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What Can We Learn from Molecular Recognition in Protein- Ligand 
Complexes for the Design of New Drugs? 

Hans-Joachim Bohm* and Gerhard Klebe* 

The understanding of noncovalent in- 
teractions in protein-ligand complexes 
is essential in modern biochemistry and 
should contribute toward the discovery 
of new drugs. In the present review, we 
summarize recent work aimed at a better 
understanding of the physical nature of 
molecular recognition in protein - ligand 
complexes and also at the development 
and application of new computational 
tools that exploit our current knowledge 
on structural and energetic aspects of 

~~ ~ 

protein-ligand interactions in the de- 
sign of novel ligands. These approaches 
are based on the exponentially growing 
amount of information about the ge- 
ometry of protein structures and the 
properties of small organic molecules 
exposed to a structured molecular envi- 
ronment. The various contributions that 
determine the binding affinity of ligands 
toward a particular receptor are dis- 
cussed. Their putative binding site con- 
formations are analyzed, and some pre- 

dictions are attempted. The similarity of 
ligands is examined with respect to their 
recognition properties. This informa- 
tion is used to understand and propose 
binding modes. In addition, an overview 
of the existing methods for the design 
and selection of novel protein ligands is 
given. 

Keywords: computer chemistry * drug 
design - molecular recognition - pro- 
tein-ligand complexes 

1. Introduction 

Molecular recognition in protein-ligand complexes is re- 
sponsible for the selective binding of a low molecular weight 
ligand to a specific protein."] In biological systems, the protein- 
ligand interactions serve a particular purpose, for example an 
enzymatic transformation, substance transportation, or signal 
transduction. They are usually noncovalent in nature. The ex- 
perimentally determined binding constants Ki are typically in 
the range of lo-' to ~ O - " M ,  which corresponds to a negative 
free energy of binding of 10-80 kJ mol- ' in aqueous solution.[21 

Compounds that interact specifically with a particular 
protein of pharmacological interest can be useful in the treat- 
ment of various diseases. In particular, enzymes that regulate 
biochemical reactions are important targets in contemporary 
medicinal chemistry. Two representative examples should be 
mentioned: 1) The enzyme inhibitor trimethoprim (l), which 
inhibits the bacterial dihydrofolate reductase, has proven its 
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potency in the treatment of bac- 
terial infections for quite some 

2) Recently dorzo- 
lamide (2) has been approved as H2N A~ 
This inhibitor of carbonic anhy- 
drase is the first compound in- 
troduced into the market for 

based drug design contributed 

N5JT-J; 

X H 3  a drug against glaucoma.[41 1 

J which the methods of structure- HN 

significantly to its discovery. J-JpfZ 
Besides enzymes, another im- 0 
portant class of protein targets 
are receptors such as G-protein- 

5% 
0 0  
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coupled receptors.lS1 
Our current knowledge about the structures of protein-lig- 

and complexes is derived mostly from globular proteins. Al- 
though a few membrane proteins have been studied by X-ray 
crystallography,[6 - 31 no high-resolution structure of a phar- 
macologically relevant, membrane-bound receptor is yet avail- 
able. Therefore we restrict our discussion to data from small- 
molecule ligands bound to globular proteins, especially 
enzymes. However, we are confident that data from these sys- 
tems are also applicable to membrane-bound receptor proteins. 

An understanding of the principles of molecular recognition 
in protein-ligand complexes is important for structure-based 
ligand design. If the three-dimensional (3D) structure of a given 
protein is known, this information can be directly exploited in 
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the design process. Progress in the isolation and crystallization 
of pure proteins and the subsequent structure determination 
either by multidimensional NMR s p e c t r o ~ c o p y [ ’ ~ - ~ ~ ~  or by X- 
ray crystallographyr’8~ Ig1 has led to an exponential increase in 
the number of solved protein structures. The August 1995 re- 
lease from the Brookhaven Protein Database contains more 
than 4000 entries.1201 Furthermore, our knowledge on the struc- 
tures of small organic molecules and their interactions with a 
structured molecular environment is based on the steadily in- 
creasing supply of crystal structures stored in the Cambridge 
Crystallographic Database (> 140000 entries),[” - 231 and the 
results obtained from high-level ab initio calculations.[241 

As a consequence, structure-based design and discovery of 
protein ligands has emerged as a new tool in medicinal chem- 
istry.[”] In particular, the knowledge of the three-dimensional 
structure of a protein can be used to derive new protein ligands 
with improved binding properties (Table l).126-42] In most ex- 
amples, a tailored optimization of a known lead structure has 
been achieved but in some cases the 3D structures have been 
used to design novel ligands “de novo”. This new approach in 

Table 1. Examples of structure-based design of enzyme inhibitors. 

Enzyme 

dihydrofolate reductase 
thrombin 
elastase 
neuramidase 
thymidylate synthase 
purine nucleoside phosphorylase 
HIV protease 
phospholipase A, 
trypanosomal GAPDH 
glycogen phosphorylase 
carbonic anhydrase 

Therapeutic goal Ref. 

antibacterial agent 
anticoagulant agent 
treatment of emphysema 
antiviral agent 
anticancer agent 
anticancer agent 
anti-AIDS agent 
antiinflammatory agent 
antiparasitic agent 
treatment of diabetis 
treatment of glaucoma 

drug discovery calls for the development of new software tools. 
Algorithms and methods along these lines have emerged in the 
literature. They are concerned with the following questions: 

- What is the binding affinity of a novel ligand toward a partic- 
ular receptor? 

- What are the likely conformations of a ligand at the binding 
site? 

- What are the similarities of different ligands in terms of their 
recognition capabilities? 

- Where and in which orientation will a ligand bind to the 
active site? 

- What strategies are available to select and rank new protein 
ligands? 

Structure-based ligand design is an iterative approach. First 
of all, the crystal structure or a model derived from the crystal 
structure of a closely related homologue of the target protein, 
preferably complexed with a ligand, is required. This complex 
acts as the starting point for identifying the binding mode and 
conformation of a ligand under investigation as well as the 
essential aspects that determine its binding affinity. This knowl- 
edge is then used to create new ideas about how to improve an 
existing ligand or how to develop new alternative bonding skele- 
tons. Computational methods supplemented by molecular 
graphics are applied to assist this step of hypotheses generation. 
At this stage, discussions with synthetic organic chemists take 
place to eliminate unfeasible proposals for synthesis. Then, the 
newly proposed compounds have to be synthesized or pur- 
chased and tested. Subsequently, their binding properties are 
determined by biochemical, crystallographic, and spectroscopic 
methods. By carefully analyzing the obtained results, the next 
cycle of ligand design is started. The important advantage of this 
approach is clearly the information provided by every new 3D 
structure of a protein-ligand complex. They reveal the binding 
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modes of the ligands. If a proposed ligand does not show the 
expected affinity, the analysis often gwes an explanation for this 
finding. This can then provide new insights on how to improve 
the ligand. 

Besides lead optimization this approach also offers a new 
route to create completely novel lead structures. Based on the 
structural features of a particular binding site, de novo design 
strategies propose novel molecular frameworks as putative lig- 
ands. The suggestions are based on extensive database searches 
or on the docking and assembly of smaller molecular portions 
into larger drug-size molecules. 

Despite the above-mentioned advances in experimental meth- 
ods. we still face a situation that for many of the pharmacolog- 
ically relevant proteins no 3D structures to atomic resolution 
are available. What can structure-based ligand design con- 
tribute in the absence of an experimental structure? A compar- 
ative analysis of known ligands can provide some ideas about 
the essential prerequisites for receptor binding. Such similarity 
analyses of existing ligands with respect to their recognition 
properties can stimulate the discovery of novel molecules with 
deviating bonding skeletons. However, most crucial are reliable 
estimates about possible binding geometries within a set of lig- 
ands. This information can be derived from either pharma- 
cophore hypotheses or systematic iigand rigidizations. Methods 
applied to handle these problems have to be developed and 
subsequently validated by using the growing knowledge base of 
structurally characterized protein -1igand complexes. 

In the present review, we summarize some of the recent exper- 
imental results that shed some light on the physical nature of 
protein-hgand interactions. w e  d o  not attempt to review all 
recent work on the nature of these interactions but instead focus 
on structural aspects that provide a better understanding and 
description of the relationship between 3D structures and bind- 
ing properties. Our own recent studies have focussed on the 
question of how the vast and rapidly growing knowledge base 
on the 3D structures of protein-ligand complexes and small 
organic molecules can be exploited in the development of com- 
putational procedures to predict binding affinities, molecular 
conformation, and binding modes. These different approaches 
are used for the design of novel protein ligands. Nevertheless, we 
will show in this contribution that ligand design still requires a 
substantial amount of basic research and thus is far from being 
a pure engineering technique. 

2. Experimental Data Used To Correlate Structure 
with Binding Properties 

Herein, we evaluate structural and binding data from differ- 
ent sources. Before we start to draw conclusions from these 
data. we would like to summarize some aspects concerning their 
accuracy. Binding site geometries are obtained from protein- 
ligand complexes, mainly determined by protein crystallogra- 
phy. Structures from these experiments are not resolved to 
atomic resolution; however, they are the only reliable source to 
learn about the protein -1igand interface. The average errors in 
atomic positions depend on the diffraction powers of the protein 
crystals. For a resolution of about 2.4 A it has been estimated to  
about 0.4 8, in space'43-46J (as a general rule of thumb, the 
positional error amounts to approximately 1/6 of the resolu- 

tion). Owing to  improvements in the crystal growth techniques 
and the equipment used for diffraction experiments, the resolu- 
tion of structure determinations has steadily increased over re- 
cent years. If a resolution of 1.5-1.8 A is achieved and full 
occupancy of the binding pocket by the ligand is detected, the 
electron density is well defined and the molecules can be docked 
without ambiguities. However, in the range beyond 2.0-3.0 A, 
or in the case of partial occupancy, the assignment becomes 
more difficult. Usually, small molecules are modeled into the 
trace of the electron density during structure determination.[471 
The setting of the initial ligand conformation is the most crucial 
step in this procedure. Starting with some arbitrary conforma- 
tion using standard bond lengths and angles of the ligand, sub- 
sequent rotations are manually performed about the various 
rotatable bonds of the ligand in order to optimize its fit to the 
electron density. Finally, the entire protein- ligand complex is 
refined to minimize the difference between observed and calcu- 
lated structure factors. Due to an unsatisfactory observation-to- 
parameter ratio in protein structure determination, the manual- 
ly adjusted conformation of the ligand is often kept rigid during 
refinement. At best, some degrees of torsional freedom are al- 
lowed to  vary according to the applied force field and the struc- 
ture-factor constraints.[48' However, these force fields are usu- 
ally tailored toward protein structures, and their accuracy for 
normal organic molecules is difficult to assess. These limitations 
are of minor importance if data from crystals that diffract to 
high resolution are used, but become more serious with decreas- 
ing resolution, disorder, or partial occupancy. 

For the statistical analyses of conformational preferences and 
interaction geometries, data from crystal structures of small 
molecules are used. Generally, these data are resolved to atomic 
resolution with low positional errors. The positions of hydrogen 
atoms are less precisely defined than those of heavier atoms by 
X-ray diffraction. However, the accuracy of structural data of 
small molecules can be influenced, for example, by crystal de- 
fects, inappropriate data collection and reduction, space group 
uncertainties, or disorder phenomena. Data are retrieved from 
the Cambridge Crystallographic Databasec2' - 2 3 1  by using a 
predefined query structure. In some cases the matching of a 
chemical connectivity onto crystal coordinates is not unambi- 
gious. Thus, a small number of inadequate examples might still 
be contained in the data sets collected for the statistical evalua- 
tion as undetected noise. 

The experimental binding data can be used to derive models 
for predictions of the affinities. Difficulties arise if binding data 
from different laboratories obtained on different proteins are 
compared. Variations in the experimental conditions (e.g., tem- 
perature, salt concentration) can have an impact on the data. 
For instance, several measurements have been pubIished on the 
same protein-ligand complex, however, a variation of up to a 
factor of has been reported. This finding stands as a 
caveat and poses a limit to  any theoretical description. 

3. Noncuvalent Interactions in Protein- Ligand 
Complexes 

Low molecular weight ligands can interact with macromolec- 
cular receptors through both covalent and noncovalent interact. 
tions. Examples of ligands that form covalent bonds with the 
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14-  
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target protein are trifluoromethyl ketone inhibitors of elas- 
tase,f5'* '1 P-lactam antibiotics, aspirin, and other nonsteroidal 
antiinffammatory However, in the present discussion, 
we shall exclude such examples and consider only noncovalently 
interacting ligands. The major contributions to noncovalent 
protein-ligand interactions are shown in Figure 1, in which the 

' Gly219 

Fig. 1. Interactions between the serine protease thrombin and the thrombin 
inhibitor NAPAP, as observed in the X-ray crystal structure of the complex solved 
by Brandstedter et al. [531. The arc denotes the lipophilic binding site. 

thrombin-NAPAP complex[531 is used as an example. Usually, 
several hydrogen bonds are formed between the protein and the 
ligand.t541 In addition, oppositely charged functional groups of 
the protein and the ligand are paired. Furthermore, lipophilic 
groups of the ligand are found in hydrophobic pockets formed 
by side chains of the hydrophobic amino acids. The binding 
constant Ki and the related free binding enthalpy AG (AG = 

- R7'lnKJ have been determined for a large number of protein- 
ligand complexes. The binding constant Ki is routinely mea- 
sured in numerous laboratories. 

