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Abstract. Molecular recognition is a key process in non-covalent interactions, which determines, among
others, host-guest complexation, drug action and protein-protein interaction. A simple and attractive for-
mulation is the lock-and-key analogy defining the host as a lock accommodating the guest as a key. We
stress three major aspects of molecular recognition, determining both complementarity between host and
guest and similarity within a group of guest molecules. These aspects are: steric, i.e. maximization of
close contacts, electrostatic, i.e. maximization of electrostatic attraction between host and guest, as well as
hydrophobic, i.e. avoiding hydrophobic hydration, which can be reached by the maximization of apolar
contacts between interacting molecules. Some examples are presented from our laboratory: the complexes
of acylaminoacyl peptidase with small peptides, the effect of heparin binding on inhibitory potency of C1-
inhibitor as well as small-molecule ligand binding to prolyl oligopeptidase and calmodulin.

Keywords: complementarity, steric effects, electrostatics, hydrophobicity

INTRODUCTION

Molecular recognition plays a crucial role in supramole-
cular chemistry, molecular engineering and structural
biology. The first, simple but very effective model of
molecular recognition has been proposed by Emil
Fischer more than hundred years ago:' "... the intimate
contact between the molecules ... is possible only with
similar geometrical configurations. To use a picture, |
would say that the enzyme and the substrate must fit
together like a lock and key.” In order to make this
analogy more concrete, we should define the terms
“lock”, “key” and “fit”. In a broad sense we mean under
“lock” the host structure, i.e. any crevice on the surface
of a macromolecule or a hollow site inside of a molecu-
lar aggregate, while the “key” means the guest, a small
molecule or a fragment of a larger one, fully or partly
embedded by the above empty space.

In the following we suppose that both lock and
key are rigid, which makes discussion simpler. How-
ever, it should be mentioned that in many cases they are
flexible and adopt their final shapes only upon binding,
which is best illustrated by the “hand-and-a glove” a-
nalogy. If the lock (macromolecular crevice) undergoes
conformational changes in order to provide the optimal

shape for embedding the relatively rigid key (guest
molecule), we speak about induced fit.> Alternatively,
the guest molecules may adopt different conformations,
some of which are appropriate for binding, this is called
conformational selection.’ In most cases, a mixture of
both mechanisms can be observed. Flexibility and dis-
order-order transitions can be important in fine-tuning
the strength of host guest interactions via entropic ef-
fects (induced local folding of intrinsically unstructured
proteins upon binding to their target).*

It is not quite simple to define what we mean un-
der the term “fit” or “complementarity”. In short, these
terms stand for the simplified description of the host-
guest interaction in the biophase. Such an interaction is
a combination of at least three components: steric, elec-
trostatic and hydrophobic.”® Steric fit means that inter-
acting atoms may not interpenetrate beyond their van
der Waals radii and, simultaneously, the host crevice
should be filled as perfectly as possible reducing the
empty space between host and guest atoms to a mini-
mum. Electrostatic fit refers to a maximum of ionic,
hydrogen-bonding and any other type (e.g. aromatic
ring-cation)’ of polar interaction, and is well accounted
for by the molecular electrostatic potential due to the
host and acting on a charge distribution representing the

*  Dedicated to Professor Zvonimir Maksié on the occasion of his 70™ birthday.
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guest. The term “hydrophobic fit” refers to the associa-
tion trend between apolar groups in the biophase. Under
“biophase” we mean an aqueous medium with dissolved
ions and some small molecules surrounding the bio-
polymer as a solute. This trend may be explained in
terms of density differences between water and the host,
which makes that the net dispersion attraction between
host and guest atoms is larger that between both of them
and water. Accordingly, if they associate the net interac-
tion energy becomes larger than in the dissociated state.
Another argumentation is macromolecular crowding, an
entropy effect reducing water-accessible surfaces of
dissolved molecules in order to avoid unfavourable
perturbation of water structure around the solute.
Crowding shifts equilibria toward a molecular arrange-
ment, where the excluded volume is minimal. Empty
space between protein crevice and its ligand increases
the excluded volume, which will be reduced if filled by
a substituent. For more details see an early review.®
Quite often, steric, electrostatic and hydrophobic effects
on ligand binding are combined, however, it is useful to
treat them separately, therefore we selected examples
where one of them seems to be dominant.

