial fragment in small molecule crystal structures with those in protein envi- 
ronments [54]. Since torsion angles from protein structures are inaccurate, distances 
between the centers of the purine and ribose ring, and between these centers and 

71 2-34-5 T7 12-2-34 

q g  11-8-74 
5,2342-2-1 
3 1  13-12-2-3 

Fig. 13.15. Atomic Iabeling and definitions of various torsion Angles, distances and best planes to 
describe the geometry of guanosine and adenosine phosphate fragments 
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Scheme 13.5 
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phosphorus (dl, d2, d3), were included in the analysis as well. The two @referred 
conformations of the ribose ring are also observed in the protein environments 
(cf. component l), but the data are less structured, due presumably to the lower reso- 
lution and accuracy. 

Figure 13.16 shows that the data distributions for 716, q7, and 7m agree reason- 
ably well. For both data sets, 720 lies between 0" and +goo; q 6  is always close to 
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Fig. 13.16. Distribution of the torsion angles q4, T,~, T,,, T,. and d3 (in degrees or A, for labeling 
see Figure 13.15) in adenosine or guanosine fragments, as found in low-molecular-weight crystal 
structures (left) and in ligands bound to a protein receptor (right) 
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Fig. 13.16. (continued) 

180°, ~ 1 7  to 180" and k60". These findings agree with results of earlier studies [76, 
771. The angle 714 shows the largest differences between protein and small molecule 
structures. IR the latter, the C-C-0-P fragment nearly always occurs in a g-con- 
formation, while in the protein environment a broad distribution is observed @+, 
g - ,  t). This is confirmed by the distributions of the distances, dl, d2, and d3. 
Whereas the d, and d2 distributions resemble each other in both data sets, the d3 
distributions show clear differences. For the small molecule data, this distance is 
about 6.5 A in most structures; it is larger than 7.5 A in*only three of the 90 examples. 
For the proteins, d3 clusters at 6.6, 7.8 and 8.8A. 

Figure 13.17 shows another way to compare the two data sets. Scattergrams of d3 
versus the absolute value of ~ 1 4  are given. The distribution for the small molecules, 
mostly monophosphates, concentrates in the lower left quadrant of the parameter 
space. Their conformation is thus compact and folded. The ligands embedded in 
proteins are also folded when they have a terminal diphosphate group. Embedded 
dinucIeotides (NAD, NADP, FAD) are usually found in arfixtended conformation 
with large q4) and 4- However, in chicken liver dihydrofolate reductase (8DFR), 
NADPH shows a folded conformation. 

The preference of the nucleotide molecules for the folded conformation may be 
understood from the crystaf structure of the lithium salt of NAD [78]. The cation 
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Fig.13.17. Scattergram of the absolute value of  r14 versus the distance d3 in adenosine and 
guanosine fragments (top: data from small molecule structures, bottom: data from protein struc- 
tures). In the former case, the distribution dusters in the lower left quadrant of the parameter space. 
in the protein case, the ligands with a terminal diphosphate group (0) are found in the same range, 
whereas the dinucleotides (NAD, NADPH, FAD 0) are mainly observed at large T , ~ -  and +Val- 
ues. The small molecule structure of the Li-salt of NAD is indicated (0, left) 

is coordinated to the basic nitrogen in the five-membered ring of adenine and to an 
oxygen of the second phosphate group in the same molecule. Tetrahedral coordina- 
tion is completed by two oxygen atoms, belonging to the phosphate group of a neigh- 
boring molecule. Several other crystal structures also show that in its compact folded 
conformation the molecule acts as a bidentate ligand to metal ions. In some cases, 
this geometry is stabilized by two hydrogen bonds to a bridging water molecule, 
which mediates a hydrogen-bonding network between the purine and phosphate 
moiety. NMR spectroscopy confirms the presendcof a ~ 1 4  gauche conformation in 
solution. Perhaps the preference for an extended conformation in the embedded 
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dinucleotides is simply due to the fact that a long, polar molecule exposes its polsr 
groups better and thus binds more efficiently to the surface of a globular protein. 

For most of the embedded dinucleotides, the diphosphate groups are close to the 
apex of an a helix, oriented towards the binding.site of the cofactor. This elec- 
trostatic interaction seems to contribute substantially to the binding energy (Section 
13.1.2) and could compensate the energy required to unfold the ligand from a com- 
pact conformation in solution. 

' 

13.2.4 The Binding of Creatine to Creatinase - 

A further example of a ligand molecule embedded in a network of strong hydrogen 
bonds is creatine bound to the enzyme creatinase [79,80]. The ligand is bonded 
through hydrogen bonds to two Glu- und Arg-residues, and an Asn- and His-residue 
are in close neighborhood (interaction mediated by water molecules, see Figure 
13.18). The guanidinium group is appreciably twisted (T = SO0) about the central 
C -N bond in the protein binding pocket. The residual electron density of the refined 
protein structure indicates the presence of a water molecule, directly adjacent to the 
central carbon atom of the guanidinium portion. The creatinase-catalyzed cleavage 
of creatine (Section 13.3.1) is initiated at this atom. 

In the crystal structure of creatine itself (CREATH03) the guanidinium moiety is 
planar [Si]. The same result is obtained from force-field and semiempirical calcula- 
tions for the isolated molecule [54]. The energy required to twist this moiety out of 
planarity is of interest. By analogy to the amide group, a rotation barrier of ca. 
80 kJ mol-' might be expected. The conformations observed in the protein and in 
the creatine crystal structure have been used as starting geometries (zwitterionic 
form) for MNDO-calculations, which are, however, known to give too low barriers 
to rotation about peptide bonds. The torsion angles about the central C-N bond 
were constrained to their observed values. The calculated energy differexices are 
90.0 kJ mol-' (AMI [68]) and 93.7 kJ mol-' (PM3 [Sa]). An ab initio calculation 
(DZP-basis set, TURBOMOLE [83]) gives an even larger difference of 
192.5 kJ mol-'. Even if the numerical results are highly uncertain, it would seem 
that the conformation of a ligand molecule at the receptor site can deviate quite sub- 
stantially in structure and energy from the stable form of the isolated molecule (glob- 
al minimum). It may not even resemble one of the local minima of the latter. The 
observed deformation is here related to the cleavage reaction catalyzed by the en- 
zyme. 

Figure 13.19 shows the distribution of the interplanar angle 6 observed in smaII 
molecule crystal structures containing the guanidinium fragment. Most examples 
have a nearly planar geometry, but some are appreciablyrdistorted. In most of the 
latter, a network of strong charge-assisted hydrogen bonds is present (eg. 
FUMGOJ). Hydrogen bonds can induce a pronounced redistribution of electron 
density in a molecular skeleton (cf. Section 13.3.1). The mean C-N distances in crys- 
tal structures with a planar guanidinium moiety (6<2", 24 examples) are nearly 
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Fig. 13.18. Active site of creatinase with the bound inhibitor carbamoyl sarcosine. The natural sub- 
strate creatine and a further inhibitor, succinarnic acid, adopt very similar bonding geometries. The 
ligands are fmed in position through tight hydrogen bonding of their carboxy group to ArgA64 and 
ArgB335, while the guanidiniurn or carbamoyl moiety makes mnndons to GluB262 and 
GluB358. HisB232 and two water molecuIes are within hydrogen-bonding distance, one water mole- 
cule is assumed to act as nucleophile. The ligand skeleton is twisted with respect to the C(l)-N(3) 
bond (see Figure 13.19) 
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Fig. 13.19. Distribution of the interplanar angle 6 between planes through the atoms N(1) C(1) N(2) 
and C(1) N(3) C(2). in the guanidinium group, as found in small-molecule crystal structures 

equal (1.332(27), 1.330(24), 1.333(16) A), whereas in the tilted structures (S>32O, 9 
examples), the central C-N bond is elongated and the two terminal ones are shorter 
(1.371(32), 1.322(9), 1.322(13) A) 1841. 