The knowledge-base from these data immediately leads to the 
following questions: 1) How does the binding constant relate to 
structural properties of a complex? 2) What are the important 
properties that allow a protein to bind a ligand tightly and 
selectively? 3 )  What makes a cleft in a protein structure a ligand 
binding site? Our current understanding of protein- ligand in- 
teractions is still far from being sufficient to fully answer these 
questions. The most important prerequisite appears to be good 
steric and electronic complementarity between protein and lig- 
and. However, due to desolvation effects this criterion alone is 
not sufficient to fully describe tight binding of ligands. 

3.1. Hydrogen Bonds 

We have analyzed a set of 80 diverse protein- ligand complex- 
es for which both the 3D structure and the binding constant are 
known. In Figure 2 the binding constants Ki are plotted against 
the number of hydrogen bonds formed between proteins and 
their ligands. Although the binding affinities roughly increase 
by one order of magnitude per hydrogen bond, it is evident that 
there is a very broad scatter of the data. Several protein-ligand 
complexes exhibit strong binding in the nanomolar range with 
no hydrogen bonds (e.g., the complex between the retinol bind- 
ing protein and re t in01~~~ ' )  or very few hydrogen bonds (e.g. that 
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Fig. 2. The contribution from hydrogen bonds to the binding affinity of protein 
ligands. The logarithm of the binding constant K, is plotted as a function of 
the number n of hydrogen bonds between the protein and the ligand (data were 
extracted from 80 structures of protein -1igand complexes determined by crystallog- 
raphy). 

between an antibody and a steroid,[56' as well as that between an 
antibody and fluorescein 15'1). The binding of these ligands 
arises from nonpolar interactions. Furthermore, some ligands 
form many hydrogen bonds with the protein but exhibit only 
very weak binding (e.g. glycogen phophorylase-glu~ose,[~~~ 
hemagglutinin-sialic gluthathion S transferase- 
gluthathion Interestingly, these ligands are all 
characterized by the absence of significant lipophilic groups. 

On the other hand, our current knowledge indicates that un- 
paired buried polar groups at the protein -1igand interface are 
strongly adverse to binding. A recent statistical analysis of high- 
resolution protein structures showed that in proteins less than 
2 YO of the polar atoms are buried without forming a hydrogen 
bond.[611 There is a strong tendency to saturate polar groups in 
hydrogen bonds. Therefore, in the ligand design process one has 
to ensure that the polar functional groups either of the protein 
or the ligand will find suitable counterparts if they become 
buried upon ligand binding. 

In addition to hydrogen bonding, there are other important 
polar interactions in protein -1igand complexes such as coordi- 
native bonds with metal ions. For example, hydroxamic acids 
and thiols bind strongly to the zinc ion in the active site of 
metaIloproteases.[621 This interaction is the most important con- 
tribution to binding in many metalloprotease-inhibitor com- 
plexes. 

3.2. The Role of Solvent in Polar Protein-Ligand 
Interactions 

The contribution of a hydrogen bond depends on its micro- 
scopic environment in the protein-ligand complex and can vary 
drastically. Desolvation effects can completely compensate for 
the intermolecular hydrogen bond so that the net contribution 
to binding is close to zero. On the other hand, large contribu- 
tions to the binding affinity seem to arise from those hydroxy 
groups that constitute an essential structural element of a tran- 
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sition state analog in enzyme inhibitors.[631 As demonstrated by 
Matthews et al. for lysozyme mutants, the effect of buried and 
solvent-accessible salt bridges on protein stability differs consid- 
e r a b l ~ . [ ~ ~ ]  

An instructive example underlining the importance of desol- 
vation effects was reported by Bartlett et al. for the binding of 
inhibitors containing phosphonamides, phosphonates, and 
phosphinates to thermolysin.[6s1 The measured binding con- 
stants are summarized in Table 2. The interactions between 

Table 2. Binding constants K, [pM] for inhibitors of thermolysin containing a phos- 
phonamide (X = NH), phosphonate (X = 0) or phosphinate (X = CH,). 

R X = N H  0 CHZ 

OH 0.76 
Gly-OH 0.27 
Phe-OH 0.08 
Ala-OH 0.02 
Leu-OH 0.01 

660 
230 
53 
13 
9 

1.4 
0.3 
0.07 
0.02 
0.01 

Ala 113 the phosphonamide moi- 
ety and thermolysin are 
shown in Scheme 1. The 
PO, group interacts with 

0 H O  the zinc atom, and the 
NH group forms a hy- 
drogen bond with the 
backbone carbonyl group 

0 
I 

, k N ~ p , k &  

I of Ala 113. The replace- 

by a CH, group does not 

Zn 
Scheme 1. Interactions between the phos- 
phonamide group of the thermolysin in- merit Of this NH group 
hibitor ZGPLR and thermolysin. 

affect the binding affini- 
ty. These results can be understood by comparing the number of 
hydrogen bonds formed between the inhibitor and the protein 
or the solvent. The NH group of the phosphonamide forms a 
hydrogen bond with the protein. It also forms a hydrogen bond 
with a water molecule in solution, Therefore, ligand binding 
maintains the total number of hydrogen bonds. On the other 
hand, the CH, group is unable to form a hydrogen bond with 
thermolysin or with a water molecule in solution. Therefore, the 
hydrogen bond inventory is also balanced for the CH, group. In 
contrast, the analogous phosphonates exhibit a 1000-fold re- 
duced binding affinity to thermolysin (see Table 2). This poor 
binding is a result of the repulsive electrostatic interaction be- 
tween the oxygen atom of the ligand and the C=O group of 
Ala 113, which both bear a negative partial charge. The oxygen 
derivative lacks a hydrogen bond, which is presumably present 
in solution. The X-ray structure analysis of the phosphonate 
revealed that this inhibitor does indeed bind to thermolysin in 
the same way as the phosphonamide.[661 Interestingly, the rela- 
tive binding affinities of these three classes of inhibitors were 
correctly computed by Bash et al.[671 and Merz and Kollman[681 
by using a thermodynamic perturbation method implemented 
with molecular dynamics simulation (see also Section 3.7). 

Tight binding can be achieved if the total number of hydrogen 
bonds increases upon ligand binding. We believe that the com- 
plex avidin - biotin[6y] achieves tight binding partly through a 
large number of hydrogen bonds that water molecules cannot 
form to the same extent at the binding site. The X-ray structures 
of both the complexed and uncomplexed protein have been 
determined. The binding site of the uncomplexed protein con- 
tains four water molecules, according to the X-ray structure. If 
we assume that this figure underestimates the actual number of 
water molecules in the binding site because mobile water mole- 
cules cannot be detected in the crystal structure, and employ a 
molecular mechanics calculation to fill the binding site with 
water molecules, we end up with nine to ten water molecules 
[Bohm, unpublished results]. These water molecules still form 
fewer hydrogen bonds with avidin than biotin. 

One of the keys to a better understanding of protein-ligand 
interactions is the role of water. All direct protein-ligand inter- 
actions compete with interactions to water molecules. Both the 
ligand and the protein are solvated before complex formation. 
They lose part of their solvation shell upon binding, a process 
that involves various enthalpic and entropic contribu- 
t i o n ~ . [ ~ ' - ~ ~ ]  Hydrogen bonds are broken and new ones are 
formed. Furthermore, the solvent structure is reorganized at the 
protein-ligand interface. Water has the unique ability to form 
an extensive network of hydrogen bonds.[541 The hydrogen 
bond between two water molecules in the gas phase is strong: 
the dimerization enthalpy is roughly -20 kJmol-'.[74, 751 

Therefore, if the binding of a ligand simply replaces tightly 
bound water molecules and does not yield additional interac- 
tions, its binding affinity will be small. On the other hand, the 
replacement of loosely bound water molecules contributes to 
binding because both entropic (release of water molecules into 
bulk solvent) and enthalpic factors (favorable interactions with 
other water molecules) favor the replacement by the ligand. 
Unfortunately, detailed investigations of the role of water mol- 
ecules in protein-ligand interactions have underlined a fairly 
complex picture.[761 For example, results from recent calorimet- 
ric studies suggest that in certain cases solvent reorganization 
provides more than 25% of the observed enthalpy of bind- 
ing.[77] An upper limit of 28 Jmol-'K-' for the entropy gain 
from the release of a water molecule into bulk solvent was given 
by dun it^[^^] based on thermodynamic arguments. 

Interestingly, several small molecules containing functional 
groups, which are frequently involved in protein-ligand inter- 
actions, do not associate in water. For example, acetic acid does 
not form a stable complex with guanidine in water.[7y1 Similarly, 
simple amides do not associate in water.["] Apparently, the direct 
interaction between the small molecules is not strong enough to 
override the factors favoring the dissociation such as interactions 
with solvent molecules. As further discussed by Williams and 
 other^,[^'-^^] there is also an entropic penalty for complex for- 
mation, which may overcompensate favorable interactions. 

3.3. Lipophilic Interactions 

A plot of the binding constants Ki against the lipophilic con- 
tact surfaces using the same 80 protein-ligand complexes as for 
the hydrogen-bond statistics (see Fig. 2) is given in Figure 3. 
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Fig. 3. The contribution from lipophilic contacts to the binding affinity of protein 
ligands. The logarithm of the binding constant K, is plotted as a function of the 
lipophilic contact surface x between the protein and the ligand (data were extracted 
from XO structures of protein-ligand complexes determined by crystallography). 

There is a correlation between the binding affinity and the 
lipophilic contact surface, but the spread of data is again large. 
Retinol is an example of a ligand that binds to the protein 
(retinol-binding protein) solely by lipophilic interaction~.[’~] 
The X-ray structure analysis of this complex shows no hydrogen 
bonds between the protein and the ligand. The binding constant 
K, is 1 9 0 n ~ ,  corresponding to a free energy of binding of 
-38 kJmol-’. The total molecular surface of retinol, as deter- 
mined by a grid-based program,[811 amounts to 326 A’ of which 
295 A’ (90%) become buried upon binding. On the other hand, 
ligands such as SO:- have no lipophilic contact surface, but are 
tighly bound to an appropriate receptor (e.g. SO:- binds to the 
sulfate binding protein with K, = 100nM[821). The generally ac- 
cepted view is that lipophilic interactions are mainly due to the 
replacement and release of ordered water molecules and are 
therefore entropy-driven.[’ 3 3  841 The entropic gain arises because 
the water molecules are no longer positionally confined. There 
are also enthalpic contributions to lipophilic interactions. Water 
molecules occupying lipophilic binding sites are unable to form 
hydrogen bonds with the protein. If they are released they can 
form hydrogen bonds with other water molecules. In addition, 
there is a favorable interaction between the lipophilic groups in 
contact (mainly dispersion interactions). 

Recently the role of specific interactions between aromatic 
rings has attracted increasing attention.[”] A statistical analysis 
of the interaction between phenyl rings in proteins reveals a 
preference for contact geometries that lead to electrostatically 
favorable quadrupole -quadrupole interactions.[s61 In addition, 
data from the binding of aromatic guest molecules to cy- 
clophanes in water suggest that the binding is enthalpy-driv- 

We observed a striking similarity between the noncova- 
lent contact patterns of aromatic rings found in the crystal 
packing of benzene and in several protein-ligand or aromatic 
host-guest complexes.[881 An example is shown in Figure 4. 
Furthermore, due to their large polarizability, aromatic side 
chains can also interact with the positive charge of a quarternary 
ammonium group. This type of interaction is found for example 

Fig. 4. Structure of the metyrapone-cytochrome P450,,, complex determined by 
crystallography, superimposed with a section from the crystal packing of benzene. 
Four phenyl moieties fall close to the aromatic groups of the ligand, Phe87, Tyr96, 
and Phe98. 

in the complex of acetylcholinesterase with acetylcholine.[891 It 
also contributes significantly to the binding in host -guest com- 
p lexe~. [ ’~~ On the other hand, results obtained from many differ- 
ent protein-ligand complexes indicate that a phenyl group oc- 
cupying a lipophilic binding site can be replaced by a cyclohexyl 
group without loss of binding affinity.[’’] In addition, recent 
results on the effect of aromatic interactions on conformational 
preferences appear to contradict the notion of a dominant role 
of this type of interaction.[”] 

3.4. Additivity of Protein-Ligand Interactions 

An important aspect of protein-ligand interactions is the 
additivity of group contributions. Data from protein mutants 
yield estimates of -5k2.5 kJmol-’ for the contribution from 
individual hydrogen bonds to the binding affinity.[93, 941 Similar 
values have been obtained for the contribution of an intramolec- 
ular hydrogen bond to protein stability.[” - 971 The consistency 
of values derived from different proteins suggests some degree 
of additivity in the hydrogen-bonding interactions. In a recent 
analysis of thermolysin-inhibitor complexes, Bohacek and Mc- 
Martin[981 observed a linear relationship between the binding 
constant and the number of hydrogen bonds and lipophilic con- 
tacts. Similar observations have been reported by Schneider and 
coworkers for the binding of host-guest complexes.[99] The 
concept of pairwise additivity of noncovalent interactions in 
protein-ligand complexes is also supported by the success of 
simple empirical approaches,[’, loo - ‘‘’I which assume this 
additivity. 

