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Abstract Urokinase-type plasminogen activator (uPA) is a
trypsin-like serine protease that plays a crucial role in
angiogenesis process. In addition to its physiological role
in healthy organisms, angiogenesis is extremely important in
cancer growth and metastasis, resulting in numerous
attempts to understand its control and to develop new
approaches to anticancer therapy. The «x-aminoalkylphospho-
nate diphenyl esters are well known as highly efficient serine
protease inhibitors. However, their mode of binding has not
been verified experimentally in details. For a group of average
and potent phosphonic inhibitors of urokinase, flexible
docking calculations were performed to gain an insight into
the active site interactions responsible for observed enzyme
inhibition. The docking results are consistent with the
previously suggested mode of inhibitors binding. Subsequent-
ly, rigorous ab initio study of binding energy was carried out,
followed by its decomposition according to the variation—
perturbation procedure to reveal stabilization energy con-
stituents with clear physical meaning. Availability of the
experimental inhibitory activities and comparison with
theoretical binding energy allows for the validation of
theoretical models of inhibition, as well as estimation of
the possible potential for binding affinity prediction. Since
the docking results accompanied by molecular mechanics
optimization suggested that several crucial active site
contacts were too short, the optimal distances corresponding
to the minimum ab initio interaction energy were also
evaluated. Despite the deficiencies of force field-optimized
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enzyme-inhibitor structures, satisfactory agreement with
experimental inhibitory activity was obtained for the
electrostatic interaction energy, suggesting its possible
application in the binding affinity prediction.
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Introduction

The growth and spread of cancer cells depends significantly
on the extracellular matrix (ECM) quality. Destruction of
this unique protein scaffold allows cancer cells not only to
grow but also to move, to leave the site of their origin and
spread throughout the body invading distant locations. The
crucial step of this process, called metastasis, is the
proteolysis of extracellular matrix proteins. Several pro-
teases, such as matrix metalloproteinases (MMPs) and
serine proteases (e.g., plasmin, urokinase) are involved
directly or indirectly in ECM disintegration [1, 2].

The major role in degradation of structural EMC proteins
is played by urokinase-type plasminogen activator (uPA)—a
trypsin-like serine protease which activates plasminogen, a
broad spectrum executioner protease. A form of active
plasminogen, plasmin, directly hydrolyzes structural ECM
proteins like fibrin, fibronectin or laminin [3, 4]. More
importantly, plasmin is also involved in partial activation of
MMP-3 which, in turn, activates several MMPs (e.g.,
MMP-1, MMP-7, MMP-8, MMP-9) that degrade structural
proteins [5—8]. It also modifies pro-urokinase to the form
which gives mutual activation of both proteases resulting in
the strong proteolytic force focused on a cancer cell
membrane surface.
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Angiogenesis process is regulated by a mechanism
similar to metastasis that involves the uPA/plasmin system
activity. High concentration of active urokinase along with
its receptor (CD87) has been found at the leading edge of
growing endothelial cells which form the blood vessels. As
the growth of the blood vessel network is important for
health body development, it is unwanted during tumor
growth and progression. If the cancer angiogenesis could be
prevented when the tumor is about 3 mm?, it would lead to
its death because of the high level of toxic metabolites and
the lack of oxygen and nutrition [9].

Due to its importance in tumor growth and development,
uPA is an attractive molecular target in anticancer therapy.
The molecules able to inhibit the proteolytic activity of
urokinase constitute promising anticancer agents. Among
several groups of low molecular weight, uPA inhibitors (for
recent review see [10]), our attention has been paid to the
phosphonic analogues of amino acids [I11]. &-Amino-
alkylphosphonate diphenyl esters are known as slow
binding, essentially irreversible inhibitors of serine pro-
teases [12]. They are highly specific toward target protease
and stable in physiological conditions. In contrast to other
synthetic serine proteases inhibitors, aromatic esters of
a«-aminophosphonates do not react with cysteine proteases
and proteasome threonine proteases. Although several
phosphonic inhibitors toward different serine proteases have
been synthesized (e.g., toward chymase, trypsin or elastase
[13—15]), only a few papers describe their application as
uPA inhibitors [16—18].