To verify the influence of the surrounding hydiogen bonds, semiempirid model 
calculations (PM3) were performed [SS]. The donor and acceptor groups around the 
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Fig. 13.20. Environment around a creatine molecule (zwitterionic form) used in MNDO-calcula- 
tions in order to determine the influence of hydrogen bonding on the banier to rotation about the 
central C-N bond . -  

Iigand creatine were structurally reduced and arranged in space to simulate the pro- 
tein environment (His, Arg, Glu, see Figure 13.20). Starting with the twisted arrange- 
ment observed in the creatinase structure, a series of calculations was performed in 
which the torsion angle about the central C-N bond was varied in 10" steps and 
the energy minimized with respect to all other geometrical parameters. In this model, 
the matching groups were allowed to follow the conformational changes of the sub- 
strate molecule. Clearly, this is a simplification, for although protein sidechains are 
flexible, there are restrictions on their conformational freedom. The energy of this 
system hardly varies, the planar geometry being the most stable one, but by only 
2 kJ mol-'. The model system was also used to recalculate the energy (no full ge- 
ometry optimization) when the matching groups were displaced from the zwitterion 
to a distance of 10 A. The energy difference between the twisted and planar arrange- 
ment increases towards that estimated for the isolated zwitterion. These calculations 
demonstrate the influence of a highly structured molecular environment on molecu- 
lar conformation and heights of barriers to internal rotation. 

13.2.5 Conclusions and Predictions 

The examples discussed in sections 13.2.1 - 13.2.4 show that exclusive reliance on the 
crystal structures of a ligand itseIf may not be an infaIIibIe indicator of a biologically 
active conformation. It may be justified for non-polar and rigid ligands, like retinol, 
where the crystal environment is composed of many isotropically distributed at- 
omlatom potential contributions. In such cases, it can be assumed that the adopted 
conformation is mainly determined by intramolecular forces and that no pro- 
nounced perturbations arise from strong directional interactions with the crystal or 
active site environment. This assumption is also valid for Iiydrophobic portions of 
a ligand skeleton. Conformations obtained by computational methods on the isolat- 
ed molecule have some relevance for the biologically active conformation only for 
hydrophobic molecules. 



oCH3 uimethoprim 

+ 
Fig. 1331. Histograms of dihedral angles for fragments which are representative for the nine flexi- 
ble bonds in the inhibitor methouatate; data taken from small molecule crystal structures (for T,, 
data with trigonal planar and pyramidal geometry at N have been considkred). For each fragment 
the local symmetry has been taken into account. Some of the angles cxhibit clear conformational 
preferences, others show a broad distribution. The torsion angles for the cimfomation of 
methotremte, adopted at the active site of DHFR QDFR,4DFR) from two species (E. coli, 1. casei) 
and in small molecule crystal structures @OJZAM)l:’QUIASPIO, FABWZ (two independent 
molecules)) are indicated (lines to the right, protein data boldfaced) 
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For polar ligands, embedded in a network of strongly directional hydrogen bonds, 
computational approaches have to take into account an environment capable of 
forming hydrogen bonds with the ligand. The citric acid and the guanosindadeno- 
sine examples demonstrate that conformational preferences observed in small mole- 
cule structures provide important information about conformations relevant at a re- 
ceptor site But the most frequent geometry in small molecule crystal structures is 
not necessarily the most probable one at protein receptor sites. The less populated 
conformations have to be considered (cf. side-chain in adenosine and guanosine 
phosphates). The creatine example shows that a ligand molecule at the receptor site 
can adopt a geometry whbse structure and energy deviate substantially from that of 
the isolated molecule in order to optimize its interactions with the neighboring spe- 
cies. 

For a particuIar molecular fragment of interest, statistical evaluations of small 
molecule crystal data will hopefully reveal libraries of ligand conformations likely 
to be relevant at a receptor site [86]. The predictive ability of this structure correla- 
tion approach may be illustrated for two inhibitors of the enzyme dihydrofolate 
reductase (DHFR). Methotrexate (Figure 13.21) is a rather large and flexible inhibi- 
tor with several rotatable bonds. If the peptide bond and the connections to the ter- 
minal NH2- and CH3-groups are excluded, nine torsion angles have to be consid- 
ered. There is no direct way to guess the biologically active conformation of such 
a complex molecule. Fortunately, its geometry at the receptor site of DHFR (from 
two different species 3DFR, 4DFR) is known from crystal structure analysis. In addi- 
tion, crystal structures of the inhibitor and of closely related derivatives 
(DOJZADOl, QUIASPLO, FABVUZ) have been determined. In all five structures, 
the conformations are different. A comparison of the torsion angles in these struc- 
tures with those extracted from the CSD for comparable fragments, reveals that con- 
formational libraries are useful guides to active site conformations (Figure 13.21, 
where the local symmetry of the fragments has been taken intoaccount). 
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Another potent inhibitor of DHFR is trimethoprim. The crystal s t r u c t q  of two 
enzyme-inhibitor complexes @HFR from Bcherichia coli and chicken liver) have 
been determined [87]. Surprisingly, the inhibitor adopts different conformations in the 
two proteins. In the chicken liver enzyme, a butterfly-like conformation is observed 
(7,/7* = -85"/+ 102O); in the bacterial enzyme, the aromatic rings are oriented near- 
ly perpendicular to each other ("twisted" conformation, q/r2  = 177"/76O). The in- 
hibitor shows higher affdty for the bacterial enzyme, and the lower energy of the 
twisted conformation may be partially responsible for this. 

The trimethoprim skeleton resembles that of a diphenylmethane fragment. Astatisti- 
cal analysis of the torsion angles in crystalline diphenylmethane derivatives [88] meals 
the twisted conformation to be more frequently adopted than the butterfly-Iike one, 
suggesting that the latter is higher in energy. If conformational energy contributes sig- 
nificantly to the binding energy of trimethoprim, it must help to determine selectivity. 

We end this section with a modest prediction. In drug development, one might 
consider a replacement of the methylene bridge of trimethoprim by an oxygen. 
Structure correlation can be used to guess some of the consequences of such an ex- 
change. The twisted geometry is found very frequently in crystalline diphenylether 
fragments [88], whereas the butterfly-like arrangement seems to be disfavored. Since 
binding to the bacterial enzyme requires the twisted conformation, the ether analog 
is expected to bind with an affinity comparable to that of trimethoprim, provided 
the hydrogen bonding in the active site and the solvated state is of comparable 
strength for both derivatives (see Section 13.1.2). In the vertebral enzyme, the inhibi- 
tor is bound in butterfly-like conformation. This geometry is not found for 
Ph - 0 - Ph fragments in small molecule crystal structures. Thus, an increased selec- 
tivity is to be expected for the ether analog. No binding constants between the two 
enzyme species and the ether analog have yet been reported. It is known, however, 
that the ether derivative shows affinity comparable with trimethoprim towards the 
enzyme from lactobacillus casei [89]. The structure of the binding site ih this bacteri- 
al enzyme is closely related to that of E. coli-DHFR [go]. Thus, it can be assumed 
that ligand binding occurs here also with a twisted conformation. This geometry is 
a low-energy conformation both for trimethoprim and its 0-analog, and no substan- 
tial difference in the contribution of conformational energy of the ligand to the free 
energy and the binding constant is to be expected. 

13.3 Structure Correlation to Describe Elementary Steps 
in Enzyme Reactions and Differences 
in Ligand Binding Geometry 

An enzyme catalyst immobilizes a substrate at the acQve site in a fixed conformation. 
Through specific binding by the residues in the active site, the enzyme achieves small 
but distinct structural and electronic changes in the substrate molecule compared 
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3. What are the Similarities of Different Ligands in Terms of Their Recoation 
Capabilities? 

In drug design, lead compounds are modified in a well-planned manner in order to enhance their 
affMty and to improve their selectivity. Receptor binding is a mutual recognition process 
depending on the properties of both partners. They determine the mutual interactions of the 
different functional groups in the ligands with the amino-acid residues of the protein. They define 
the relative orientations of the ligands in the binding pocket ("binding mode"). Assuming 
unchanged properties of the receptor, we now want to discuss the question whether we can 
read-off from the three-dimensional structures of the ligands their recognition capabilities and 
provide estimates on differences in their binding features. 