Similar to polar interactions, the additivity of apolar interac- 
tions has been the subject of several investigations. For 
lipophilic interactions, the free enthalpy of binding is propor- 
tional to the lipophilic surface buried from solvent.[’03 - ‘ O S 2  

Contributions to AG for lipophilic surfaces that are removed 
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from the aqueous solution and get buried upon binding, range 
from 80['06-'081 to 200 Jmol- '  k-2).[1091 On the other hand, 
the binding of some inhibitors to carboxypeptidase-A offers a 
striking example for nonadditive effects. The replacement of  the 
C-terminal alanine by phenylalanine in the inhibitor ZFAP(0)A 
increases its lipophilic surface. As a consequence, the binding 
affinity is enhanced by more than a factor of 50000.[1101 The 
replacement of the second alanine residue by valine also increas- 
es the lipophilic surface and increases binding affinity by an 
additional factor of 100. ZFVP(0)F binds to carboxypeptidase- 
A with K ,  = 10- 2 7 f ~ .  The first strong affinity enhancing re- 
placement (Ala --t Phe) results in a perfect filling of a lipophilic 
pocket, which was unoccupied in the complex with the Ala 
derivative. The second less enhancing replacement (Ala + Val) 
has two effects. First, the larger side chain of Val results in an 
increased intermolecular lipophilic contact with the protein. 
Second. there is also a larger intramolecular lipophilic contact in 
the protein-bound conformation of the Val derivative than in 
that of the Ala peptide. The second effect stabilizes the bound 
conformation in solution, resulting in a preorganization of the 
ligand. This phenomenon of minimization of the lipophilic sur- 
face in aqueous solution was termed "hydrophobic collapse" by 
Wiley and Rich.["'] Similar behavior is observed for the 
thrombin inhibitor D-Phe-Pro-boro-Arg (where "boro" of 
boro-Arg indicates that the carbonyl group of the amino acid 
residue is replaced by B(OH),).[' ' The intramolecular contact 
between the side chains of the amino acids D-Phe and Pro stabi- 
lizes the receptor-bound conformation. N M R  studies reveal a 
conformation for this molecule in water that is very similar to 
the receptor-bound one. The authors estimate that the preorga- 
nization of the ligand increases the binding affinity by a factor 
of 10. Other examples of preorganized protein ligands have been 
reported." 31 Improved binding due to preorganization is clear- 
ly a nonadditive phenomenon. 

3.5. The Role of Ligand Flexibility and Mobility 

The flexibility of the ligand is another important factor in 
determining the strength of protein-ligand interactions. In this 
section we discuss energetic aspects (structural aspects are de- 
scribed in Section 4). If a flexible and a rigid ligand form the 
same pattern of hydrogen bonds and lipophilic interactions with 
the protein. the rigid ligand will exhibit much stronger binding. 
A central tenet in structure-based ligand design is that the bind- 
ing affinity of a flexible ligand will be improved if its conforma- 
tional motion can be restricted to that of the bound 
Several studies have been reported on the design of constrained 
inhibitors that are found to bind much more tightly than the 
unconstrained structure.[36. 3 7 ,  ' Th e consequence of confor- 
mational rigidization is illustrated in a study by Mack et al. on 
inhibitors of thrombin.r361 The X-ray structure of thrombin 
complexed with the inhibitor NAPAP was used to design novel 
inhibitors with improved binding properties. The 3D structure 
suggested the introduction of a lactam ring as shown in 
Scheme 2. The conformational immobilization by the addition- 
al ring reduces the number of rotatable bonds in the inhibitor. 
The binding affinity of the new inhibitor to thrombin is 60 times 
higher than NAPAP. 

Scheme 2. The introduction 
of a lactam (highlighted as 
thick bonds) into the known 
thrombin inhibitor NAPAP 
(lop) reduces the ffexibility 
and improves the binding 
affinity by a factor of 60. 

n 

IC,o=90 nM Q 
H,N ANH 

Experimental data indicate that in several cases the ligand still 
has considerable mobility when bound to the protein. An inter- 
esting example is the binding of camphane, adamantane, and 
thiocamphor to cytochrome P450,-,, .[1161 These ligands d o  not 
form hydrogen bonds to the enzyme and can freely rotate in the 
binding site. As a result of the residual mobility they are hydrox- 
ylated without clear stereoselectivity. In a recent molecular dy- 
namics simulation of this system, a good correlation between 
the calculated statistical probability of the various ligand orien- 
tations in the active site with the experimentally observed hy- 
droxylation rates was observed.['171 

Crystaflographic and thermodynamic studies. performed in 
parallel by Weber et al.,[' ''I demonstrate that the water dis- 
placement from the ligand binding site, and the retention of 
considerable ligand flexibility in the bound state contribute fa- 
vorably to entropy changes upon ligand binding. In a series of 
streptavidin ligands, the ligand exhibiting the highest binding 
affinity appears to have a larger residual mobility than the other 
compounds.[' Similar results have also been obtained for the 
binding of small guest molecules to g-, p-, and y-cyclodextrins in 
water." "1 

3.6. Enthalpic and Entropic Contributions to 
Protein -Ligand Interactions 

In summary it appears that the physical nature of ligand 
binding is more complicated than has been assumed by many 
workers in the field. Figure 5 summarizes various effects that 
determine the binding affinity. The ligand and the protein bind- 
ing site are fully solvated before binding; the polar groups form 
hydrogen bonds with the solvent. The ligand is usually flexible 
with several rotatable bonds and can, in principle, adopt a po- 
tentially large number of low energy conformations (see Sec- 
tion 4). The protein is also flexible and its conformation in the 
unbound state can be significantly different from that in the 
protein-ligand complex. Upon binding to the protein, the lig- 
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Fig. 5. Factors that influence the strength of protein-ligand interactions. In the 
uncomplexed state (top), the protein receptor (R) and drug ligand (D) both interact 
with water molecules (small circles, AH,,, AHRw). On complexation, an enthalpic 
contribution AHDR arises from direct protein-ligand interactions. In the unbound 
state the ligand has an overall rotational and translational entropy AS,, and an 
internal entropy AS,,, owing to conformational degrees of freedom. Upon binding, 
both terms change; they are (partially) compensated by an increase in entropy due 
the liberation of bound water from the surface and from the binding site of the 
protein and the ligand (AS,) I n  addition, new low-frequency vibrational modes 
associated with the noncovalent protein-ligand interactionscontribute to this value 
(sketch adapted from Andrews et. al[2]). 

and loses part of its solvation shell and replaces the water mol- 
ecules that occupy the binding site. This process involves the 
breaking of several hydrogen bonds with water molecules. The 
ligand is then able to form favorable direct interactions with the 
protein. As a consequence of binding, the ligand and also the 
protein may change their conformation and also lose some in- 
ternal flexibility. Due to steric restrictions of the binding site, 
certain parts of the conformational space of the ligand are no 
longer accessible. 

AG has an enthalpic and a n  entropic component 
(AG = AH ~ T A S ) .  Both individual contributions to binding 
can be obtained, for example, from microcalorimetric measure- 
ments.[ "01 Unfortunately, these important experimental studies 
on the enthalpic and entropic contributions to ligand binding 
are still sparse. Nevertheless, the available data[121 1241 suggest 
a number of conclusions. First, and most important, all studies 
show that there is no correlation between the binding enthalpy 
AH and the free binding enthalpy AG. For a given protein, 
different ligands can bind by enthalpy- or entropy-driven mech- 
anisms. For  example, the binding of biotin to  streptavidin is 
enthalpy-driven, whereas the binding of azobenzene ligands to 
the same protein is e n t r ~ p y - d r i v e n . ~ ' ~ ~ ]  If A H  is plotted against 
AS for a set of related protein ligands, frequently a straight line 
is obtained. This enthalpy-entropy compensation has been ex- 
plained by a solvent reorganization effect.['26' 

The experimental determination of AH and A S  sometimes 
yields surprising results. For  example, Connelly et al.1941 studied 
the thermodynamics of hydrogen bond formation in the com- 
plex of FK506 or  rapamycin with FK506-binding protein. Bind- 
ing to the wild type and to the mutant Tyr82 + Phe was 
studied. From X-ray studies, it is known that the side chain of 
Tyr82 forms a hydrogen bond with the ligand. If Tyr82 is re- 
placed by Phe, one hydrogen bond between the protein and the 
ligand is lost. As expected, the ligand binding affinity is slightly 

reduced by the replacement of Tyr with Phe. The free enthalpy 
difference is 4 +  1.5 kJmol-'. Somewhat unexpectedly, how- 
ever, this destabilization is attributed to an entropy loss. In 
other words, the formation of this particular hydrogen bond is 
enthalpically unfavorable but entropically favorable. The en- 
tropy gain appears to be mainly due to  the replacement of two 
water molecules. 

In order to understand and be able t o  make predictions about 
ligand binding, a partition of the free energy of binding into 
individual, physically interpretable terms is desirable; however, 
these attempts are not without problems. In an early quantita- 
tive analysis of drug- receptor interactions by Andrews et al.,['] 
it was assumed that a bound ligand loses its translational and 
rotational degrees of freedom (both rigid body rotation and 
internal rotations) completely. Rather high contributions 

+ 5.6 kJmol-') have been reported. As a consequence of this 
assumption, the analysis of binding data yielded large contribu- 
tions for the individual functional groups to  binding. Several 
studies by Williams and  coworker^[^^^^ have highlighted the 
difficulty in separating these contributions. One important con- 
clusion from their work is that ligand binding leads to  a loss in 
entropy that is significantly smaller than estimated earlier by 

Apparently, a significant residual vibrational motion 
remains for the bound ligands. Recently Murphy et al.1'z81 
showed that the calculation of the translational entropy loss 
using the Sackur-Tetrode equation produces largely overesti- 
mated values. They argue that the volume available for the 
movement of a ligand in solution and in a complex are similar. 
They conclude that the cratic entropy (contribution arising from 
the mixing of solute and solvent molecules) provides the best 
estimate for the loss of translational entropy. 

adverse to  binding (AG,,anS.,rO1 = + 48 kJ mol- ', AG,ol.. bond - - 

3.7. The Role of Computational Methods in Predicting 
Ligand Binding Affinities 

The observation that both AH and AScontribute significantly 
to ligand binding has important consequences for the theoreti- 
cal description of protein- ligand interactions. A popular ap- 
proach for investigating the energetics of protein-ligand inter- 
actions is to  perform a molecular mechanics force field 
optimization and then to analyze the interaction energies of the 
optimized structure. Several groups have tried to correlate ex- 
perimentally determined binding affinities with protein -1igand 
interaction energies obtained from a force field calculation. For 
one set of HIV-protease inhibitors,112g1 and for an ensemble of 
thrombin inhibitors,['301 a good correlation was observed. 
However, this approach will only be successful if the entropic 
contributions to the binding are similar for different ligands; 
although, this is not generally the case. Therefore, interaction 
energies obtained from molecular mechanics calculations 
should in general not be expected to correlate with measured 
free energies of binding. 

In principle, relative free enthalpies of binding can be calcu- 
lated, for example, from free energy perturbation (FEP) or ther- 
modynamic integration (TI) methods." Some impressive re- 
sults have been obtained by using these  technique^.^'^^^ 1331 The 
FEP and TI calculations have provided valuable insights into 
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the physical nature of specific protein-ligand interactions. For 
example, the relative binding affinities in a series of thermolysin 
inhibitorsi67. 681 and HIV-protease inhibitors[1321 were correctly 
predicted. The advantage of these methods is the rigorous treat- 
ment of basically all effects in protein-ligand interactions, 
including solvent effects and conformational changes. In prac- 
tice. however. the methods suffer from convergence problems 
and therefore require very long simulation times. Furthermore, 
the calculations are still based on several approximations such 
as the use of a force field. In addition, a t  present the approaches 
are only capable of predicting differences in binding affinities 
between closely related ligands. Therefore, it appears quite diffi- 
cult to accurately predict binding energies of protein -1igand 
complexes. even if the 3D structure of the complex is known. 
The rigorous modeling of such interactions is still a considerable 
challenge.['34J In view of the current limitations with the FEP 
and the TI approach, a number of different approaches have 
been evaluated for predicting binding affinities. Recently 
Warshel et al.[l"l have shown that the semimacroscopic version 
of the Protein Dipoles Langevin Dipoles method (PDLD/S) can 
provide a good estimate for AG in a reasonable amount of 
computer time on current workstations. 

In view of the importance of interactions with the solvent, a 
substantial amount of work has been invested into the develop- 
ment of methods for calculating solvation energies, in particular 
free energies of solvation.g1361 1381 and quantum 
mechanical methods" 39 ,  1401 have been used to calculate solva- 
tion energies of small organic molecules. 