Despite the general knowledge of a mode of x-amino-
alkylphosphonate diphenyl esters binding to serine pro-
teases [13] (derived from available crystallographic data
[19]), the actual way this class of compounds interacts with
urokinase has not yet been verified experimentally. Al-
though S1 pocket residues that are crucial for binding have
been identified [20], their participation in protein—ligand
interactions is also not clear. To clarify these issues and to
gain an insight into the source of inhibitory activity and
selectivity of several known [17, 21] and one newly
synthesized [22] uPA inhibitors, docking simulations were
performed, followed by non-empirical analysis of the
strength and physical nature of interactions taking place in
uPA active site. It is worth mentioning that theoretical
results presented herewith were also compared to experi-
mental inhibitory activities obtained consistently under
identical conditions [22]. Apparently, experimental mea-
surements reveal Gibbs free energy of binding that, in turn,
results from both enthalpic and entropic contributions, as
well as desolvation effects which would require the use of
elaborate simulation techniques [23]. Whenever the set of
similar ligands is considered, their comparable character-
istics in terms of desolvation, protein (ligand) reorganiza-
tion energy and conformational entropy loss is frequently
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constant across the series and, thus, it tends to be negligible
as long as relative values are taken into account. Accord-
ingly, computationally expensive evaluation of binding free
energy requiring use of empirical force fields can be
replaced by the rigorous nonempirical quantum chemical
calculations of a binding energy being the most pronounced
contribution to binding affinity. The overall approach
utilized here has already been successfully applied to two
other classes of enzymes (i.e., leucine aminopeptidase and
phenylalanine ammonia-lyase [24]) showing its potential
for binding affinity prediction.

Materials and methods

Chemical synthesis of five a-aminophosphonates consid-
ered here and examination of their inhibitory activity
towards human uPA (Table 1) was presented elsewhere
[22]. Obtained experimental data apply to the racemic
mixtures of these inhibitors. Noticeably, despite relatively
minor changes in the structures of analyzed compounds,
experimental ICs,y values span the range of five orders of
magnitude (Table 1).

The structures of five inhibitors in R-enantiomeric form
were initially optimized at the HF/6-31G(d) level of theory
using Gaussian 03 program [25]. Crystal structure of
urokinase was obtained from Protein Data Bank (accession
code 1C5Y). The missing hydrogen atoms were built and
further optimized using Tripos force field [26]. Docking
calculations were performed with FlexX suite as imple-
mented in Sybyl package [27]. During the docking
procedure, active center was defined so as to include all
residues within a radius of 20 A from Ser195 residue. The
receptor structure was treated as rigid, while inhibitor
molecules were allowed to adjust their conformation to
optimize their fit to the uPA active site. The resulting
noncovalent uPA-inhibitor complexes were then optimized
in conjunction with enzyme using Tripos force field.
During optimization, both the active center of enzyme
(defined as for the docking step) and inhibitor molecules
were flexible. Criterion of convergence was energy gradient
not greater than 0.05 kcal mol '/A. The RMS deviation of
final optimized complexes was found to be in the range of
0.51-0.64 A (as calculated with respect to crystal structure
and all non-hydrogen atoms of residues considered further
in the calculation of binding energy; Fig. 1).