Prerequisite for a successful recognition between a ligand and a receptor is an appropriate shape 
of the ligand that fits into the binding pocket. In addition, complementary properties have to be 
experienced at both surfaces. Shape and electronic properties are determined by the electron 
density distribution which also defines the hydrogen-bond donor and acceptor properties, the 
hydrophobicity and polarizability. All these features can be used to map and compare the 
recognition capabilities of different ligands. 

Molecular Descriptors to Map Recognition Capabilities of Molecules 

(from G. Klebe, "Structural Alignment of Molecules" in "3D QSAR in Drug Design, Theory, 
Methods and Applications", ed. H. Kubinyi, ESCOM Leiden, 1993, p. 176-181 (Ref. [4]-[ll])). 

2.2. Molecular descriptors to map recognition capabilities of molecules 

What are suitable molecular descriptors to quantify and map molecular recogni- 
tion capabilities of molecules? In molecular mechanics it is common to describe 
the intra- and intermolecular interactions of a molecular system by the summa- 
tion of several empirically derived potential energy terms. Some of these terms 
describe those aspects which arise from intermolecular interactions. The disper- 
sion forces between molecules are frequently described by Lennard-Jones-type 
potentials, whereas electrostatic properties are characterized by Coulomb-type 
potentials. Both potentials cover the major part of the intermolecular interaction 
energy. They (or their corresponding fields) appear to be suitable and relevant 
descriptors to probe putative interaction capabilities of molecules. However, a 
complication might arise due to the fact that the mutual polarization of the bind- 
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ing partners can result in a fairly pronounced redistribution of the electron den- 
sity of the drug molecule between its bound and unbound state. Hydrogen bond- 
ing for example, the most important interaction in iigand-protein recognition, is 
mainly electrostatic in nature. However, its directionality arises from steric 
effects and an anisotropic, mutually polarized charge distribution [4]. Including 
the latter aspects (e.g. repulsive terms or higher moments of the charge disrribu- 
tion) into molecular mechanics substantially improves the modeling of these 
interactions [SI. Since the structure of the receptor binding site is not known, it 
is not possible to specify those spatial regions where poiarization might play an 
important role. However, descriptors which map gifferences in the polarizability 
of different molecular portions in a series of drug molecules appear to be import- 
ant. 

Furthermore, hydrophobic fields (see chapter on ‘Hydrophobic Fields’) have 
been suggested as possible molecular descriptors to explore molecular recogni- 
tion capabilities f61. Such fields are - to some extent - related to the former 
ones (e.g. molecular portions which bear only minor partial charges correspond 
i n  general to hydrophobic areas, whereas highly charged fragments mainly occur 
in hydrophilic regions). The importance of hydrophobicity for the description of 
binding properties of molecules and the local surface complementarity of 
hydrophobic and hydrophilic areas of ligand and receptor have already been 
addressed. In addition, hydrophobicity includes some contributions to entropy (cf. 
section 2.4). 

In molecular mechanics, several analyticaI forms refemng to different para- 
metrizations have been reported to describe dispersion and electrostatic interac- 
tions. Among them, Lennard-Jones and Coulomb potentials are most frequently 
used. While the former is a short-range interaction, the electrostatic interaction 
extents much further in space, and hence, a distance-dependent ‘damping’ can be 
applied by the choice of an appropriate dielectric constant (in water: 80; in 
vacuo: 1 ; in protein environment: 2-4). The concept of hydrophobicity fields has 
been incorporated into the program HMT 161. It allows one to calculate the 
hydropathy at a given point in space as a function of the distance to &e atoms 
in a molecule. A specific hydrophobic atom constant is assigned to each atom 
and its contribution is weighted by its solvent-accessible surface area. At present, 
possible polarization effects resulting from an electron density redistribution due 
to binding are not incorporated into molecular field approaches. 

Differences in molecular potentials or fields that result from a given alignment 
of molecules being compared with respect to a particular propefly have to be 
transformed into numerical quantities which can be handled in a quantitative 
structure-property relationship study. The most common way is to evaluate the 
interaction energy between each molecule in the data set and an appropriate test 
probe at regulariy spaced grid points of a common reference lattice (see chapter 
on ‘Molecular Interaction Fields’). 
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Fig. I .  A set of eight substituted benzene derivatives (I-VIII, benzoic acid. benzoate. buuamide, di- 
methylaniline. propen-2-ylbenzene, nitrobenzene. benzamidinim ion and b e d i n e )  is used to 
illustrate different properties that are important for a structural alignment and describe the shape and 
the recognition capabilities of molecules: (a) volume representation by rhe van der Waals surjiue; (b) 
alignment according to the dipole moment (sue anddirection ofrhe arrows correspond to the magnitude 
of the dipole moment. for the ions IX and VI1 M dipole is given). 

178 



Structural Alignment of Moiecules 

4 
V Vli 

Fig. 1. (c) representation of the electrostatic potential (based on AMI charges) displayed by isocontour 
surfaces. contour level for 1. Ill-Vi, VI11 greyfiight grey/black l/O/-l k~&hd.  for 11: -5/-15/-25 
k a  Umol. for Vli: 2S/IS/S kcaUmo1; (d) representation of the hydrophobic potentid (HINT method), 
displayed by isocontour surfaces. contour level greynight greyhlack 4/1/-6 kcaUml; representatwn 
of favarabk H-bonding sires for (e) an NH-donor group or v) an O-acceptor group (GRID method). 
displayed by isocontour surfaces. contour level grey/black -3.W-2.5 kEaumol. 
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2.3. Different molecular descriptors focus on different properties: A test example 

A data set of eight substituted benzene derivatives (Fig. I: I-Vm, benzoic acid, 
benzoate, benzamide, dimethylaniline, propen-2-ylbenzene, nitrobenzene, 
benzamidinium ion and benzamidine) is used to illustrate the consequences of 
using different molecular features for comparison. All molecules possess nearly 
identical volume requirements (cf. representation of the van der Waals surface, 
Fig. la). To compare the molecular volumes, a superposition, based on a rigid 
least-squares fit of the atoms of the phenyl moiety, might be a suitable criterion. 
Projecting properties such as the charge distribution onto the van der Waals 
surfaces will better elucidate the differences between the derivatives. The orienta- 
tion and size of the dipole moment as a rough descriptor of the charge distribu- 
tion reveals pronounced differences for the present data set. An alignment ac- 
cording to the spatial orientation of the dipole moment would result in a totally 
different superposition (Fig. lb). Molecular potentials and fields are valuable 
descriptors to map features which determine the mutual recognition capabilities 
of molecules. Isocontours of the Lennard-Jones potential around the molecules 
reveal a descriptor which virtually displays the volume requirements. According- 
ly, quite similar results are obtained for I-VIII. The electrostatic [7] and 
hydrophobic [6] potentials, shown in Figs. IC and d, are more useful descriptors 
for comparison. With respect to hydrophobicity, all molecules possess a 
hydrophobic surface portion on the phenyl moiety, whereas for I-111 and VI-VIII 
polar areas are localized on the surfaces of the functional groups. Di- 
methylaniline (IV) and propen-2-ylbenzene (V) possess completely hydrophobic 
surfaces. Aligning the hydrophobicity gradient along the molecular surface might 
be a useful criterion to match the molecules. In the present case, a simple Ieast- 
squares superposition of the atoms of the phenyl moieties already provides an 
alignmenE which maximizes the overlap of similar hydrophobic surface portions. 
The electrostatic potentials for I, III. VI and VIII resemble each other (Fig. IC). 
Compounds 11 and VI1 deviate substantially, both molecules represent oppositely 
charged ions. The program GRID [8] allows one to sample the potential energy 
for putative interactions with various probes around a given molecule. In Figs. 
le and f, favorable regions for the interaction with a hydrogen-bond donating or 
accepting probe are shown. According to these results, the derivatives can be 
further classified. Compounds IV and V are not capable of forming hydrogen 
bonds. Derivatives I1 and V are characterized as pure acceptors, VI1 and VIII as 
pure donors, while I and 111 cafboth accept and donate hydrogen bonds. Similar- 
ities in the recognition capabilities, e.g. at the receptor site, are to be expected 
for those species which belong to the same class. 