3.7.1. Scoring Functions for Protein- Ligand Complexes 

The prediction of the binding affinity of a ligand is currently 
the most challenging problem in computer-aided ligand design. 
We have tested a simple empirical scoring function for predict- 
ing binding affinities for a protein-ligand complex with a 
known 3D structure.[811 The purpose of the scoring function is 
to prioritize the hits obtained from a computer program for de 
novo design or from a search of 3D structures in a database (see 
also Section 5 ) .  The noncovalent protein -1igand interactions 
are assumed to be additive. The function takes into account 
hydrogen bonds, ionic interactions, the lipophilic protein -1ig- 
and contact surface, and the number of rotatable bonds in the 
ligand. and is formulated according to Equation (a). 

./(AR,Aa) is a penalty function that accounts for large devia- 
tions of the hydrogen bonds from ideal geometries.[s11 It toler- 
ates small deviations of up to 0.2 8, and 30" from the ideal 
geometry that are often due to positional uncertainties in the 
X-ray structures. AGO is a contribution to the binding energy 
that does not directly depend on any specific interactions with 
the protein. but is associated with the overall loss of translation- 
al and rotational entropy of the ligand on binding. AGhb de- 
scribes the contribution from an ideal hydrogen bond. AGiOnic is 
the contribution from an unperturbed ionic interaction. AGiipo is 
the contribution from lipophilic interactions, and is assumed to 

be proportional to  the lipophilic contact surface A,ip, between 
the protein and the ligand. The final parameter AG,,, describes 
the loss of binding energy due to the immobilization of internal 
degrees of freedom in the ligand. NROT is the number of rotat- 
able bonds. 

The data set used for the calibration of the function consisted 
of 45 protein-ligand complexes. For this set, the energy func- 
tion reproduced the binding constants (ranging from 
2.5 x I O - ' M  to 4 x 1 0 - l 4 M ,  corresponding to binding energies 
between -9 and -76 kJmol-') with a standard deviation of 
7.9 kJmo1-' corresponding to 1.4 orders of magnitude in bind- 
ing affinity. The individual contributions to protein -1igand 
binding obtained from the scoring function are: for an unper- 
turbed uncharged hydrogen bond (AGhb): -4.7 kJmol-', an 
ideal ionic interaction (AGionic): - 8.3 kJ mol- lipophilic con- 
tact (AGlip,,): -0.17 kJmol-'  A', one rotatable bond in the lig- 
and (AGr,,,): + 1.4 kJmol-' .  The constant contribution (AG,) 
obtained from the calibration is + 5.4 kJ mol- (adverse to 
binding). The present approach is fast: For a given protein it 
allows the scoring of 10 small ligands per second on a current 
single-processor UNIX workstation. 

We are currently investigating an improved scoring function. 
This function contains three additional new terms. The first new 
term (AGJ accounts for specific interactions between aromatic 
rings. The replacement of water molecules that form hydrogen 
bonds with the protein (AGH.bonded ,,,,,) and the replacement of 
those water molecules that d o  not form a hydrogen bond 
(AG,,, H.bonded ,,,J are considered as different contributions. In 
addition, the terms AG,,,, and AGionic are now modulated by a 
new factor to discriminate between buried interactions and sol- 
vent-accessible interactions. The new scoring function is cur- 
rently based on 80 protein-ligand complexes. It is applicable to 
a broader range of protein-ligand complexes [Bohm, unpub- 
lished results]. 

4. Molecular Conformation at the Binding Site 

The binding of a small-molecule ligand to  a protein requires 
shape and property complementarity. In the course of binding 
they have to adapt to each other in order to achieve a successful 
recognition process. The small-molecule ligand, which is usually 
the more flexible partner with several rotatable bonds, can 
adopt a large variety of different low-energy conformations. 
Hopefully one of these corresponds to the receptor-bound situ- 
ation. An appropriate handling of conformational flexibility is 
essential for the prediction of ligand binding and binding affini- 
ties. 

4.1. Methods for Generating Multiple Conformers 

A variety of computational search techniques have been de- 
veloped to generate a large number of multiple conformers for 
a given drug-size molecule (< 500 D) .1141 - 1431 These methods 
generate low-energy conformers that correspond to  local 
minima on a particular energy surface. The efficiency and reli- 
ability of these methods is usually assessed by the following 
criteria: 1) Is the global minimum found? 2) How many 
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local minima are detected within a particular energy range 
above the global minimum. Mostly, in this context the ligand 
is considered alone, not just for the sake of simplification to 
keep the problem computationally tractable, but often because 
no information about the protein binding site is available. 
Therefore, the important question arises whether ligands adopt 
conformations at the protein binding site that correspond to 
local energy minima also exhibited in the isolated state. One 
can imagine that a local environment is capable of modifying 
conformational properties, and therefore an appropriate 
definition of system boundaries becomes essential. In the con- 
sideration of ligand-receptor interactions, the system should 
include, at least, the ligand, the protein, and the neighboring 
solvent molecules or a membrane environment. With respect 
to these considerations, is a limitation to local minima of the 
ligand itself justified and can we expect any relevant conclu- 
sions? 

The best approach to address this latter question is to start 
with experimental data on protein -1igand complexes, deter- 
mined, for example, by protein crystallography.(201 We have to 
remember that protein structures are resolved to a limited reso- 
lution. Ligand conformations are fitted into the trace of the 
electron density. Recently the need for caution in setting initial 
ligand conformations for protein structure determination has 
been indicated by a series of structure determinations of glu- 
cose-type ligands with glycogen pho~phorylase.~'~"] As found in 

related complexes of this enzyme, 

OH 

the glucose derivative 3 (a rather 
weakly binding inhibitor, Ki = 

3 7 m ~ )  was fitted to the difference 
3 Fourier electron density with the 

usual, energetically most favored 
chair conformation of a pyranose ring. Since only an unsatisfac- 
tory fit was obtained (data to 2.3 A), the molecular structure of 
the ligand was investigated in parallel by X-ray crystallogra- 
phy.[1451 Surprisingly, a skew-boat conformation was observed. 
The unexpected ring conformation in this derivative also gave a 
much better fit to the electron density in the protein structure. 
In the development of nonpeptidic seven-membered cyclic ureas 
as HIV-protease inhibitors, crystallography of small molecules 
has been used to confirm unusual conformational preferences 
observed at the protein binding site.[29' 

4.1.1. Conformational Libraries Derived from Crystal 
Structures 

The above-mentioned examples might suggest that the crystal 
structure of a ligand is a good starting point to collect informa- 
tion about the receptor-bound conformation. In several cases, 
such as the nonpolar ligand retinol, the adopted conformation 
at the binding site is indeed very similar to that found in the 
corresponding crystal structure of the ligand.['461 However, the 
inspection of a larger data set of ligands shows that the reliance 
on just the crystal structures of the ligand itself is not, in most 
cases, an infallible and reliable indicator of a biologically active 
c~nformation.['~'* 14'] Perhaps, this correspondence is to some 
extent given for rather nonpolar and rigid ligands in which the 
environment is composed of many isotropically distributed 
atom/atom potential contributions. In such cases, the adopted 

conformation is mainly determined by intramolecular forces, 
and no significant perturbations arise from strong directional 
interactions with the crystal or active-site environment. Pre- 
sumably, this assumption is also valid for hydrophobic portions 
of a ligand skeleton. 

Which conclusions can be drawn for polar ligands? Let us 
consider citric acid as an example. In small-molecule crystal 
structures it has been found to adopt a number of distinct con- 
fo rma t ion~ . [ '~~]  Therefore, it appears difficult to predict a cor- 
rect receptor-bound conformation for this molecule, for ex- 
ample at the binding site of the enzyme citrate synthase. 
Fortunately, its geometry has been determined in the complex 
with this enzyme. The torsion angles in this structure are similar 
to those found in several small-molecule crystal structures. But, 
instead of using individual structures to suggest a single possible 
conformation, we rather analyze them in terms of conforma- 
tional preferences adopted in various molecular and crystal en- 
vironments. This approach provides important information al- 
so relevant for conformations adopted in the structured 
environment of a protein binding site. Through exhausive 
searches of the Cambridge Crystallographic Data Base'" - 2 3 1  
we have retrieved conformational libraries for torsional frag- 
ments. These libraries can be used in a conformational analysis 
to generate biologically relevant confomations.[' 46. 149J 

To illustrate the key aspects of this approach, some results are 
given. A data set of 80 ligands observed in crystallographically 
determined protein structures has been analyzed for frequently 
occurring torsion angle fragments. The considered examples 
show rotatable bonds between two sp3 or an sp2 and an sp3 
center. The angular distribution in these torsional fragments is 
shown in Figure 6. For comparison, univariate statistics on 
equivalent fragments observed in small-molecule crystal struc- 
tures were also compiled.[1411 Apparently, comparable distribu- 
tions are obtained. The angular ranges outlined by the higher 
populated small-molecule data coincide convincingly with those 
obtained from protein complexes. These findings underline the 
relevance of torsional libraries as guidelines for the prediction of 
putative binding-site geometries. 

4.1.2. Comparison of Conformational Preferences in Crystal 
Packing and in the Environment of a Binding Site 

The inhibitor trimethoprim (1) has been cocrystallized with 
dihydrofolate reductase (DHFR) from two different species 
(Escherichiu co/i and chicken liver) .I1 501 Surprisingly, it adopts 
distinctly different conformations at the binding sites of both 
proteins. In the chicken Iiver enzyme, a butterfly-like conforma- 
tion is observed (torsion angles between the bridging atom and 
the two phenyl rings: .rl/zZ = - 85"/102"), whereas in the bac- 
terial enzyme, the aromatic rings are oriented nearly perpendic- 
ular to each other ("twisted" conformation, z,/z, = 177"/76"). 
The skeleton of trimethoprim resembles that of a diphenyl- 
methane fragment. A statistical analysis of the torsion angles in 
crystalline diphenylmethane derivatives" 5 1 9  521 reveals both re- 
ceptor-bound conformations to be also populated in low-molec- 
ular weight structures. In these, the twisted conformation is 
more frequently adopted than the butterfly-like one, suggesting 
that the latter is higher in energy. Interestingly, the inhibitor 
shows higher affinity for the bacterial enzyme, and the lower 
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Fig. 6. Histographical distribution of torsion angles found in frequently occurring 
fragments (see formulae) in small organic molecules (solid columns) and ligands 
bound to proteins (open columns). Data are taken from crystal structures either of 
small molecules or protein-ligmd complexes. Each distribution [r axis) is given a s  
a percentage of the total number of structures considered in each case. 

energy of the twisted conformation may be partially responsible 
for the greater binding affinity. 

In order to analyze the correspondences in conformational 
properties in more detail, we have considered a ligand for 
which enough data are available to perform statistics both on 

protein and small-molecule 
H2N crystal data. Adenosine 

and guanosine monophos- 
phate fragments 4 are fre- 
quently found in proteins 
as part of cofxtors. In 
parallel, they have often 

4 been studied in small- 
molecule crystal struc- 

t u r e ~ . ~ ' ~ ' .  1461  Two distinct conformations of the ribose ring 
(C(2')- and C(3')-end0['~~. 1541) cover the major part of struc- 
tural variances either in protein or small-molecule structures. 
The remaining variance can be ascribed to the torsion angles in 
the phosphate side-chain and to  the purine moiety. A reasonable 
agreement is found between small-molecule and protein data for 
the two angles next to the phosphate group (C-C-0-P about 
180. C-0-P-0 about 60", 180") and to the purine base (broad 
distribution between 0 and 90"). Data from protein structures 
are less sharply clustered, a result that may be due to their 
limited accuracy. The side-chain angle adjacent to  the ribose 

p o 3 ~  
.q:> 
G N  H*o' 

HO OH 
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ring shows remarkable differences between protein and small- 
molecule structures. In the low-molecular weight compounds. 
the 0-C-C-0 fragment mostly occurs in a g-conformation. 
whereas for the protein environment frequently g L  and g-.  and 
a considerable number of examples with trans geometry are 
observed. In agreement with this observation, the distance be- 
tween phosphorus and the purine moiety is found to be about 
6.5 8, in most small-molecule structures. In the protein cases, 
this distance covers the entire range between 6 and 9 8, with a 
pronounced cluster of values a t  8.8 8,. In their crystal structures. 
the molecules preferentially adopt a compact folded conforma- 
tion, whereas in the protein environment both geometries, a 
compact and an extended one, are observed. The preference for 
the folded conformation of the nucleotides in the small- 
molecule structures is also observed in solution. In most crys- 
talline examples, it results from a stabilization through a cation 
or a bridging water molecule that mediates an interaction be- 
tween the phosphate group and a basic nitrogen atom of the 
purine moiety. The extended conformation, more frequently 
found in proteins, is supposedly observed because a long and 
polar molecule can expose its polar groups better and thus binds 
more efficiently to the surface of a globular protein. This fact 
indicates that special conditions in the different environments 
can bias the statistics. 