On the basis of the concept of complementarity it
is straightforward to define molecular similarity.” We
call those molecules similar, that fit into the same bio-
polymer crevice with about the same pattern of steric,
electrostatic and hydrophobic complementarity. A set of
superimposed, similar molecules defines the pharma-
cophore, i.e. a molecular framework that carries the
essential features responsible for the biological activity
of a drug molecule’ or, in more precise terms, an en-
semble of steric and electronic features that is necessary
to ensure the optimal supramolecular interactions with a
specific biological target.

In the following sections we present some exam-
ples for various types of host-guest complementarity
and guest similarity based on X-ray diffraction and
molecular modelling studies in our laboratory.

STERIC COMPLEMENTARITY: COMPLEXES
OF ACYLAMINOACYL PEPTIDASE WITH
SMALL PEPTIDES

Steric fit can be nicely illustrated on the complex of
Aeropyrum  pernix K1 acylaminoacyl peptidase
(ApAAP) with product-like inhibitors 2-aminobenzoyl-
Gly-Phe and Gly-Phe (see Figure 1).'° The crystal struc-
tures contain the dimer of ApAAP. The monomers A
and B have similar conformations and bind the ligands
at the S1 and S2 binding sites in similar arrangements.
(We use the nomenclature of the substrate residues and
substrate binding subsites of proteaseas as proposed by
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Figure 1. Binding of 2-aminobenzoyl-Gly-Phe and Gly-Phe to
the active-site crevice of ApAAp. Complex structures refer to
PDB codes 2HUS and 2HUS, respectively. Note the empty
pockets near Phe488 and Leull5 on the molecular surface
representation of the enzyme.

Schechter and Berger.)!' The guest crevice near the
catalytic serine (Ser445) (Figure 1) accommodates the
P1 phenylalanine and partly the P2 glycine of the li-
gand. Note that the crevice is precisely filled here, while
near Leull5 and Phe448 empty cavities can be ob-
served, which are formed by hydrophobic residues; this
makes the steric fit imperfect. Filling these pockets with
appropriately bulky substituents may increase the inhi-
bitory potency of the ligand, i.e. the binding interaction
with the host molecule. One of the earliest application
of this “empty-space-filling” principle to increase of the
binding power of a new substituted thyroxine analogue
to the host, prealbumin, has been published by Blaney
and co-workers more than two decades ago.'> Introduc-
tion of two iodine substituents at the appropriate site, to
fill the binding crevice perfectly, increase binding
power by a factor of two.

ELECTROSTATIC COMPLEMENTARITY:
HEPARIN POTENTIATION OF INHIBITORY
POTENCY

C1 inhibitor, a member of the serpin family, is a major
regulator of inflammatory processes in blood. Genetic
deficiency of the C1 inhibitor results in hereditary an-
gioedema, a dominantly inheritable, potentially lethal
disease. Recently we reported the first crystal structure
of the serpin domain of human C1 inhibitor, represent-
ing a latent form, which explains functional conse-
quences of several naturally occurring mutations.”> On
the basis of the surface charge pattern, heparin affinity
measurements, and computer docking of a heparin di-
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(a)

Figure 2. Surface electrostatic potential pattern on the contact
surfaces of the C1 inhibitor (a) and target proteases. (b): factor
Xla; (c): Cls; (d): plasma kallikrein; (e): factor XIla (homol-
ogy model). Blue, positive (deep blue: +50 kT/e, light blue:
<+50 kT/e); red, negative (deep red: —50 kT/e, light red: > —50
kT/e). The docked heparin disaccharides are shown in green
space filing representation. PDB codes of the structures are
20AY, 1XX9, 1ELV, 2ANW, respectively. Yellow arrows
indicate the presumed position of the reactive centre loop of
C1 inhibitor in the Michaelis complex. Grey arrows indicate
that one of the interacting molecules must be rotated by 180°
in order to get in the right position for overlap with the other at
the contact surface. Note that the upper negative region of (a)
overlaps with the lower regions (positive for (b) and (c), nega-
tive for (e) of the target proteases.

saccharide to C1 inhibitor, a heparin binding site is
proposed in the contact area of the C1 inhibitor/protease
encounter complex (see Figure 2a). Charge pattern of
contact enzyme surfaces and C1 inhibitor suggests neu-
tralization by polyanions, e.g. heparin. A major posi-
tively charged patch is located in the presumed enzyme-
binding region of C1 inhibitor. Binding of polyanions in
this area results in the neutralization of positive charges
or even providing excess negative ones. In this way,
polyanions get “sandwiched” between the inhibitor and
the enzyme.