For the two ionic compounds II and VII, protein recognition sites are known 
in trypsin 191 and a hydroxylase [lo]. They are bound through four adjacent 
hydrogen bonds. The binding properties for both species are quite complemen- 
tary. Whereas the benzoate is recognized by the guanidinium group of an argi- 
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nine, the benzamidinium ion interacts with the carboxylate group of an aspartic 
acid. A third recognition site is provided in both cases by the hydroxy group of 
serine which underlines the bifunctionality of serine as H-bond donor and ac- 
ceptor. From the H-bonding pattern it is evident that the two ions cannot be 
mutually recognized at the different binding sites of the two proteins. However, 
an example found in two crystal forms of creatinase illustrates the pH-depend- 
ence of molecular recognition through hydrogen bonds [ 111. A carbonate ion and 
a water molecule are found in the active site of this protein, crystallized under 
different pH conditions. At low pH (5.4), the recognition site for the anion, pre- 
sumably present as bicarbonate, is formed by two glutamic acid residues. The 
water molecule mediates a hydrogen-bond network to two arginine residues. At 
high pH (7.4), the anion, again assumed to be a bicarbonate, binds with the re- 
verse orientation. It is now facing the two arginine residues, while the water mol- 
ecules bridge to the two glutamic acid residues. Thus, the binding geometry of 
the same ligand can depend on the protonation state of the active-site residues. 
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4. Where and in Which Orientation will a Ligand Bind to the Active Site? 

In the last years, several structure determinations became available where a particular protein h a  
been crystallized together with a series of different ligands. They revealed for many of these 
complexes that ligands with related bonding skeletons also occupy similar regions in the binding 
pocket (e.g. a-lytic protease 111, endothiapepsin [Z], renin [31, WJ-protease 141). For example, 
the structllres of thrombin with four different inhibitors have been reported to deviate for none of 
the residues by more than 1 Several rearrangements in the range of 0.5 - 1.0 A are observed 
making clear sense in terms of the protein adapting to a particular inhibitor [SI. HIV 
protease-inhibitor complexes have been determined in five different crystal forms. Independent of 
the crystal form and nature of a particular inhibitor, the enzyme structure is well conserved with 
ms deviations being in the range of 0.7 A This structural conservation also extends to the active 
site [6]. These series suggest that common or related molecular bonding topology permits to 
conclude on similar recognition capabilities. However, a substantial number of examples is 
available that indicates a more complex and less clear-cut relationship. In the following we want 
to describe some of these examples in order to focus on the problems involved. 

Methotrexate 

0 OYO@ 

Dihydrofolate 

The inhibitor methotrexate (MTX, Fig. 1) and the natural substrate dihydrofolate (DHF) are both 
recognized by dihydrofolate reductase (DHFR) [7]. Considering the heterocyclic portion only, 
one might be tempted to directly compare the molecules in terms of an atom-by-atom 
correspondence (Fig. 1). If we match the hydrogen-bonding capabilities of the two molecules 
(pK, considerations suggest MTX to be protonated at N1 [SI) and neglect the underlying 
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Fig. 1: Comparison of the heterocyclic portions- in the two ligands methotrexate and 
dihydrofolate. Using an orientation of the ligan& according to an direct atom-by-atom 
correspondance reveals only little similarity in the hydrogen-bonding patterns (the arrows 
pointing toward the ligand correspond to hydrogen-bond acceptor properties, those pointing away 
to donor properties). Changing the conformation of dihydrofolate by flipping the heterocycle 
about 180° results in a mutual orientation that shows convincing similarity in the 
hydrogen-bonding patterns. 



molecular skeleton, we obtain quite different hydrogen-bonding patterns in this Orientation to 
experience by the protein environment (Fig. 1). Flipping the heterycle  of DHF about the bond 
to the side-chain reveals orientations where both moieties are no longer in Optimal space-f&g 
correspondence. However, in this conformation the pattern in hydrogen bonding now shows much 
better resemblance. Crystallographic data on the binding geometry are available for both ligands 
[7-9] (Fig. 2). They show that our consideration based on similarities in the hydrogen-bonding 
properties leads to the correct binding modes. Electrostatic properties as an indicator for such 
comparisons suggest similar conclusions. 
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Two antiviral compounds binding to human rhinovirus 

Rather surprising binding modes are observed for two antiviral compounds (Fig. 3 )  which are 
very similar in bonding topology. They bind with reverse orientation into a canyon on the surface 
of human rhinovirus [lo]. Considering their volume requirements and electrostatic fields, an 
approximate mirror symmetry is obvious [ 111. Fig. 3 shows the similar shape of the electrostatic 
potential (ismontour planes at different levels) for both ligands in the ("regular" vs. "reverse") 
orientation observed at the protein binding site. 

l3-phenylpropionyl-1-phenylalanine 
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N-carbobenzoxy-1-phenylalanine 

Another example of two ligands possessing very similar bonding skeletons but exhibiting binding 
geometries that deviate from a simple atom-by-atom <matching are 
B-phenylpropionyl-1-phenylalanine and N-carbobenzoxy-1-phenylalanine (Fig. 4). Both inhibit the 
zinc proteinase thermolysin [12]. They are composed by hydrophobic groups at both terminal 
ends and polar groups in the center capable to form hydrogen bonds or to coordinate the zinc. 
According to the crystallographically determined binding geometry, both compounds occupy in 
comparable manner two hydrophobic pockets with their terminal phenyl rings. 
N-carbobenzoxy-1-phenylalanine coordinates zinc through its carboxy group, whereas 
13-phenylpropionyl-1-phenylalanine orients its carbonyl group toward the metal atom (Fig. 4). The 
opposing residues Ala113 and Arg203 provide two binding sites. In 
N-carbobenzoxy-1-phenylalanine, the central amide bond is involved in hydrogen bonding to both 
residues, however that to Arg203 is mediated via a water molecule. In 
l3-phenylpropionyl-l-phenylalanine, the carboxy groups interact directly with Arg203 and a 
H-bond is formed to Ala1 13. 

Related molecules with similar recognition properties that interact with the same functional 
groups of the protein thereby covering a largely analogous contact surface exhibit "similar" 
binding modes (e.g. MTX and DHF). If different amino-acid residues are involved in the binding 
or distinct functional groups of the ligands are engaged in the ligand/protein interface 
%ltemative" binding modes are detected. Modifications being "minor" with respect to the 
topology of the underlying bonding skeleton can substantially modify the conformational and 
accordingly the recognition properties. At present, our understanding of the similarity of flexible 
molecules is not sophisticated enough to uniquely relate changes in these properties with changes 
in the bonding topology. 
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thiorphan , 
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retro-thiorphan 

Molecules with structurally deviating bonding topology can perform similar interactions with a 
protein (similar binding mode). The two inhibitors thiorphan and retro-thiorphan both inhibit 
metalloproteases including thermolysin [13). Both molecules bind with the same functional 
groups to the same residues of the protein (Fig. 5). 

OH OH 

a- and P-N-acetyl-glucosamide 

A similar "reverse" recognition of a peptide group has been observed in lysozyme for a- and 
P-N-acetyl-glucosamide [ 14). Both enantiomers differ in the codiguration at C2. The NH and CO 
groups of the N-acetyl side-chains are equivalently recognized by the backbone carbonyl of 
Ala107 and the backbone NH of Asn59 (Fig. 6). With respect to the bhding site of lysozyme, the 
recognition properties of the remaining molecular portions are so strongly modified that the two 
enantiomers occupy different regions of the binding pocket (alternative binding mode). Whereas 
the a-form is engaged in a hydrogen bond to the backbone NH of Trp108, the f3-isomer orients to 
the opposite side now interacting with the indole nitrogens of Trp62 and Trp63. Lysozyme 
provides a rather extended binding pocket that can accommodate molecules much larger than 
N-acetyl-glucosamide. In the structure of tri-N-acetylchitotriose (GlcNAQ the first sugar moiety 
binds similar to the pyranose moiety in the J3-form 1151. In this structure, the region occupied by 
the a-isomer is filled by five water molecules. 