For polar molecules, which are embedded into a network of 
strongly directional interactions, such as hydrogen bonds, the 
environment has a strong impact on the adopted conformation. 
As a consequence, in some protein structures ligands are ob- 
served in arrangements that appear to correspond to "high-en- 
ergy" conformations, "high" with respect to the conformation 
adopted in the isolated state. For example, in the enzyme creati- 
nase, the natural substrate creatine 5 or a related inhibitor car- 
bamoyl sarcosine 6 occur with a twisted guanidinium or car- 

5 
6 

bamoyl moiety."55. This moiety forms strong charge- 
assisted hydrogen bonds. For the isolated molecule one would 
expect a planar geometry of the unsaturated x-system. Never- 
theless, by using small-molecule crystal data as a reference, pos- 
sible perturbations in a structured environment toward twisted 
geometries are indicated. In these latter structures the guanidini- 
um group forms strong charge-assisted hydrogen bonds similar 
to those in creatine in the enzyme. Quantum chemical studies 
show that the energy difference between twisted and planar 
geometry is dramatically reduced in a polar environment with 
hydrogen bonds." 5 7 .  581 These polarizing interactions result in 
a redistribution of the electron density in the molecule. Accord- 
ingly, the barrier to rotation is substantially reduced. Experi- 
mental evidence for the pronounced redistribution of the molec- 
ular electron density on going from the isolated state to a 
structured molecular environment originates from precise dif- 
fraction data, which determines the charge density distribution 
in crystaIs.['59J 

Angeiv. Clwiii. 1171. Ed. Enql. 1996, 35, 2588-2614 2599 



REVIEWS H.-J. Bohm and G .  Klebe 

Peptidic inhibitors of carboxypeptidase A such as 7 bind a 
cis-oriented peptide bond in a terminal carbamate 

I 

Apart from proline residues, cis conformation is rarely observed 
in noncyclic peptides.['"] A statistical evaluation of small- 
molecule crystal data shows a clear preference for trans peptide 
bonds in carbamates; however, a remarkable number of cis-ori- 
ented structures occur. Closer inspection of their molecular 
structures does not provide a simple "intramolecular rationale" 
for the observed preference. In contrast, the ester bond in the 
carbamates occurs nearly exclusively in a trans conformation. 

4.1.3. Intramolecular Hydrogen Bonds in Receptor- Bound 
Con formations 

The importance of environmental effects on molecular con- 
formations is particularly apparent if the formation of possible 
intramolecular hydrogen bonds is considered. Geometry opti- 
mizations performed on isolated molecules capable of forming 
hydrogen bonds will result in local minima showing intramolec- 
ular hydrogen bonds. For example, a conformational analysis 
on citric acid, performed in vacuum, only generates low-energy 
conformers with intramolecular hydrogen bonds.['46] However, 
a t  the binding site of citrate synthase, solely intermolecular hy- 
drogen bonds with the protein are observed. The presence of 
intramolecular hydrogen bonds at  the binding site appears to be 
very rare. Usually all groups capable of forming hydrogen 
bonds are involved in  intermolecular interactions with the 
protein. For example, in the crystal structure and in nonpolar 
solvents the undecapeptide cyclosporin A (8) forms four in- 

Cyclosponn A 8 

tramolecular hydrogen bonds that organize the molecule in a 
B-sheet geometry.['62. 1631 At the binding site of cyclophillin, 
this intramolecularly organized fold is completely disrupt- 
ed Virtually all groups intramolecularly satisfied by hydro- 
gen bonds are turned inside-out. The ligand now forms solely 
intermolecular hydrogen bonds with the protein. NMR studies 
performed on polar derivatives of cyclosporin in water show a 
conformation related to the one adopted at  the binding site.['65J 

Nevertheless, a few examples with intramolecular hydrogen 
bonds at  the binding site are known. For instance, phosphor- 
amidon (9), a potent inhibitor of the endopeptidase ther- 

9 

molysin,['661 binds to the enzyme with one intramolecular hy- 
drogen bond. This bond is formed between the carboxy termi- 
nus of the inhibitor and the C2-hydroxyl group of the rharnnose 
moiety. It may serve two purposes: on the one hand, it helps 
to immobilize the inhibitor in a conformation optimal for bind- 
ing, and, on the other, it binds its free carboxy terminus, which 
is not appropriately satisfied through contacts to the enzyme, in 
a hydrogen bond. A free negatively charged carboxylate func- 
tion is not assumed to occur a t  this position in the natural 
thermolysin substrate (polypeptide chain). Thus, not surpris- 
ingly, the enzyme does not provide, for example, a specific 
bidentate recognition site for this carboxylate. Another example 
is the receptor-bound conformation of the peptidic inhibitor 
H-142 (10) of end~th iapeps in . [ '~ '~  This ligand contains a re- 

Pro-His-Pro-Phe-His-N H < N&lle-ms-LYs 

duced H,C-NH, isoster for the scissile peptide bond. Overall, 
it adopts an extended conformation, forming an antiparallel 
pleated sheet with the active-site residues of the enzyme. The 
putative transition-state isoster a t  PI  -PI' is in close juxtaposi- 
tion with the two catalytic carboxy groups of Asp32 and 
Asp21 5 .  The observed binding geometry can be interpreted to 
mean that the amino acid group, which is protonated under 
physiological conditions, interacts through one of its N H  pro- 
tons with the two carboxylate groups, similar to  the O H  group 
in the transition state-like statine residues. The remaining NH 
hydrogen bond donor is involved in an intramolecular y-turn- 
type hydrogen bond with the neighboring carbonyl group. Such 
a second hydrogen-bond donor group does not occur during the 
peptide cleavage reaction. Accordingly. no specific recognition 
site is provided by the enzyme for this additional acceptor 
group. Supposedly, intramolecular hydrogen bonds are only 
observed at the binding site if an unbalanced ratio of hydrogen- 
bond donors and acceptors is present between ligand and recep- 
tor, and if this bond assists in immobilizing the ligand precisely 
in the required receptor-bound conformation. 

4.2. Toward a Fast Method for Generating Biologically 
Relevant Conformations 

In the previous section, we analyzed the conformational 
properties of low-molecular weight ligands in their receptor- 
bound states. We concluded that the structured environment 
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present a t  the protein binding site imposes substantial influences 
on the geometry of a ligand. Accordingly, a crystal structure of 
a ligand itself o r  any local minima identified for the isolated 
state are of little or no relevance for the situation in a protein. 
However, we also noticed that conformational preferences ob- 
served for torsional fragments in the structured environment of 
a small-molecule crystal are in accordance with those observed 
in protein binding pockets. Any computational method that 
deals with the prediction of binding site geometries without ex- 
plicitly taking the protein environment into account has to con- 
sider implicitly the presence or possible influences of a structured 
molecular environment in terms of appropriate “selection rules”. 

To demonstrate that the described libraries of torsion angles 
possess some potential for predicting putative binding site ge- 
ometries of ligands, we have incorporated this information into 
a computer algorithm.[’491 In the program MIMUMBA, a lig- 
and is analyzed by assigning rotatable bonds. The ligand is split 
into rigid fragments or flexible ring portions. For the latter, 
low-energy conformations are taken from a library of prede- 
fined ring templates that have been obtained from crystal data. 
A relative energy scaling has been assigned to the various tem- 
plates. Any conformational multiplicity due to pseudorotation 
or  inversion of each elementary ring is considered.[’6s1 

Dihedral angles for rotatable bonds in the open-chain por- 
tions are selected according to the conformational preferences 
of torsional fragments as  retrieved from small-molecule crystal 
structures.[’491 The various angles stored for the different frag- 
ments are ranked in terms of their relative energy. Similar to the 
study of cyclic ring portions, the program builds the entire mol- 
ecule from the individual fragments by using preferably those 
open-chain torsion angles that are more frequently found in 
crystal structures. While merging all fragments in their various 
conformations, the individual energy contributions are added, 
and again an energy “penalty” is assigned if fragments overlap. 
In a subsequent geometry optimization, performed in torsion 
angle space, the program removes steric overlaps. In this step, 
only van der Waals and torsion angle potentials are considered. 
The latter potentials are derived from the statistically observed 
torsion angle distributions. They guarantee that during the min- 
imization step the individual torsion angles are maintained as 
close as possible to the most frequently occurring values in ex- 
perimental s t r u c t u r e ~ . ~ ’ ~ ~ ~  The method is fast: for each generat- 
ed conformer 1-2 s are required on a single-processor UNIX 
workstation. 

To check how well minimum structures obtained by this ap- 
proach correspond to  conformations of ligands bound to 
proteins, the crystallographically observed geometries of 63 lig- 
ands (containing 3-45 rotatable bonds) have been minimized 
into the next local minimum by using the force-field in 
MIMUMBA.[‘411 Visual inspection of these structures shows 
that the experimental and minimized structures closely resemble 
each other. On average, a root mean square deviation for all 
atoms of 0.07 8, per rotatable bond (that is 0.7 8, for 10 rotat- 
able bonds) has been obtained between crystallographically ob- 
served and minimized structures. 

A closer inspection of the examples with the largest deviations 
shows that in the experimental structures nonbonded inter- 
atomic contacts below 1.5 8, are present. These obviously unrea- 
sonable geometries built into the electron density must drift away 

during a minimization procedure that considers van der Waals 
interactions. One example (PDB code: IHRI)  is an antiviral 
compound (11) that binds to human rhinovirus (HRV14). In the 

11 

refined protein structure it is given with an eclipsed conforma- 
tion along an aliphatic carbon chain and a rather unlikely tor- 
sion angle a t  an ortho-substituted phenoxy fragment (the 
methylene group at  the oxygen atom bends toward a chlorine 
atom located at the ovtho position) The minimized struc- 
ture drifts away from its experimental reference. Nevertheless, 
another local minimum can be found that avoids unreasonably 
short contacts and unlikely torsion angles that should fit equally 
well into the trace of the electron density (Fig. 7). For a subset 

Fig. 7. Conformation of an antiviral compound (11) as modeled into the electron 
density in protein structure determination (gray), and an alternative conformation 
that avoids an unfavorable torsion angle in the orrho-substituted phenoxy fragment 
(black). The latter structure should fit equally well into the trace of the electron 
density. 

of 23 ligands showing up to  15 rotatable bonds, multiple con- 
formers (between 6 and 150) have been generated to assess the 
relevance of the conformers generated by MIMUMBA. On av- 
erage, a deviation of 0.1 8, per rotatable bond has been obtained 
for those of the computed conformers that approximate experi- 
mentally observed geometries most closely. A random superpo- 
sition of the generated conformers, in which only the centers of 
mass are placed in equal positions, reveals a mean root mean 
square deviation of about 0.3 8, per rotatable bond.[’411 

4.3. Molecular Recognition Properties of Molecules and 
Their Mutual Similarity 

In drug discovery, lead compounds are modified in a well- 
planned manner to enhance their affinities and to improve their 
selectivities. Receptor binding is a molecular recognition pro- 
cess dependent on the properties of both partners. They deter- 
mine 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 a 
given receptor, can we correlate the binding modes observed for 
a set of ligands with the differences in their recognition capabil- 
ities? If such a relationship can be established it  can be used to 
compare molecules and to predict their binding modes. 

Appropriate steric and electronic complementarities of the 
ligand and the binding pocket are prerequisites for successful 
recognition between a ligand and its receptor. Shape and elec- 
tronic properties are determined by the electron density distri- 

Angeit Chern Int. Ed Engl 1996. 35, 2588-2614 2601 



REVIEWS 

bution, which also defines the hydrogen-bond donor and accep- 
tor properties, the hydrophobicity, and the polarizability. All 
these features define the recognition capabilities of ligands. 
They can be used to compare molecules and to measure their 
similarity. However, since such similarities are always measured 
with respect to the binding properties toward a particular recep- 
tor (therefore relative to some reference) they will never be de- 
fined in absolute terms. However, the basic assumption is that 
similar molecules will bind to a receptor in a similar way. Is this 
assumption justified? 

4.3.1. Binding Modes Observed for Different Ligands in 
the Same Protein 

Again, structures of experimentally determined protein- 
ligand complexes can be used to address this question. In the last 
few years, several structure determinations have become avail- 
able, in which a particular protein has been crystallized together 
with a series of different ligands. For many of these complexes 
the structure determinations revealed that ligands with related 
bonding skeletons also occupy similar regions in the binding 
pocket (e.g. a-lytic protease,['701 endothiapepsin!' 711 renin," 721 

HIV-protease" 7 3  751). For example, the structures of 
thrombin with four different inhibitors have been reported to  
deviate by not more than 1 A for any of the residues. Several 
rearrangements on the order of 0.5- 1 .O A are observed, which 
can be clearly explained in terms of the protein adapting to a 
particular inhibitor." 7 6 1  HIV protease-inhibitor complexes 
have been determined in five different crystal forms. Indepen- 
dent of the crystal form and nature of a particular inhibitor, the 
enzyme structure is well conserved; the root mean square devia- 
tions lie in the range of 0.7 A. This structural conservation also 
extends to  the active site.['771 These series suggest that molecules 
with common or related skeletons show similar binding modes. 
However, a substantial number of examples is available that 
indicate a more complex and less clear-cut relationship. In the 
following we shall describe some of these examples to highlight 
the problems involved. 