We calculated the electrostatic potential pattern on
the contact surface of the interacting proteins and com-
pared them in order to test the above mechanism (cf.
Figure 2). The active site cleft and specificity loops of
the serine protease domains are visualised. Those pro-
teins (cf. the caption to Figure 2) were included in the
study, for which independent experimental data were
available in the literature. Polyanions increase inhibitory
capacity against factor Xla 60-115-fold (Figure 2b),
against Cls (Figure 2c) 15-60-fold, and against plasma
kallikrein twofold (Figure 2d). Inhibitory capacity for
factor XlIla (Figure 2e) is reduced by a factor of 2 to 4.
These results correlate well with the calculated electro-
static potential pattern on the contact site. Factor Xla is
characterised by the most extended positive electrostatic
potential pattern, thus polyanions have the most signifi-
cant effect here. Cls and plasma kallikrein have less
positive potential in the patches.
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Figure 3. Binding of derivatives of Z-Pro-prolinal to the
active site of prolyl oligopeptidase. Carbon atom colors:
green: 1-{3-Ox0-3-[(25)-2-(pyrrolidinocarbonyl)pyrrolidin-1-
yl]propyl}-3-phenylquinoxalin-2(1H)-one; purple: 3-{4-Oxo-
4-[(25)-2-(pyrrolidinocarbonyl)pyrrolidin-1-yl]butyl}-5,5-di-
phenylimidazolidine-2,4-dione; magenta: 2-{3-[(25)-4,4-Di-
fluoro-2-(pyrrolidinocarbonyl)pyrrolidin-1-yl]-3-oxopropyl} -
isoindole-1,3(2H)-dione. The molecular surface of the enzyme
is presented.

STERIC AND HYDROPHOBIC SIMILARITY:
PROLYL OLIGOPEPTIDASE AND
CALMODULIN INHIBITORS

As we mentioned in the introduction, molecular similar-
ity may be defined in terms of the binding mode of
various molecules or their fragments to the same host. A
conservative binding mode may be observed for three
derivatives of Z-Pro-prolynal in the active-site crevice
of prolyl oligopeptidase (cf. Figure 3)."* Comparison of
the structures of the complexes reveals that the binding
molecules closely fit in the S1-S2-S3 region, filling the
crevice formed near Cys255, Phed476, Ser554, 11e591,
Arg643 and Phel73. These inhibitors can be superimpo-
sed and the common region defines the pharmacophore,
which is quite precisely defined in this case. It is formed
equivocally by the P1-P2-P3 molecular entities and it
can be anticipated that further molecules, which fit to
this pattern, will also bind relatively strongly to the
enzyme.

The opposite is observed in case of the hydro-
phobic fit of various, quite dissimilar molecules, to the
crevice of calmodulin, formed near the side chains
Phe92, Leul05, Metl109, Metl124, Ile125 and Metl144
(see Figure 4)."° Calmodulin regulates several intracel-
lular processes by binding to various proteins and modi-
fying their action. Its interdomain flexibility and plastic-
ity of its main binding sites (hydrophobic pockets) ena-
ble binding of target peptides of various sequences,
which is related to its functional promiscuity. Indeed the
plasticity of the hydrophobic pocket ensures binding
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Figure 4. Binding of different structures to the hydrophobic
pocket of the C-terminal lobe of calmodulin. Carbon atoms of
the bound antagonist molecules: green: trifluoperazine; purple:
N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide;  ma-
genta: N-(3,3-diphenylpropyl)-N'-[ 1R-(3,4-bisbutoxyphenyl)-
ethyl]propylenediamine. The molecular surface of the hydro-
phobic pocket in the calmodulin/trifluoperazine complex is
shown. As a reference the anchoring Trp800 side chain of
target protein calmodulin dependent kinase II (yellow) is
shown. PDB codes of the structures are IMUX, 1QIV, 1LIN,
1CDL, respectively.

and adapting to different molecular fragments, which
can bind in different relative orientations as seen in the
complexes of calmodulin with small molecules — most
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of them possessing an inhibitory role on calmodulin
mediated processes. These fragments cannot be supe-
rimposed; therefore no pharmacophore can be defined,
which would guide the design of new analogues.

CONCLUSION

We defined the terms “fit” or “complementarity”, often
used in the concept of lock-and-key analogy of molecu-
lar host-guest interactions. In more precise terms “fit”
means maximum attraction between host and guest in
the biophase. Based on this definition we make distinc-
tion among three types of complementarity, steric, elec-
trostatic and hydrophobic. Furthermore, we call similar
those guest molecules, which fit into the same host.
Application of these simple definitions is illustrated on
the analysis of protein-ligand interactions based on
structures determined by X-ray diffraction in our labora-

tory.