,- 



Fig. 6: Binding geometry of a- and B-N-acetyl-glucosamide to lysozyme as determined by X-ray 
crystallography. Both ligands are shown superimposkd in the Same Figure. The a-form orients to 
the right and is hydrogen-bonded (dashed lines) to Trp62 and Trp63. With its amide group the 
ligand interacts with the carbonyl oxygen of Ala107 and the backbone NH of Asn59. The 
kenantiomem orients to the left and forms the same interactions with its amide group to 
lvsozme (dotted lines). In addition it forms a hydrogen bond to the backbone NH of Trpl08. 
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Fig. 7: Binding modes of four different ligands in purine nucleoside phosphorylase. The N to C 
replacement at the 9-position of the guanidine moiety results in an unexpected induced fit. The 
An242 sidechain swings-by and presents either its NH or C=O groups to the ligands. 
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enantiomeric sulfonamides binding to human carbonic anhydrase 

Owing to the chirality of proteins deviating binding modes of enaniomers appear not very 
surprising. However, also the opposite has been observed. For instant, in human carbonic 
anhydrase 1161 two enantiomeric sulfonamides bind with a 100-fold potency difference. As 
determined by protein crystallography both ligands occupy rather similar regions in the binding 
pocket (similar binding modes). 

Ligand binding is a mutual recognition process between two flexible molecules. Accordingly, 
similar to the conformational changes performed by the ligand upon binding, the ligand can 
induce spatial rearrangements of the binding site residues. Lucky enough, these changes appear to 
be quite similar for the binding of different ligands. An instructive example highlighting the 
importance of such induced-fit effects provides the binding of guanine to the active site of purine 
nucleoside phosphorylase [ 171. This ligand forms hydrogen bonds through N7 and the oxygen at 
C6 to the side-chain amide group of Asn242 (Fig. 7). A simple, on a first glance isosteric N to C 
replacement at the 9-position implies an exchange of a hydrogen-bond acceptor by a donor at the 
6-position. Such an exchange substantially modifies the recognition features of the ligand and 
should be reflected in changes of the binding properties. Nevertheless, 9-deazaguanine shows an 
even higher affinity adopting a binding geometry very similar to that of guanine. This is owing to 
the fact that the adjacent Asn residue swings by and now presents, instead of its NH,-group, one 
of its NH protons and the C=O group to the ligand. This induced fit can hardly be predicted and 
rationalized without determining protein-ligand structures. 

b 

The binding mode of a molecules in the active site of a protein depends on the protonation state of 
the residues involved. A very simple case, illustrating this influence, is the pH-dependent binding 
of carbonate to creatinase [18]. Two crystal forms of @e enzyme, showing a carbonate ion and a 
water molecule in the active site have been grown under different pH-conditions (5.4, 7.4) and 
structurally characterized. The guest molecules occupy different positions in the two smcmes, 
thus indicating pH-dependent binding modes. At low pH, the recognition site for the anion, 
presumably present as bicarbonate, is formed by the two protonated Glu-residues. The water 
molecule mediates a hydrogen-bond network to the opposing Arg-residues. At high pH, the anion 
(again assumed to be a bicarbonate) binds with reverse orientation. It is now facing the two 



Arg-residues, while the water molecule bridges to the two Glu-residues. 

This observation is not without consequences for the design of enzyme ligands Possessing tailored 
recognition properties. Phosphastatine analogs have been reported to be potent inhibitors of the 
aspartyl protease pepsin, but they are relatively weak inhibitors of renin, another aspartyl 
protease. The difference may be attributed, at least in part, to the different pH optima of the two 
enzymes. Pepsin is a digestive protease operating in a strongly acidic medium, whereas renin 
operates under neutral conditions. In the latter situation, it has to be assumed that the hydroxy 
group at phosphorus is largely deprotonated and therefore not suited to bind to the aspartates in 
the active site of renin [ 191. 
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5. How to Select a New Protein Ligand? 

The knowledge of the 3D structures of the protein and protein-ligand complexes can be used to 
identify the essential interactions in these structures and to search for additional binding sites 
which are not used by previously known ligands. Possible binding sites may be positions where 
hydrogen bonds can be formed with the enzyme, or hydrophobic pockets in the enzyme structure 
which can be occupied by lipophilic groups. 

The following strategies for 'De Novo' design have been suggested [l]. In a first step the binding 
site is analyzed and suitable descriptors for the putative interactions-with a ligand are proposed 
121 (Fig. 1). Different approaches have been described: 

- mapping "hot spots" for binding by some grid-based force-field methods or by molecular 
dynamics, 

- generation of a shape complement of the binding site, 
- rule-based generation of putative binding sites. 

In a second step molecules or molecular fragments [3] are placed ("docking") into the binding site 
according to the descriptors provided in the first step [4]. The larger the fragments get the more 
important is a simultaneous consideration of molecular flexibility. In this step either complete 
molecules or multiple fragments are placed [4]. The latter ones are subsequently linked by 
suitable molecular spacers. A successfully placed seed fragment can also be extended by 
additional fragments to fill a larger section of the binding site. After exhaustive searching, placing 
and extending of fragments the docked and composed molecules have to be scored in a final step. 
This step is intended to estimate the binding affinities of the constructed molecules. The 
top-scored proposals from such an approach are further considered as  possible novel lead 
structures in drug design. 
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Fig. 1: Different strategies in De Novo design of protein ligands. In a frrst step the binding site is 
analyzed and suitable descriptors are provided to propose putative interactions with a possible 
ligand. Molecules or fragments are placed into the binding site. These are linked or extended by 
additional fragments. In a final step the constructed ligands have to be scored in order to estimate 
their binding affinities. 
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Introduction 
This part of the tutorial concerns the computational methods that are being used in predicting and 
analyzing the chemical interactions between biological molecules. 
The tutorial starts by giving a taxonomy of possible docking problems. Variants of docking problems can be 
distinguished with respect to the size of the involved molecules and with respect to the assumptions that are 
made on their structural flexibility. Another measure of distinction is what information is accessible on the 
docking partners. 
All methods of computer-aided docking contain two main components. The first component is a computer 
model of the steric and chemical reality. The second component is an algorithmic engine that searches the 
vast conformational space of possible binding modi. 
The tutorial follows the historical development of computer-aided docking in that it first describes methods 
for docking molecules that are assumed to  be rigid. In this context, the tutorial details issues of steric and 
chemical modeling, as well as the prime combinatorial algorithms for searching through the conformational 
space. Over half of this tutorial is devoted to this basic field of rigid-body docking. 
Handling conformational flexibility is an added feature of computational docking methods that does not 
influence chemical modeling very much but that exercises an immense influence on the search algorithms. 
Most efficient docking algorithms have an intrinsically combinatorial flavor. If we need more algorithmic 
robustness than combinatorial methods can offer, adaptive methods of computation, such as Monte-Carlo 
methods, genetic algorithms, or molecular dynamics methods, can be of advantage. However, such methods 
incur an extremely high cost of computing. A special section of the tutorial is devoted to adaptive docking 
methods. 
In the conclusion section of the tutorial, we will mention the central open problem of computer-aided 
docking, its main challenges, and the potential that lies in advancing these methods. 
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Taxonomy of Docking Problems 
There is a large variety of docking problems. 
Currently, the industrially most relevant version, especially in pharmaceutical applications, asks for 
analyzing the chemical interactions between enzymatic protein receptors and small organic Zigands that 
inhibit the enzymatic activity. The reason is that inhibition of enzymatic activity is an effective way of 
controlling metabolic behavior. Small organic ligands can be synthesized reasonably efficiently, do not 
degrade over time as much as biological molecules, often do trigger immunological responses, and can be 
administered orally without being decomposed inside the gastro-intestinal tract. Docking ligands to  
receptors is a problem that is dominated by an accurate estimation of the free energy of binding and an 
effective handling of the conformational flexibility of the two docking partners. 
Inside living organisms, the docking partners are more often both large biological molecules, such as 
proteins. For this reason, understanding interactions between proteins is a major prerequisite towards 
uncovering the secrets of life. This makes protein-protein docking an interesting and relevant problem area. 
Proteins are conformationally more restricted than small ligands, thus the notion of a molecular surface is 
more relevant here than in docking small ligands. The binding forces among proteins are generally much 
weaker than those between small inhibitors and protein receptors. Thus analyzing the energetic balances is 
much more complicated, in this version of the docking problem. 
De-novo Design is a variant of the docking problem that asks for constructing an appropriate small ligand 
for an enzymatic receptor. This variant of the docking problem has the character of goal-oriented molecular 
design. However, it is hard to incorporate issues such as the ease of chemical synthesis into this design 
process. 
All of the above variants of the docki problem require the three-dimensional structure of the receptor to be 
known. The last part of this section lains what can be done, if this structure is not available. In this case, 
we can try to deduce information on the receptor structure from experimental data on binding affinities of 