The inhibitor methotrexate (MTX, 12) and the natural sub- 
strate dihydrofolate (DHF, ionic form of folic acid 13) are both 

0 O Y o H  

12 

0 O Y O *  

13 
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recognized by dihydrofolate reductase (DHFR) ' Con- 
sidering the heterocyclic portion only, one might be tempted to 
directly compare the molecules in terms of an atom-by-atom 
correspondence (Fig. 8). If we match the hydrogen-bonding ca- 
pabilities of the two molecules (pK, considerations suggest 
MTX to be protonated at N1 [' 781) and neglect the underlying 
molecular skeleton, we find that the protein environment expe- 
riences quite different hydrogen-bonding patterns in this orien- 
tation (Fig. 8 top). Flipping the heterocycle in 13 about the 
bond to the side chain reveals an orientation, in which both 
moieties are no longer in optimal space-filling correspondence. 
However, in this conformation the hydrogen-bonding pattern 
now shows much better correspondence (Fig. 8, bottom). Crys- 
tallographic data on the binding modes are available for both 
ligands.r'78. ' 791 They show that considerations based on simi- 

Fig. 8. Comparison of the heterocyclic building blocks in the two ligdnds 
methotrexate (12) and dihydrofolate (ionized form of 13) In a direct atom-by-atom 
superimposition of the two ligands (top), very little similarity in the hydrogen-bond- 
ing patterns is achieved (the arrows pointing toward the ligdnd correspond to 
hydrogen-bond acceptor properties, those pointing away to donor properties). 
Changing the conformation of 13 by flipping the heterocycle about 180- (bottom) 
results in a mutual orientation that shows convincing similarity in the hydrogen- 
bonding patterns. 
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larities in the hydrogen-bonding properties lead to the correct 
binding A comparison of the electrostatic properties 
leads to similar conclusions. 

Rather surprising binding modes are observed for two antivi- 
ral compounds (14,15), which possess very similar bonding 

\ 

14 

0--N 

15 

skeletons. They bind with reverse orientation into a canyon on 
the surface of human rhinovirus.[’801 Approximate mirror sym- 
metry is apparent when their volume requirements and electro- 
sLatic fields are taken into consideration.“”’ Figure 9 shows the 
similar shape of the electrostatic potential (isocontour planes at 
different levels) for both ligands in the (“regular” vs. “reverse”) 
orientation observed at the protein binding site. 

I+ -Q---- . -( pcl 
H”. .-c, 

Fig. 9. Two srriictuially I-elatcd aiiti\ir:il compounds (14.15) in their binding oricn- 
detcrininod b) X-ray cry.;tallography. The elcctrostatic potentials calcii- 

1 4 M l  charges [gray light pray, black:4.11 0. ~ 4.14 kJniol-’)  are dis- 
iaocontour surkices. At fir\[ glance. the potentials for both molecules 

I approximately mirroi- ,yiiimetrml pallern with rcspect to the long 
molcculc a x i h  This obser\alion I \  a powble explanation whq the t n o  inolecules 111 

the binding fitc are ob\ervcd wilh “reverse” orientation. 

Another example of two ligands with very similar bonding 
skeletons but exhibiting binding geometries that deviate from a 
simple atom-by-atom matching are N-(3-phenylpropionyl)- 
phenylalanine (16) and N-benzy1oxycarbonyl)phenylalaninc 
(17). Both inhibit the zinc protease thermolysin.“821 They are 
composed of two hydrophobic terminal groups and a central 
polar part capable of 

forming hydrogen bonds 0 COOH f i  
or coordinating the zinc 
center. According to the 
geometry determined by 
crystallography, the ter- 16 

minal phenyl groups of 
both compounds occupy 

two ets in hydrophobic a comparable pock- man- roANH)33 
ner. Compound 17 coor- 

its carboxy group, 
whereas 16 orients its carbonyl group toward the metal ion 
(Fig. 10). The opposing residues Ah113 and Arg203 provide 
two additional binding sites. In 17 the central ainide function 
forms hydrogen bonds to both residues; however, that to 
Arg203 is mediated through a water molecule. In 16 the carboxy 
groups interact directly with Arg203, and a hydrogen bond is 
formed to Ala 113. 

dinates to zinc through I7 

4.3.2. Similar, Altevnative, and Multiple Binding Modes 

To describe the orientation of different ligands in  the binding 
pocket of a protein, expressions like ‘.similar”, “alternative”. 
and “multiple” binding mode are used in literature. In our opin- 
ion, the application of these expressions is somewhat confusing 
and requires a proper definition. Related molecules with similar 
recognition properties (see above) that interact with the same 
functional groups of the protein thereby covering a largely 
analogous contact surface exhibit “similar” binding modes (e.g. 
MTX 12 and D H F  13). If different amino acid residues are 
involved in the binding. or distinct functional groups of the 
ligands are engaged in the ligand,!protein interface, “alterna- 
tive” binding modes are detected (e.g. in thrombin,[42- ‘‘‘1 in 
thyroid binding protein,‘““] in elastase,[185. ”‘] and in P450 
camplior[’”lj. Even minor modifications with respect to thc 
topology of the underlying bonding skeleton can substantially 
modify the conformational and accordingly the recognition 

Fig. 10. Alternati\c binding modes ;ib obssined 
phi call^ Ibr ihc I \ \ O  thci-rnol)hm iii- 
llciil . i n d  17 lrlght). \\hicIi chffei- i i ~  

thcir bonJriig Acletoii h! iiiiI> 1 x 1 ~  i i ~o i i i  I n  17 
the cciilriil ~ii111ds hoiiJ rL)rtii\ h! droprii h o n d r  
to 4 1 a  1 1  3 ‘ind. l l l ? L i l ~ l l ~ l l  t l l l - i> l I  

mokrule. to ‘ug XI?. ,itid i t \  c,ii-bo. 
oi-dinates to the [iiic ion Honexer. 16 coordi- 
i iata the metiil ion 111rough its aniitle c.irbonq1 
group. and thz carbox) group is directly hydro- 
gcn bonded to 4rg20.l In addition. a hydrogen 
bond is formed with Am 112 and through h e  
annde nitroeen atom to Ala 113. 
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properties. At present, our understanding of the similarity of 
flexible molecules is not thorough enough to uniquely relate 
changes in these properties with changes in the bonding topology. 

In our opinion, the expression “multiple” binding mode 
should only be used in cases where more than one orientation of 
the same ligand in the binding pocket has been detected experi- 
mentally. An association with small-molecule crystal structures 
should be given where positional disorder is a well-known phe- 
nomenon. However, only in very rare cases the actual nature of 
the disorder in crystal packing has been elucidated. It can result 
either from a random disorder (from unit cell to unit cell) or 
from a domain-wise disorder of regularly packed mosaic blocks. 
The first and presumably rather rare case indicates that a partic- 
ular molecular portion can be recognized by its environment in 
two or more (“multiple”) orientations. It is likely that also in 
proteins “multiple” binding modes with respect to the features 
determining recognition are more the exception than the rule. 
Soaking experiments with trypsin crystals in an almost saturat- 
ed solution of p-guanidiniobenzoate have revealed multiple 
binding modes.r1s81 Two disordered orientations have been fit- 
ted to the electron density (1.8 A resolution) in the specificity 
pocket, one with the usual bidentate hydrogen bonding interac- 
tion between the guanidinium group and Asp 189. A third posi- 
tion is found near His57 with the guanidinium group pointing 
toward CysS8 and Lys60. In all cases, the carboxylate of the 
inhibitor is close to the y - 0  atom of Ser 195. Multiple binding 
modes have also been observed for chymotrypsin,[lsy] HIV 
protease or para-hydroxybenzoate hydr~xylase.[’~l] Some 
care is, however, required in the assignment of multiple binding 

modes. Such situations can result 
in ligand disorder or partial occu- 
pancy. Accordingly, a less clearly 
defined electron density has to be 
interpreted. 

Molecules with structurally 
different bonding topologies can 
interact similarly with a protein 
(similar binding mode). The in- 
hibitors thiorphan (18) and retro- 
thiorphan (19) both inhibit the 

~ C O O H  metalloprotease thermolysin,[1y2] 
and both molecules bind with the 
same functional groups to the 
same residues of the protein. A 

similar “reverse” recognition of a peptide group has been ob- 
served in lysozyme for a- and /l-N-acetylglucosamide (20) 
The N-acetyl side chain of both compounds that exhibits enan- 
tiomeric configuration at atom C2 is equivalently recognized by 
Ala 107 and Asn 59 (Fig. 11). The recognition properties of both 
forms are so strongly modified that different regions of the 
binding pocket are occupied (alternative binding mode) : The 

N-COOH 
\7 

Y? 
0 

18 

N 

0 

19 

OH OH 

s 
20 
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Fig. 11. Binding geometry of a- and B-20 to lysozyme as determined by X-ray 
crystallography. Both ligands are shown superimposed in the same figure. The 
/{-form orients to the right and is hydrogen-bonded (dashed lines) to Trp62 and 
Trp63. The amide group of the ligand interacts with the carbonyl oxygen atom of 
Ala 107 and the backbone NH group of Asn 59. The a-form orients to the left and 
forms the same interactions through its amide group to lysozyme (dotted lines). In 
addition. i t  forms a hydrogen bond to the backbone NH group of Trp 108. 

a-form is engaged in a hydrogen bond to Trp 108, whereas the 
p-isomer interacts with Trp62 and Trp63. Lysozyme provides a 
rather extended binding pocket that can accommodate mole- 
cules much larger than 20. In the lysozyme complex with tri-N- 
acetylchitotriose (GlcNAC), , the first sugar moiety binds simi- 
larly to the pyranose moiety in the D - f ~ r m , [ ’ ~ ~ ]  and the region 
occupied by the a-isomer is filled by five water molecules. Owing 
to the chirality of protein structures, different binding modes for 
enantiomers appear not very surprising. However, also the op- 
posite has been observed. For instance, the affinities of the two 
enantiomeric sulfonaniides (21) for human carbonic anhy- 
d r a ~ e r ’ ~ ~ ]  differ by a factor of 100. Protein crystallography re- 
vealed that both ligands occupy similar regions in the binding 
pocket (similar binding modes). 

4.3.3. Ligand-Induced Fit at the Binding Site 

So far we have considered only the properties of the ligand, 
and have assumed the protein to be rigid. However, ligand bind- 
ing is a recognition process between two flexible molecules. Ac- 
cordingly, the binding of a ligand can also induce spatial rear- 
rangements in the protein. 111 a number of cases the protein 
structures have been determined with and without bound lig- 
and. These studies give some indication about possible confor- 
mational changes upon ligand binding. Proteins such as 
tryp~in[’’~] have fairly rigid binding sites. In other cases, parts 
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of the protein (e.g. a loop) move as a consequence of the ligand 
binding.“ ”. 1971 Fortunately, these changes appear to be 
quite similar for a set of different ligands (e.g. conserved 
orientation of the amino acid residue in t h r ~ r n b i n , l ’ ~ ~ ]  
HIV-protease,I”71 t h e r m o l y ~ i n , ” ~ ~ ]  renin,[i721 and endothia- 
pepsin” 701). The structure of uninhibited renin shows two inde- 
pendent molecules in the asymmetric unit of a cubic crystal 
form.‘’ Both adopt different conformations due to different 
crystal contacts. They can be characterized as an “open” and 
“closed” form and differ by a rigid-body rotation of the C- 
toward the N-terminal domain around an axis near the active 
site. Interestingly, the “closed” form is conformationally much 
more similar to the structure of an inhibited renin complex 
determined from tetragonal crystals. The conformational 
changes induced by crystal contacts are very similar to those 
resulting from ligand binding. For the structurally related en- 
dothiapepsin, inspection of 15 protein -1igand complexes re- 
veals two forms of the enzyme.[”’] However, no clear correla- 
tion with the type of inhibitor or the crystal contacts is evident. 
Presumably many of the conformational changes observed 
upon ligand binding can be related to functional rigid-body 
transitions of the protein. Pronounced changes in the active site 
have been reported between apo- and complexed form, for ex- 
ample. for HRV-14.‘’ 

An instructive example highlighting the importance of such 
induced-fit effects is provided by the binding of guanine to the 
active site of purine nucleoside phosphorylase.[’ 991 This ligand 
forms hydrogen bonds through N7 and the oxygen atom at  C6 
to the side chain amide group of Asn 243 (Scheme 3). A simple 
and formally isosteric replacement of N by C at  the 9-position 
implies an exchange of a hydrogen-bond acceptor by a donor a t  
the 7-position. Surprisingly, 9-deazaguanine shows an even 
higher affinity. adopting a binding geometry very similar to that 

Asn 243 Asn 243 

Scheme 3 Binding modes of four dlfferent ligands in purine nucleoside phosphory- 
lase. The replacement of N by C at the 9-position of the guanine moiety results in 
an unexpected induced fit: In the 7-position a hydrogen-bond acceptor changes to 
a donor. and the Asn243 side chain swings by and presents instead of its NH, group 
i ts  NH and C = O  groups to  the ligands. This induced fit explains why only in the 
aza-analogue (top) an additional NH, group at  the 8-positlon improves affinity. In 
the deam derivative (bottom) an unfavorable steric repulsion occurs between the 
NH, group and the methyl group o f the  adjacent threonine. 

of guanine. The reason for this is that the adjacent Asn residue 
swings over and presents, instead of its NH, group, one of its 
N H  protons and the C=O group to the Iigand. This induced fit 
can hardly be predicted without determining protein -1igand 
structures. 