EXPERIMENTAL

Figures were produced using the program PyMOL.'
Surface electrostatic potential was calculated using
APBS'7 using default parameters (nonlinear Poisson-
Boltzmann equation, ionic strength of 0.15 mol dm,
pH=7.0).

Prolyl oligopeptidase from porcine muscle was pur-
chased from Laszl6 Polgar in the Institute of Enzymolo-

Table 1. Crystallographic data collection and refinement statistics of prolyl oligopeptidase-inhibitor complexes. 1: 2-{3-[(25)-4,4-

Difluoro-2-(pyrrolidinocarbonyl)pyrrolidin-1-yl]-3-oxopropyl}isoindole-1,3(2H)-dione, ~ 2:
carbonyl)pyrrolidin-1-yl]propyl}-3-phenylquinoxalin-2(1H)-one),

yl]butyl}-5,5-diphenylimidazolidine-2,4-dione

1-{3-0x0-3-[(25)-2-(pyrrolidino-
3:  3-{4-Oxo0-4-[(2S)-2-(pyrrolidinocarbonyl)pyrrolidin-1-

1 2 3
Data collection
Space group P2,2,2, P2,2,2, P2,2,2,
Cell dimensions / A a=72.44,b=101.44, a=7244,b=101.57, a="72.55,b=101.46,
c=112.25 c=112.17 c=112.33
Resolution range / A 74.53-2.89 34.38-2.73 34.50-2.47
Completeness / % 96.5 93.5 94.1
No. of reflections, 17989 21070 28405
redundancy 2.7 4.2 34
Refinement
R factor/Rge. 0.1779/0.2570 0.1768/0.2533 0.1744/0.2438
(5% of data)
No. of atoms (protein/
inhibitor/water) 5574/29/52 5656/33/99 5675/36/132
Average B factors / A* 31.154 35.505 26.463
RMS deviation from ideal geometry
Bond lengths / A 0.003 0.002 0.006
Bond angles / ° 0.809 0.718 1.182
Dihedral angles / © 28.14 27.99 27.95
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gy, Hungarian Academy of Sciences. Crystals were
grown by co-crystallization using the conditions pub-
lished by Fiilop er al.'® optimized for the present com-
plexes. Protein and inhibitor concentrations of 10
mg/mL and 1 mmol dm respectively, were applied.
Data were collected at room temperature, using a Riga-
ku R-AXIS IIC diffractometer. Rigid body fitting was
carried out with the program AMoRe'’ of the CCP4
suite,”’ using the protein part of an isostrucutral prolyl
oligopeptidase complex structure (PDB code 1QFS).
Model building and refinement were carried out using
programs O*' and X-PLOR, version 3.851,% respective-
ly. Table 1 shows data collection and refinement statis-
tics.
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SAZETAK

Teorijski aspekti molekulskog prepoznavanja
Veronika Harmat" i Gabor Naray-Szabo”

*Laboratory of Structural Chemistry and Biology, Institute of Chemistry, E6tvos Lordnd University,
Pdzmany Péter sétany 1/A, 1117 Budapest, Hungary
®Protein Modelling Group HAS-ELTE, Institute of Chemistry, Eétvés Lordnd University,
1117 Budapest, P.O. Box 32, Hungary

Molekulsko prepoznavanje je kljuéni proces u nekovalentnim interakcijama, koji odreduje, medu ostalim,
domacin-gost (engl. host-guest) kompleksiranje, djelovanje lijekova i protein-protein interakcije. Jednostavna i
atraktivna formulacija je princip kljuc-brava koja definira molekulu domacina kao bravu u koju moze uci
odgovaraju¢a molekula gosta kao klju¢. Autori naglasavaju tri glavna aspekta molekulskog prepoznavanja,
odredujuci zajedno komplementarnost izmedu domacina i gosta, kao i sli¢nost unutar grupe gost-molekula. To su
sljedec¢i aspekti: stericki, tj. maksimiranje bliskih kontakata; elektrostatski, tj. maksimiranje elektrostatskog
privlacenja izmedu domacina i gosta; i hidrofobni, tj. izbjegavanje hidrofobne hidracije, koja se moze posti¢i mak-
simiranjem apolarnih kontakata izmedu molekula u interakciji. Pokazano je nekoliko primjera iz laboratorija:
kompleksi acilaminoacil peptidaze s malim peptidima, efekt vezanja heparina na inhibicijski potencijal C1-
inhibitora, kao i ligandno vezanje malih molekula na prolil oligopeptidazu i kalmodulin.
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