I 

several ligands to the r - 
I c-! S I ,  fll 
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Protein-Protein Docking 
Problem features 
- The ligand is protein (hundreds to thou.sa.nds of atoms) 
- The ligand is conforn3ati.ozzally stable 
- The contact stirface between th.e docking partners i.s large 
- Surface complementarity is a dominating feature 
- Delicate energy balance due to few and varying interactions along the contact surface 
- Advanced problem version takes rnolccular flexibility o f  both docking partner into 

account (induced fit) 

Application 
- Elu.cidation of basic inechanisnas (metabol.i.sm., imm.une sys tcm) i.n biologi.ca1 systems 
- Development of pharmaceutical.s and bioactive agent (detergen.ts, glues, dyes etc.) 

- degrada.bi!ity, tfiqx-mstability, bioaccessibility etc. play a role 
- syn.t'tn.csi.s i.s u.sual..l.y 13.0 pro'b:iexn . .  

Tutorial Molecular Docking, ISMB'95, Cambridge, England, July 16, 1995, Thomas Lengauer and Matthias Rarey 7 



De-novo Design 
Problem features 

Variant of small-ligand problem (construction problem) 
Construct a new ligand out of a set of indivisible building blocks (atoms or fmgmen.C;s) 
features such as casc af syn.th.esi.s, bj.o-access.i~i.l.ity, a.nd nm-toxi.city p1 ay an i.m.po.rtant 
role in the design process but are not easy to automate 
... . .  Application 

- Same as for small ligand-docking 
- More directed towards design than towards analysis 
- aotm-based vs. fragment-based methods 

- 4- atomn-based 

- 3. fragment-bascd 
- allow for higher variability in molecular structures 

- faster, because building blocks are more complex 
- fragment library can incorporate aspects of ease of synthesis 

Tutorial Molecular Docking, ISMB’95, Cambridge, England, July 16,1995, Thomas Lengauer and Matthias Rarey 
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3D QSAR Method 
ComFA (Comparative Field Analysis) 

Clark et  al. 1990 

f- Attractive n 

0 

Repulsive u 

. . .  

I I I I 
I I I I I 

P S  I 
EQUATION 
Bio = y + a x SO01 + b x 5002 + ..... + m x S998 + n x €001 

+ ...... + z x  E998 

10 
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Rigid-body Docking 
Almost all of the early approaches to docking considered the two docking partners as rigid molecules (rigid- 
body docking) and analyzed the configuration of the molecular complex exclusively in steric terms. For this 
reason, different notions of a molecular surface were introduced. Data structures for molecular surfaces have 
to represent the critical surface features with high accuracy and, at the same time, should not take up too 
much space. In this section, we discuss several notions of molecular surface and data structures for 
representing molecular surfaces. 
The main combinatorial engines for analyzing the conformational space in rigid-body docking are graph- 
based algorithms. We discuss three main approaches here, namely algorithms based on &que search, on 
distance geometry, and on geometric hashing. 
Soon, it became apparent, that selecting candidates for docking configurations on purely geometric terms is 
not sufficent for docking small ligands to receptors. Too many false positives are generated that have to be 
discarded by filters analyzing the chemical properties of the molecular complexes, lateron. The key to 
selecting candidates on the basis of their chemical appropriateness was estimating the free energy of binding 
of the molecular complex sufficently accurately. The last part of this section dicusses several ways in which 
this can be achieved. 

Tutorial Molecular Docking, ISMB'95, Cambridge, England, July 16,1995, Thomas Lengauer and Matthias Rarey 1"""'"1 12 



Molecular Surfaces 
Several definitions of surface 

probe 

accessible 
from Dean 
1990 

contact 

van-der-Waals surface: Surface of thc union 
of the van-der-Waals spheres for all atoms 
probe: sphere with a radiu.s of about 1.4 A 
representing a water n1ol.ecu.le 
solvent-accessible surface (Lee-Richards 
surface, dotted): su.rface d.escribed by the, 
center of a probe rolling on the van-der-, 
Waals surface = surface of the union of a1.l 
van-der-Waals spheres expanded by thc 
probe radius Leemichards 1971 

Reentrant surface: surface dcscribed by 
points on the probe surfkc?, as the probe 
rolls along the van-der-Waals surface 
Connolly surface: combina.tion of van-der- 
Waals and reentrant surface patches 
Connolly 1983 

van der Waals 
surface 

distributed points on surface, att&but.eci 
- 'Dotted. surfk.ct?: A.pproxil~.t~tely ec1~ixll.y 

- convex t:froxn van-tle.f-'~~'aals spl~eres ) 

- concave (froin fklxed prof~e splzeres 
- saddle-shaped (from rolling probc 

spheres) algorithms. Therefore, need sparse 

wit:Xi srxr~icii n.ormals 
- Large set of surface points slows down the 

Tutorial Molecular Docking, ISMB95, Cambridge, England, July 16,1995, Thomas Lengauer and Matthias Rarey 13 
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Sparse Surface Representation I 
Defining “knobs” and ‘‘hoLes” 
- compute solid angles along the Connolly 

surf‘ace, one for e&h surfixe point 

, - solid angle- frwtion o f  sphcricd 
voluine arolznd. t 1.3.e s w:fa be point t h  a.tr 
intersects the xnoiecu.le 

- Take local minima (knobs) and maxima 
(holes) as critical points 

- Can be extended to signature vectors 
.*.* consid.er a set; of ccmcentric spheres 

Add a unit vector pointing away from 
the ccntroid o f  the intersection 
volume 

knob 

Tutorial Molecular Docking, ISMB95, Cambridge, England, July 16,1995, Thomas Lengauer and Matthias Rarey 



Sparse Surface Representation I1 
Surface by critical points 

- compute Connolly surfbce 
Lin e t  al. 1994 

I - classify the faces of that surface 

- concave 
- sad.dlc-sh.aped. 

- compute the center of  gravity for 
each face 

- project gravity centers onto .vim- 1 

-- critical points 
- connect the centers via ''dual" 

edges 

I c? 1\11 ill 
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Sparse Surface Representation I11 
Properties 
- com.pfete 

. .  

- connectivity 
- w~ll-dcfi12~d 
- independent of the density of the 

dotted surface 
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Alternative Surface Representations 
Webs Bacon/Moult 1992 

- circular point sequences along w7ebs 
projected onto the Connolly surfhce 

- one-dimensionality makes niatching simple 
- not invariant with respect to rotation 

\ 

- cluster surface points in cubes andretain 
surfkce normal vectors (translated to center 
of cube) 

- not invariant with respect to rotation 

polar grid with point sequence 

receptor 

ligand 

Tutorial Molecular Docking, ISMB95, Cambridge, England, July 16,1995, Thomas Lengauer and Matthias Rarey 18 



SI u 
0 
R 

4 





Algorithms: Distance Geometry 
Inferring molecular structure from 
boundary conditions on pairwise 
distances o f  the atoms in thc moleculc 

Crippen,/Havel 1988, Kuhl et al. 1984 

Advantages: 
- invariant under rotations and translations 
- general expressive mechanism 
- developed mathematical theory 

Disadvantages: c. 