4.3.4. Binding Modes in Different Species and at Different 
p H  Conditions 

Binding geometries can also differ between enzymes from 
different species. As already mentioned, trimethoprim ( 1 )  binds 
to chicken liver dihydrofolate reductase (DHFR) with a butter- 
fly-type conformation, whereas in the bacterial enzyme from E. 
coli a twisted conformation is found.[’50] This example may 
serve as a caveat for using data observed in one protein to 
describe the conditions in binding modes to  others (e.g. modeled 
homologues) . 

The binding modes of molecules in the active site of a protein 
depend on the protonation state of the amino acid residues 
involved. A simple case that illustrates this influence is the pH- 
dependent binding of carbonate to creatinase.[’ TWO crystal 
forms of the enzyme, each of which have a carbonate ion and a 
water molecule in the active site, have been grown under differ- 
ent pH conditions (5.4, 7.4) and structurally characterized. The 
guest molecules occupy different positions in the two structures, 
thus indicating pH-dependent binding modes. At low p H  val- 
ues, the recognition site for the anion, presumably present as 
bicarbonate, is formed by two protonated Glu residues. The 
water molecule mediates a hydrogen-bond network to the op- 
posing Arg residues. At high pH values, the anion (again as- 
sumed to be a bicarbonate) binds in a reverse orientation. It now 
faces two Arg residues, while the water molecule bridges to  the 
two Glu residues. 

This observation also has consequences for the design of en- 
zyme ligands possessing tailored recognition properties. Phos- 
phastatine analogs have been reported to be potent inhibitors of 
the aspartyl protease pepsin, but they are relatively weak in- 
hibitors of renin, another aspartyl protease. The difference may 
be attributed, a t  least in part, to the different pH optima at  
which the two enzymes function. Pepsin is a digestive protease 
that operates in a strongly acidic medium, whereas renin oper- 
ates under neutral conditions. For the latter, i t  has to be as- 
sumed that the hydroxy group at  phosphorus is largely deproto- 
nated and therefore not suited to bind to the aspartates in the 
active site of renin.l2O01 

4.4. Automatic Alignment of Molecules in the Binding 
Pocket by Comparing Their Recognition Capabilities 

The experimentally observed examples, discussed in the last 
section, indicate a rather complex relationship between the 
bonding skeletons of ligands, their binding modes, and their 
recognition properties. Nevertheless, let us return to our initial 
question and examine to what extent we can describe and pre- 
dict binding modes by comparing recognition properties. When 
attempting to define a spatial difference or similarity measure 
among ligands, we have to remember that binding properties are 
defined with respect to a particular receptor. Measures of simi- 
larity are therefore defined relative to  some reference. 
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Computational approaches that are applied to handle this 
problem can suggest alternatives for docking novel ligands into 
the binding site of a protein.[1811 In the absence of a detailed 
structure of a receptor such methods can be used to superimpose 
ligands. The resulting alignment is a prerequisite for a compar- 
ative molecular field analysis (CoMFA) .[’O1] This method can 
be used to quantify differences between ligands that are respon- 
sible for the variations of their binding affinities. Several ap- 
proaches have been described for the computation of such align- 
ments.[202 -’09] We have extended the procedure SEAL, 
originally described by Kearsley and Smith,[2091 to allow a 
simultaneous consideration of steric, electrostatic, hydropho- 
bic, and hydrogen-bonding properties.[’41. 21 O1 To quantify the 
similarity of two molecules, their shape is approximated by a set 
of spatial Gaussian-type functions centered at the atomic posi- 
tions. For  each molecule these functions are then associated 
with a vector of physicochemical properties derived from atom- 
based descriptors. To compute the similarity of two molecules in 
space, the scalar product of the vectors corresponding to the two 
molecules and weighted by the overlap of the associated Gaus- 
sian functions is evaluated. The obtained quantity is used to  
maximize spatial similarity. Starting from 
random orientations, it is subsequently 
optimized by minimizing the mutual dis- 
tances between molecular portions having 
similar physicochemical properties. This 
method does not require predefined pairs 
of matching centers in the molecular 
framework. Accordingly, also strongly 
deviating bonding skeletons can be com- 
pared and aligned. 

This alignment function has been ap- 
plied to a data set of 184 ligand pairs bind- 
ing to  the same protein.r1411 Their actual 
binding modes and accordingly their rela- 
tive structural alignments are known from 
protein crystallography. Across this refer- 
ence set, the observed alignments could be 
reproduced in one third of the cases with 

gen-bond donor and acceptor properties. Strictly speaking, 
these properties are not independent, they highlight different 
aspects responsible for molecular recognition. A closer inspec- 
tion of their contributions to the similarity scorings calculated 
from 184 test examples provides the opportunity to  estimate 
their relative importance. Interestingly, in all cases, steric simi- 
larity achieves the greatest importance, contributing between 30 
and 85% to the total similarity 
scoring. This finding underlines the 
importance of a similar spatial oc- 
cupancy in a binding pocket as a 
prerequisite for successful binding. 

One example should be given, 
however, where the approach Pails 
to perform satisfactorily. The two 
thermolysin inhibitors 16L182J and 
22[’*’] are superimposed with a 
residual root mean square devia- 
tion of 0.54 A. Similarly, the reaction product Val-Trp of the 
proteinase cleavage reaction can be superimposed onto 22 with 
a root mean square deviation of 1.03 A (Fig. 12). VaI-Trp and 16 

yv HOO 

(=y-cH \ 1 

22 

CI T CLT 

Q -0.5 

L’ 
’ p p ,  I O-- 

Fig. 12. Observed and computed structural alignment of thermolysin inhibitors. In the center the mutual 
alignment of CLT 22 (black), P-PPP 16 (dark gray). and Val-Trp (light gray) are shown, as determined by X-ray 
crystallography. On the left. thecomputed alignment IS given using CLT (black) as a reference. The residual root 
mean square deviation to the experimental arrangement is 0.54 A. and for Val-Trp 1.03 A.  On the right, the 
alignment of P-PPP (gray) with Val-Trp (black) as a reference is shown. An arrangement. like that found in 
thermolysin. which cannot he achieved since the steric overlap at  the protein binding site is rather small (cf. 
center). 

a root mean square deviation below 0.7 A;  51 % below 1 A, and 
nearly 90% below 2 A. Considering the inherent accuracy limits 
of about 0.7 A for such a superposition of two experimentally 
determined protein -1igand complexes, the observed agreements 
are rather The alignment function exhibits sev- 
eral minima. Thus, the approach generates several alignments, 
each with a particular similarity scoring. In two thirds of the test 
cases, the solution with the highest similarity scoring also ap- 
proximates the experimentally observed alignment. In 91 YO of 
the investigated cases, the experimental observations are cov- 
ered by the best and second best solutions. The different solu- 
tions suggest alternative binding modes. For  example, the “re- 
verse” binding mode of the two antiviral compounds 14 and 15 
with very similar bonding skeletons (see Fig. 9) are proposed 
since the best solution corresponds to  the “regular” superposi- 
tion. However, the second best solution, ranked only 4% less in 
similarity, approximates correctly the experimentally observed 
binding mode. 

The alignment function incorporated into the described ap- 
proach considers steric, electrostatic, hydrophobic, and hydro- 
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are both smaller in size than 22 and their superpositions with 22 
involve different parts of the molecule. However, if a compara- 
tive alignment of 16 and Val-Trp is calculated, steric overlap is 
optimized among both inhibitors. Thus, no correspondence 
with the observed situation is achieved. This example clearly 
indicates the limitation of approaches that consider the 3D 
structures of ligands only. It also serves as a warning not to  use 
the superimposition of molecules as a prerequisite for 3D QSAR 
analyses without additional considerations. 

In the computational approach described so far, molecular 
flexibility has not yet been incorporated. To account for flexibil- 
ity during the superposition process, the above-mentioned simi- 
larity condition has been introduced as additional term into the 
potential function used in MIMUMBA.[2101 Since the approach 
performs only a local optimization, an initial orientation and 
start conformation are required. To circumvent this important 
limitation, multiple conformations, generated by a conforma- 
tional search with MIMUMBA, are subjected to mutual align- 
ments. Subsequently, those of the pairwise aligned conformers 
that receive the highest similarity scores are subjected to local 
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mizations. This combined approach has been applied to 
thrombin and thermolysin inhibitors. Conformers are generated 

n”.. 

Discovery 

The 3D structures of proteins and protein-ligdnd complexes 
can be used to identify the essential interactions in these struc- 
tures and to search for additional binding sites not used by 
previously known ligands. Possible binding sites may be posi- 
tions where hydrogen bonds can be formed with the enzyme, or 
hydrophobic pockets in the enzyme structure which can be oc- 
cupied by lipophilic groups. A number of computational tools 
have recently been described to select putative ligands and to 
predict their interactions with the protein. In general, these nov- 
el tools for hgand design can be divided into the following major 
categories:c2’ ’1 

1) Analysis of the protein structure 
2) Ligand docking and 3D database searching 
3) De novo ligand design 
4) Assessment of the ligand binding affinity 
5 )  Analysis of the electronic and conformational properties of 

We briefly summarize the current status of these methods. 
Basically, to find new ligands one can either search 3 D  databas- 
es of known small molecules, or one can attempt a de novo 
design. The latter approach tries to construct a new molecule 
completely or in part from scratch. The possible approaches are 
sketched in Figure 13. 

the hgand 

5.1. Analysis of the Protein Structure 

The first step in the search for a new ligand is the analysis of 
the 3D structure of the target protein. The surface of the protein 
can be displayed together with certain properties such as the 
lipophilici ty[’ ’ 3 .  ’ 41 or the electrostatic potential.[21 51 Compu- 
tational methods have been described that can detect clefts or 
cavities in the protein.[21h-Z181 Other approaches are available 
for predicting favorable binding sites for probes or small mole- 
cules such as a water molecule or a cdrbonyl g r o ~ p . [ * ~ ~ - ~ ~ ‘ ~  
One of the most frequently used approaches is to calculate inter- 
action energies with different probes on a grid spanning the 
binding site. Such grids can be displayed and then subsequently 
be used as a valuable guide in the design of new hgdnds. 

Probably the most widely used technique for the computa- 
tional analysis of protein -1igand interactions is molecular me- 
chanics. Recently new force fields have been developed[222-2251 
that provide an improved description of noncovalent and cova- 
lent interactions in these complexes. Simple molecular mechan- 
ics geometry optimizations can be useful in addressing the prob- 
lem of s t e m  and electronic complementarity between the 
protein and the ligand. 

The program MCSS developed by Miranker and Karplus[2261 
combines the analysis of the protein binding site with a place- 

Fig. 13. Strategies for discovering new lead structures by ligand docking (see also 
Section 5.3.1). A complete ligand, for example taken from a database. can be docked 
into the binding site (left). The de novo design of new ligands can be performed 
either by positioning a seed which is further extended by additional building blocks 
(center) or by the simultaneous placement of several fragments that are connected 
by suitable linking groups (right) The sketch was adapted from Verlinde and 
Hol [26]. 

ment of small functional groups in an energetically favorable 
orientation. MCSS uses a molecular mechanics force field for 
the placement of small ligands. 

We have adopted a different approach to the analysis of the 
protein binding site focussing on the geometric aspects of 
protein - ligand Information on typical inter- 
action patterns between functional groups of a ligand and 
amino acids of a protein can be obtained from a statistical 
analysis of intermolecular contact geometries found between 
various functional groups in the crystal packings of organic 
molecules. Composite pictures of these interaction geometries 
can be used to elucidate orientational preferences. As an ex- 
ample, the composite picture of hydrogen-bonding partners 
that interact as donors or acceptors with a phenolic oxygen are 
shown in Figure 14. The observed clusters in space are represen- 
tative of preferred interactions with the tyrosine side chain. To 
justify that these composite crystal-field environments indeed 
serve as reliable guides in the prediction of binding site ge- 
ometries, we have mapped them onto the amino acids pointing 
into the binding site of a protein. In Figure 15, the crystallo- 
graphically determined binding geometry of methotrexate (12) 
in dihydrofolate reductase is shown together with the distribu- 
tion around the functional groups that interact with the in- 
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Fig. 14. Composite picture of the contact geometries used to map out possible 
spatial orientations of interactions between a phenolic oxygen atom and hydrogen- 
bond donors (left) or acceptors (right). Data were retrieved from crystal structure 
analyses of small molecules. The coordinates of the probe functional group together 
with those of the contacting atoms (NH, OH or N. 0) were extracted. A common 
orientation of all considered examples was achieved by a least-squares superposition 
of the atoms of the phenyl rings. The hydrogen atoms directly bound to the phenol 
oxygen have been omitted for clarity. 