- good lower bounds on d.istance cannot be 
found. in flexible ni.01ecu:l.e~ 

- if the set; of d.istan.ce  constraint,^ i s  
overd.etermined., no structure i.s offered 

- if Che set o f  distan.ce coiistraixzt:.s i s  heavily 
unclerd.etermi.ned the structure i s  lilrely to 
be quite suboptimal 

1 Ligand 

Receptor 

Distance geometry for docking 
GhoseKrippen 1985 Billeter et al. 1987, 

Smellie et al. 199i 

- red matrix sparse, if 'ligand i s  fl.exib:le 
- not really su.ccessfiu1 on flexible ligands, 

due to zxnderd.et;ermi.n.atio~ 
- need to combine with powerful nonlinear 

og t in i zati on methods 
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Algorithms: Geometric Hashing 
Find appropriate transformations of the ligand 'by matching triangles of 

Triangles in receptor sLored in a hash table 
- approximate matching 
- hash index derived from 3D coordinates 
- triangles extended to full matches by voting Fischer et al. 1993 OX' clustering Rarey et al. 1995 - 

Tutorial Molecular Docking, ISMB95, Cambridge, England, July 16,1995, Thomas Lengauer and Matthias Rarey 22 
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Geometric Hashing: Variant I1 

Surface model based on chemical interaction 
points + Large set of surface points 

1. Hundreds of millions of triangles 
due to large set of surface points 

Therefore: Split triangles into line 
segments, hash the line segments 

2. 
in 

3. 

Approximately match line segments 
the ligand with those in the receptor 

Extend matched line segments to triangles, 
using list merging 

4. Cluster similar solutions, again using list 
merging 

Rarey et al. 1995 * 
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Force Fields 

Vbond 
bonds 

Y o r  = c V”[l+cos(ncp-6)] 3 dihaedral s L 

Qi Qj 

v e l =  K Q C C  i j>i &R ij 

Im.pl.ici.tly covered aspects 
- quanl;urn-mechl.lnical ph en on1 en a 
- effects ofthe solvent 

Platzer et al. 1972 

Conznmon. forcc f“r.01.d~ 
- (3-LAP;CM:m Brooks et al. 1983 

- hmber. Weiner et al. 1984 

- C.RO&/IOS van Gunstereaerendsen 1977 

- MM2 Allinger 1977, RIM3 Allinger et al. 1989 - 
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Precomputed Force-Fields 
The GRID Method( 

Advantages 
- can differerentiate between di€f'erent probes 
- t a lw longe-range forces into account 

Meng et al. 1992 combined with DOCK 
Lawrence, Davis 1992, combined with 

another geometric matching technique 

Limitations 
- rigi.dity of th.e receptor i s  es;sen.ti.al. 
- probes are spherical 
- run. times are sti.:tl large 
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Estimation of Partial Energies 
The LUDI System 

AG = AGhb C f (AR, ACC) -I- AGio C f (AR, AOC) 
H-bonds ionic int. 

+AGli Alipo + AGrot 9 Nro, + AGO 

Bohm 1994 

approximation of the lipophilic contact surface 

N r o t  

Advantages 

number of rotatable bonds in the complex 
function depending on bond length and angle 

Problems 
- entropic terms are modelled, its well 
- only atoms in the neighborhood of the 

- partial energy evaluation possible because 
ligand are considered 

of the additive character of thc cost f’unction 

- long-range electrostatic forces are covered 
only iinpiicitly 

- solvation terms are not modelled directly 
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Handling Conformational Flexibility 
The conformational flexibility of the docking partners is the major source of computational complexity in 
analyzing molecular interactions. In this section, we present combinatorial approaches towards analyzing 
the vast conformational space of flexible molecules. 
We concentrate on receptor-ligand docking. In this area, it is state of the art to consider the ligand flexible, 
whole the receptor is mostly still considered rigid. The historically first approach considered each possible 
conformation of the ligand molecule, in turn, and applies rigid-body docking method to this conformation. 
Then, people tried to formulate conformational restrictions on the ligand imposed by the receptor pocket and 
use distance geometry to solve the arising constraints systems. Neither of these two approaches can be 
considered successful, today. 
Today's approaches break the ligand apart into small and rigid or almost rigid fragments. In the first such 
approach which we call place&combine each fragment is placed into the receptor pocket, independently. 
Afterwards, the fragments are combined to  form a suitable conformation of the whole ligand. 
The second approach which we call incremental construction places a distinguished fragment into the 
receptor pocket first. Starting from this fragment, the ligand is formed by stepwise attaching new fragments 
in suitable conformations. 
The approaches to flexible docking that are based on fragmenting the ligand have a natural close 
relationship to de-nouo design methods for ligands. This is the version of docking to which most of these 
approaches were first applied. 

I c? 1\11 rll 
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Combinatorial Approaches 
4) Multiple conformations 4) Combinatorial search 

- compute a set of discrete conformations for 
tlie ligand 

- dock each conformation using rigid-body 
methods 

- Advantages 
- easy to  implenient 
- efficient, if ligand is almost rigid 

- Disadvantages 

- Match interaction partners - c.g. H-bond 
donors and acceptors - in ligand and 
receptor in all possible ways 

- Do a rigid-body superposition for each 
match and conformation, and rate the 
resulting complexes by 

- energy 
- deviation for ideal interaction 

geometries 
- Combinatorial explosion if ligand has 

increasingly flexible 
Klebe/ Mietzner 1994 
Kearsley et al. 1994 

- Combinatorial explosion unavoidable 
Mizutani et al. 1994 

e Distance geometry 
- strongly underdetermined if ligand is 

increasingly flexible 
- lower bounds are not tight enough 

GhosdCrippen 1985 Billeter et al. 
1987,Smellie et al: 1991 
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Place & Combine: De-Novo Design I1 
CONCEPTS Pearlman et al. 1993 Tools for connecting molecular 

fragments MCSSIZIOOk Miranker et al. 1991/Eisen 1994 

- random placement of atoms (CONCEPTS) CAVEAT Laurmartlett 1994 
or small f'unctional groups (MCSS) into 
active site 

- efficient database search for molecular 
fragments that matcli required bond 
pat terns - optimize using a force field 

- successive connection of placed groups by 
bonds (CONCEPTS) OT linkers taken from a 
library (Hook) a - 1  

LE GO Gubernator 

i - place larger fragments by discrete sampling 
and energy minimization 

- search for linkers from a library 

Tweak algorithm Leach/Kilvington 1994 

atoniic chain with fixed endpoints 
- optimizes bond and torsion angles in an 

i? A I i rl 
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Incremental Construction I: GROW 
Fragment; Clie ligand into parts 

Select a special fragment as the root, 
(base, anchor, seed) 

- fmgnients form a tree strucbure 

- large 
- rnan.y possible interactions 

Place th.e root into th.e receptor pocket 
1n.crem.entall.y attach th.e oth.er 
fragments to  the partial ligand, 

starting at the root 

approach in their GROW system 
Moon/Howe 1991 pioneer this 

- application to de-nova degiLq of pepti.des 
- 300 - 1.000 low-energy con.forrgation.s per 

amino acid 
- scoring based. on. A.NIRER+solvation. terms 

root 

1st extension 

2nd extension 

complete conformations 
Problems: 
- choice and placement of the root is essential 

IC? , \ , I  nl 
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Incremental Construction 11: DOCK 
Leach, Kuntz 1992 apply the method 
t o  ligand docking 
- mot placed with the DOCK algorithm 
- geometric model for H-bonds used 
- discrete conformational model 
- extending tho ligand may lead to &?ad ends 

which are handled with backtracking 
- modifications can reduce intcrmolccular 

strain 

Pro bkms : 
- scoring based in Eorce-fields is expensive 
- baclrtrackiiig may be expensive 
- eorr*ections to the p:lacernent of't;'he root 

incorporated 

/ 

Receptor I Receptor 
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Incremental Construction 111: FlexX 
Interaction geometries 'based, on 
LUDI 

Heuristic energy fu.n.cti.on from. IAUDT 

- avoid.ing grid-based methods all.aws for 
incorporating receptor :R exi'bi 1.i ty 

Efficient data stmctures 
- ge0metri.c hashing . .  (p. 24:) 
- fast clustering al.gorit;hm ip. 29) 

Optimization of placement of the 
partial ligand aftcr each extcnsion 

Tested on 11 complete systems 
Run time wit'hin a few minutes per 
system 
Can discriminate between low-energy 
and high-energy conformations 
I? r o'bl exn s : 
- energy calciilaiions are still inexact 
- is limited to ligands that have suitable base 

fragments 
- at, least, three directional interaetkx,w 

with the receptor 
- 1i.pophilic , .  interactions lmw niany 

:ixztmmAk-.m points 

Open. . .  research: 
- must 'be extended to many n1.or.e systems 
- must incorporate receptor flexibility 

Rarey et al. ,1995 

I c,! 1\11 r\l 
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Docking Sets of Ligands With F l e a  
F O~X"WXI.  t T"C? C? - 8 t I*U c t U ~ C  d 
sets of ligands 
Enables simultaneous 
docking of' all ligands 
in the tree-structured 
set 

L1 L2 L3 L1 
W 

L2 L3 

8-84 
A removing 
docking differ en[ docking 
of L1 fragments of L2 

0 
-2 

Achieves time 
savings of a factor 
between two and 
three 
Bernd/Rarey 1995 

removing 
different docking 
fragments of L3 

I c? JII ill 
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Adaptive Methods 
The historically first investigation of computer-aided docking was based on traditional energy minimization. 
Today, adaptive methods such as genetic algorithms, Monte-Carlo methods, and molecular dynamics 
methods, are best suited in situations, were computing time is not of the essence, and accurate chemical 
modeling is critical. These approaches allow most easily to incorporate receptor flexibility, for instance. 
Nevertheless, the docking literature is dominated by the search for efficient fast methods for solving docking 
problems that are based on a mixture of coarsening the models and introducing specially tailored efficient 
algorithms. 

Tutorial Molecular Docking, ISMB95, Cambridge, England, July 16,1995, Thomas Lengauer and Matthias Rarey 43 



Genetic Algorithms 
Rob.ust problem formulation can 
incorporate 
- ligand flexibility 
- partial receptor flexibility 
- solvation phenomena 

Chromosomes 
- conformation of the ligand and active site 
- matched bonding sites in ligand and 

- four strings per chroniosoine 
receptor (restricted to H-bonds) 

- two gray-coded st,ri.n.gs en.soding tkc 
conformation of ligand and uccdptor 

- two i.n.teges strings encoding the 
Illatclled H-bond donors and accept,ors 
in the 1.igand 

- decocling a chroinosorne entails rms-fitting 
Jones et al. 1995 

Fitness function: Weighted sum OE 
- H-bond energ37 
- vd1Venergy 

Genetic operators 
- crossover (20%) 

- t.wo-poi.n.t crossover on integer strings 
-. on.e-poi.1zt CrosStlveI' Cfyl  bi.l?.aI'y strings 
- one string selected for CroSI"30\'Ct' 

- xn.utatj.o.on. (80%) 
- s:iii.g:le-pos:i.t:i.oii. niut,a.t,ic:tns 

Pa.ra.me t ers 
- populatimi. size: 500 
- U: gemtic operations: af>oort 
- ## runs per input;: 50 (for exploration.) 
- time per run: 5 - 8 m:iii.utes S(.d 1 7 '  :It 4000 :l:ris 
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Direct Methods 
Energy minimization 
- original papers by Platzer et a1 1972 

Energy minimization with simulated 
annealing 
- GoodseWOlson 1990 

- c:omb:i.nat:ioxi with 1;h.e (:~:RXI:l ~mie.t,hotl 
- receptor must stay rigid 
- run timcs between 30 and 60 minrttcs 

on a Convex C l  
- Yue1990 

~ O ~ ~ C ' U k W  J)yIlEUniCS Di Nola et al. 1992 

- receptor flexibility can be incorporated 
- cooling incorporated for improved global 

optimization 
- starting temperature between 1300 and 

1.700 K.' 
- Newtoni.stn forces based on a classical 

notion of kinetic energy 
- adapted from GROMOS 

- rigid -body docking of' pibotcins 
- robust and accriratc but .  quite slow 

C_! A I I r j  
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Challenges 
Computer-aided docking is still a basic-research activity. The authors know of hardly any case, in which 
prediction of apreviously unkown molecular complex by computer has made an impact in drug design. The 
main reason for this is that under the limitation of having to search a large conformational space with 
limited computing ressources the chemical models are too coarse for accurate anaylsis. 
Nevertheless, significant progress has been made on molecular docking, in the last decade. Approaches have 
been developed that allow for analyzing flexible molecules, and the introduction of receptor flexibility into 
efficient combinatorial docking algorithms is just around the corner. 
We believe that, if docking research is continued with intensity before the background of real chemical 
applications, and in concert between chemists and computer scientists, it may be just a few years before the 
computer can be an important tool in reliably analyzing molecular interactions. 
Furthermore, it is our opinion, that protein structure research gains much if not most of its relevance to 
actual applications through providing essential structural knowledge on receptor structures that can ease 
the prediction of the structure of molecular complexes. 
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Docking method based on a genetic algorithm. The placement of the ligand 
is encoded via matches between interacting groups. 

[OIiD95] C.M. Oshiro, I.D. Kuntz, and J.S. Dixon. Flexible ligand docking using a 
genetic algorithm. Journal of Conzputer-Aided Molecular Design, 9:113-130, 
1995. 
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second method uses an explicit representation of the transformation space. 

7.1 Flexible Docking algorithms based on fragmentation 

. [DSDi86] 

[LK92] 

[Lea941 

[ SN W 951 

[RKL95] 

R. L. DesJarlais, R. P. Sheridan, J. S. Dixon, I. D. Kuntz, and 
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by molecular shape. Journal of Medical Chemistry, 29:2149-2153,1986. 

Extension of the DOCK method. Fragments are placed independently from 
each other with DOCK and connected to the ligand afterwards. 

A. R. Leach and I. D. Kuntz. Conformational analysis of flexible ligands in 
macromolecular receptor sites. Journal of Computational Chemistry, 13:730- 
748, 1992. 
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struction of the ligand based on a backtracking algorithm. Uses the AMBER 
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Journal of Molecular Biology, 235:345-356, 1994. 
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Extension of the algorithm of Fischer et al. based on geometric hashing. Places 
fragments and connects them via a voting scheme. 

M. Rarey, B. Kramer, and T. Lengauer. Time-efficient docking of flexible 
ligands into active sites of proteins. International Conference on Intelligent 
Systems in Molecular Biology 95 (ISMB’95), 1995. 

Places a base fragment with an algorithm based on triangle hashing. Incre- 
mentally constructs the ligand based on a greedy strategy and clustering. 
Estimates free energy values with Bohm’s function (from LUDI). 
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P.J. Goodford. A computational procedure for determining energetically fa- 
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Medical Chemistry, 28:849-857,1985. 
The GRID program. Calculates energy maps on grid points €or specific molec- 
ular groups in the environment of a receptor. 

H.-J. Bohm. The development of a simple empirical scoring function to es- 
timate the binding constant for a protein-ligand complex of known three- 
dimensional structure. Journal of Computer-Aided Molecular Design, 8:243- 
256,1994. 
Describes an efficiently computable energy function for the estimation of free 
energies of binding of receptor-ligand complexes. 
The following papers describe force fields. 

N.L. Allinger. Conformational analysis. 130. MM2. a hydrocarbon force field 
utilizing 01 and 02 torsional terms. Journal of the American Chemical Society, 
99:8 127-8 134,1977. 
Presentation of the MM2 force field, which allows structural predictions and 
the calculation of the heat of formation for medium-sized organic molecules. 

W.F. van Gunsteren and H.J.C. Berendsen. Algorithms for macromolecular 
dynamics and constrained dynamics. Molecular Physics, 34:1311-1327, 1977. 
Presentation of GROMOS, a molecular simulation program package for all 
kinds of biomolecules. 

B.R. Brooks, R.E. Bruccoleri, B.D. Olafson, D.J. States, S. Swaminathan, and 
M. Karplus. CHARMM: a program for macromolecular energy, minimization, 
and dynamics calculations. Journal of Computational Chemistry, 4: 187-217, 
1983. 
Description of the functional form and the parameters of the force field and 
details of the program architecture of CHARMm. 

S.J. Weiner, P.A. Iiollman, D.A. Case, U.C. Singh, C. Ghio, G. Alagona, 
S. Jr. Profeta, and P. Weiner. A new force field for molecular mechanical 
simulation of nucleic acids and proteins. Journal of the American Chemical 
Society, 106:765, 1984. 
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