Fig. 15. Section through the binding pocket of the dihydrofolate reductase from E. 
coli with the ligand 12. View perpendicular to the pteridine moiety, hydrogen bonds 
as dashed lines. The water molecules 403 and 405 mediate hydrogen bonds from the 
protein to the ligand. Matched onto the amino residues oriented towards the bind- 
ing site are the appropriate distributions from the crystal structures. After contact 
atoms that penetrate into atoms of the protein have been rejected, the indicated 
positions remain as putative binding sites about the carboxylate group of Asp27, 
the backbone carbonyl group of Ile5, Ile94, and Tyr l l l ,  the side-chain oxygen 
atom of Thr 11 3 (NH, OH bond vectors), and the indole NH group of Trp 30 (N. 0 
atom positions). 

hibitor. The positions of the ligand atoms coincide with regions 
that are frequently occupied by similar partners in organic crys- 
tal structures. A similar picture was found for several other 
protein-ligand complexes.[2271 The information contained in 
these composite crystal-field environments has been translated 
into rules that serve as guidelines for the automatic docking of 
small molecules into the active site of proteins (see Section 5.3). 

A very important property of proteins is their flexibility. The 
most widely used computational technique to obtain informa- 
tion about protein flexibility is molecular dynamics (MD) simu- 
lation. Several reviews have summarized the potential of this 
method.1228, 22y1 Significant progress has recently been ob- 
tained in the methodology of molecular dynamics simula- 

t i o n ~ . [ ~ ~ ~ - ~ ~ ~ ~  Together with the developments in computer 
hardware, these advances now enable us to perform longer and 
more accurate MD simulations. Indeed, several impressive cal- 
culations have been reported that provide new insights into the 
nature of protein 2341 

5.2. Database Searching 

The most direct way to find a new ligand with a computer is 
to search a database containing 3D  structure^.^^^^-^^'^ Th e 
pioneering program in this field is DOCK developed by Kuntz 
and coworkers (see Fig. 13, left).[2381 DOCK is used to search 
a 3D database for possible ligands based on shape complemen- 
tarity between protein and ligand. Recently the ability to ac- 
count for electronic complementarity by means of a molecular 
mechanics force field was also incorporated into the pro- 
gram.[239. 2401 A number of successful applications of DOCK 
have been reported.[241 -2431 Other computer programs for 
searching 3D databases have been 24s1 CLIX[2441 
uses the GRID force fieldI2 19, 2201 in the docking of putative 
ligands; the program FLOG developed by Miller et al.1245] ac- 
counts for ligand flexibility by including up to 25 conformers of 
each structure in the database; the program LUDI described 
in the following section can also be used for searching 3D data- 
b a s e ~ . [ ' ~ ~ ]  

5.3. De Novo Ligand Design 

A number of computer programs have recently been de- 
scribed that attempt to design new ligands for a given protein 
structure automatically.[247- 2701 S everal reviews have been 
published on this 2481 M ost programs try to assemble 
novel molecules from pieces. These pieces are either 
atoms[249 ~ 2521 or larger, chemically reasonable frag- 
m e n t ~ . [ ~ ~ ~ - ~ ~ ~ .  26y. "01 Both approaches have advantages and 
disadvantages. The use of single atoms as building blocks can 
generate the largest possible diversity of chemical structures. 
However, a large structural diversity can also be obtained with 
a fragment-based approach by using a large variety of different 
fragments. A potential advantage of the fragment-based ap- 
proach is the synthetic accessibility of the generated structures. 
The use of fragments offers the advantage that chemical knowl- 
edge can be built into the fragment connection step. For ex- 
ample, amino acids can be used as building blocks to construct 
pep tide^.['^^] The extension to other simple chemical reactions 
such as the formation of an ether is straightforward. In contrast, 
this control of synthetic accessibility is difficult to achieve for 
atom-by-atom build-up programs. Therefore, the latter ap- 
proach requires that the synthetic accessibility is checked at the 
very end of the design cycle. This is a much more complex task 
than to check whether the formation of a particular bond is 
synthetically feasible. 

Two major strategies exist for fragment-based de novo ligand 
design. The first possibility is to place several fragments inde- 
pendently (or take them from a known ligand structure) and 
then to search for suitable templates that connect these frag- 
ments into one molecule (see Fig. 13, right). The advantage of 
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this approach is that the individual fragments are placed with- 
out any bond constraints and are likely to be at their optimal 
positions. Furthermore, this strategy has the desired tendency to 
generate rigid structures. A possible disadvantage is that it may 
be difficult to find appropriate templates that connect the frag- 
ments in a stereochemically and synthetically reasonable way. 
The alternative is to start with a seed fragment in a certain 
region of the binding site, and then to append additional frag- 
ments in a stepwise build-up procedure (Fig. 13, center). An 
advantage of this approach is that chemical knowledge can be 
easily incorporated into the linking step. Therefore, synthetical- 
ly accessible structures are more likely to be obtained by this 
approach. However. it tends to generate more flexible struc- 
tures. Furthermore Rotstein and M ~ r c k o [ ’ ~ ~ ]  have pointed out 
that the build-up procedure can run into difficulties if a large 
gap between two separated regions of the binding pocket has to 
be bridged without the possibility of forming extensive specific 
interactions with the protein in the gap region. 

The most important challenge both in de novo design and 3D 
database searching is currently the development of new methods 
to prioritize the large number of diverse putative protein ligands 
resulting from such calculations. Available computational pro- 
cedures based on a molecular dynamics simulation are too time- 
consuming to score more than 10- 100 ligand structures. There- 
fore, a fast and reliable ranking of the candidate structures is 
required. A possible approach is to use a two-step procedure. 
First, a fast and simple empirical scoring function is used to 
prioritize the hits. Then the top scoring structures are analyzed 
more rigorously by using more accurate and computationally 
demanding approaches. Several simple scoring functions have 
been 1oo-102+2531 among them the one we de- 
scribed in Section 3.7. 

5.3.1. The Computer Program LUDI 

LUDI is a fragment-based de novo design program that can 
be used both for searching 3D databases and for the automatic 
construction of novel ligands either through building (step-by- 
step build-up) or linking (placement of individual fragments and 
subsequent connection, see Fig. 13).[269, 2701 The program posi- 
tions molecules or adds new substituents to a given lead in clefts 
of a protein such that hydrogen bonds can be formed and hy- 
drophobic pockets are filled with lipophilic groups. Like other 
programs for ligand design, LUDI basically requires the follow- 
ing information: I )  the 3D structure of the target protein, 2) 3D 
structures of putative ligands or fragments for docking or con- 
structing novel molecules, and 3) information about possible 
favorable interactions between the protein and the ligand. 

The program first calculates “interaction sites”, which are 
discrete positions and vectors in space suitable for forming hy- 
drogen bonds or for filling a hydrophobic pocket. These interac- 
tion sites are derived from composite crystal-field environments 
as described in Section 5.1.[2271 In the next step molecular frag- 
ments are fitted onto these sites. The fragments are taken from 
a library containing 1100 diverse small molecules. Larger frag- 
ment libraries can also be searched, as compiled from the 
“Available Chemicals Directory” (ACD)[2711 or the Cambridge 
Structural Database (CSD).[21 -231 The n LUDI can be used in 
the “link-mode”, in which the placed fragments are connected 

by bridge fragments to form a single molecule. Alternatively, 
LUDI can append new fragments onto an already positioned 
fragment or lead compound. Finally, the obtained structures are 
scored by using the function described in Section 3.7. The con- 
cept of LUDI is summarized in Figure 16. 

Y 

Fig. 16. Basic steps in de novo ligand design using the program LUDI. First the 
interaction sites are generated according to a rule-based approach (top). Then small 
fragments are fitted onto the interaction sites (center). Finally, positioned fragments 
are linked together or extended by additional substituents (bottom). 

An important aspect of LUDI is its ability to tolerate small 
uncertainties in the experimentally determined protein struc- 
tures. Any positioning of fragments is completely based on geo- 
metric operations. We have decided to refrain from using force- 
field calculations either in the positioning or the ligand scoring 
step. The latter methods would be computationally rather de- 
manding. Futhermore, the uncertainties in protein geometry 
can give rise to unreasonably large contributions to the protein- 
ligand interaction energy if calculated by a force field. The 
resulting values can only be interpreted if a full geometry opti- 
mization including all degrees of freedom is performed. Instead, 
we decided to use the fast and error-tolerant empirical scoring 
function in LUDI described in Section 3.7.[811 

In a validation study, we successfully applied LUDI to the 
design of inhibitors of dihydrofolate reductase and HIV- 
pr~tease.[~”] Pisabarro et al.1381 used the program in the suc- 
cessful design of a novel inhibitor of human synovial fluid phos- 
pholipase A, with enhanced binding affinity. Recently Babine et 
al.[391 used LUDI to design 23 as a novel ligand for FKBP-12. 
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Subsequently, compound 23 was syn- 
thesized and found to  be a strongly 
binding Iigand of FKBP-12 (K,  
=12pM). In another application,[2461 a 
subset of about 30000 small molecules 
(<40 atoms, 0-2 rotatable bonds) from 
the fine chemicals directory (FCD[2711) 
was used to suggest possible novel lig- 
ands for trypsin, HIV-protease, purine 

nucleoside phosphorylase, and streptavidin. The 3 D  ligand 
structures were generated with the program CONCORD1Z72] 
(more recently, we also employed the program CORINA12731 
for the generation of the 3 D  structures). For the specificity 
pocket of the enzyme trypsin, the calculation took two hours on 
a Silicon Graphics Indigo R4000 workstation and retrieved 153 
compounds. The hits obtained with the highest score are para- 
methylbenzamidine and benzamidine. Both compounds are in- 
deed found experimentally to bind trypsin with micromolar 
binding affinities.1274, 2751 

One of the strengths of LUDI is its ability to find small polar 
ligands for tight polar binding sites as present, for example, in 
trypsin. Our current experience indicates that for such proteins 
the program can retrieve interesting small molecules that form 
multiple hydrogen bonds with the protein. LUDI is now widely 
used in the pharmaceutical 

b 
OH 
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23 

6. Outlook and Future Developments 

During the last five years we have witnessed dramatic im- 
provements in computational tools for structure-based ligand 
design. New computer programs for conformational analysis, 
ligand docking, structural alignment, and de novo ligand design 
have been described. The first examples for a successful design 
of protein ligands are emerging.[29-421 The motivation for fur- 
ther developments of these methods is the intellectual challenge 
of understanding the nature of protein -1igand interactions, but 
also the need to speed-up the drug discovery process. As this 
driving force gets even stronger, the development of advanced 
methods for structure-based ligand design becomes more and 
more important. 

Despite the remarkable recent progress, the current computa- 
tional methods for lead discovery still face a number of limita- 
tions. Most important is the availability of the 3D structure of 
the target protein. Substantial efforts are still necessary to devel- 
o p  techniques to make these systems accessible to structure de- 
termination. In the optimal case, their 3 D  structures are deter- 
mined together with a series of different ligands. In the absence 
of such data, it may be possible to construct a model of the 
target protein from the known structure of a closely related 
homologue. Otherwise design methods have to  rely on compari- 
sons of hgands only. It should be noted that in such cases the 
comparison has to refer to the spatial distribution of the physic- 
ochemical properties. However, as the level of information on 
the structural aspects of the protein -1igand system decreases. 
the results from design methods get less and less conclusive and 
reliable. 

Design methods consider ligands and their putative interac- 
tions with the target. Other important factors are not taken into 

H.-J. Bohm and G. Klebe 

account, such as transport properties, metabolic stability, good 
oral availability, low toxicity, sufficient half life, and minor 
addictive potential. These factors also determine whether a lig- 
and can be applied as a drug. Furthermore, the current de novo 
design programs hardly address the problem of the synthetic 
accessibility of the suggested structures. Finally, current meth- 
ods for the prediction of binding affinities need to be improved. 

In cases where the protein structure is available, most current 
docking and de novo design methods treat the protein as rigid. 
In reality, however, ligand-induced fit is observed and has to be 
considered. Nevertheless, since similar changes of the protein 
have been observed with several related ligands, the 3D struc- 
ture of a complex appears to be a good starting point for de 
novo design. The consideration of molecular flexibility of the 
ligand, especially for species with more than five rotatable 
bonds, still represents a considerable challenge. This property 
has to be efficiently incorporated into methods for comparing 
molecules and ligand docking. 

Computational methods are only one aspect in the strategy 
for drug research and development. In the last few years exper- 
imental high throughput screening methods have been estab- 
lished based on molecular test systems. In favorable cases, sever- 
al thousand compounds can be tested in an assay per day. This 
has stimulated the development of new methods to  synthesize 
large libraries of diverse molecules. Combinatorial chem- 
i s t ~ - ~ [ ~ ~ ~ - ~ ~ ~ ~  offers great promise in the discovery of new lead 
structures. In our opinion, the computer-based methods nicely 
complement such screening approaches. Hits from these search- 
es often display rather diverse structures. Molecular comparison 
methods have to elucidate common features that are likely to  be 
responsible for receptor binding. Once lead structures have been 
discovered, either through experimental or computer screening 
methods, molecular modeling and X-ray crystallography come 
into play to assist efficient optimization of lead structures. 

At present, we are starting to understand some important 
phenomena and underlying principles that determine molecular 
recognition in protein- ligand complexes. Computational ap- 
proaches based on empirical knowledge provide powerful tools 
to  support the finding and optimization of new lead structures. 
It can be expected that with the growing experimental data on 
structures and thermodynamics of protein-ligand complexes 
the range of applicability of these approaches will be further 
extended. 
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