Protein—ligand complexes from the docking step were
subjected to ab initio analysis of intermolecular interactions
using a variation—perturbation approach [28] that allows the
binding energy to be partitioned into physically relevant
terms determining the actual nature of interactions. Follow-
ing the variation—perturbation procedure, total stabilization
energy at the second order Moller—Plesset level of theory
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Table 1 The structures and inhibitory activities towards uPA of «-aminoalkylphosphonate diphenyl esters [22]

O R
©/O\)J\N)\E/O
H I
O

&

Compound R ICso [uM]
1 Cbz—(4—GuPhe) (OPh)2 >:NH*TFA 0.0065
H,N
Oy
2 Cbz-(4-GuPhg)’(OPh), J=NH*TFA 0.532
H,N
S NH*HCI1
3 Cbz-SArg"(OPh), N 0.76
NH,
E NH*TFA
4 Cbz-hArg"(OPh), NN 0.78
NH,
NH*HCI
5 Cbz-(4-AmPhg)’(OPh), —@—4 160
NH,

consists of the electrostatic (EJ(EIL)), exchange (E,(;)z), delo-
calization (EL()REL) and correlation (ECRORR) components:

Eypy = E1(51L) + EJ(E])g + El(:)IjE)L + E(CRO>RR

Well-established series of theoretical models described
by gradually increasing accuracy and computational ex-
pense can be formed, giving the possibility of a reasonable
development and validation of approximate models:

Ey) < EW < Escr < Eyp

In the above equation, E/” denotes the first-order
Heitler-London term calculated as E(!) = E(1L> —|—E,(51>. All

Ala221 Ser190

Aspl89
Cys220 ; Val213

Gly219

i szzs

Gly216 '\,

Fig. 1 The components of uPA active site models A (large) and
B (minimal) employed in non-empirical analysis of interaction energy.
In ball-and-stick representation is an inhibitor molecule. Model A

consists of all residues shown in a scheme; model B is composed of
residues distinguished by green color

interaction energy terms mentioned here are evaluated
using dimer-centered basis set to account for basis set
superposition error (BSSE) by means of counterpoise
correction scheme [29]. Binding energy was calculated
with 6-31G(d) basis set using a modified version of the
GAMESS-US program [30].

Urokinase binding pocket consisted of nine amino acid
residues: Aspl189, Ser190, GInl192, Val213, Gly2l16,
Gly219, Cys220, Ala221, and Pro225. To reduce the size
of a system, selected molecular fragments most distant from
an inhibitor molecule were neglected (see Fig. 1 for
details). In particular, the main chain amino group of
Aspl189 was replaced by a hydrogen atom. Since Pro225
residue interacts with an inhibitor mainly via its main chain
atoms, only the latter were considered along with a main
chain carbonyl group of the preceding residue (i.e., Lys224)
as well as an amino group of the succeeding Gly226 residue.
All broken bonds were saturated with hydrogen atoms.

The inhibitor structures were also simplified to include
only the variable part of «-aminophosphonates considered
in this study (i.e., the substituents listed in Table 1). All
inhibitor molecules carried a positive charge (+1), whereas
uPA residues were modeled as neutral species (except of
negatively charged aspartate Asp189). Stabilization energy
was then evaluated in a pairwise manner with total binding
energy of particular inhibitors being the sum of two-body
interactions.
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Results and discussion
Docking of the inhibitor molecules

Structures of one novel [22] and four already known [17,
21] urokinase phosphonic inhibitors (Table 1) were docked
into the uPA active site using FlexX suite [27]. Selected
models of protein—ligand complexes are presented in Fig. 2.
Figure 3 shows the superimposition of inhibitor structures
along with S1 pocket residues of uPA. The overall positioning
of inhibitors is essentially similar. Slightly distorted orienta-
tion of phenyl rings from benzyloxycarbonyl group of Cbz-
hArg"(OPh), can be explained by the greatest size and
flexibility of a moiety occupying S1 pocket (Fig. 3).

The molecular basis of urokinase inhibition by o-amino-
alkylphosphonate diphenyl esters consists in formation of a
covalent bond between phosphorus and Ser195 hydroxyl
oxygen atoms. Subsequently, the resulting transtition state
with pentacoordinated phosphorus atom is decomposed by
departure of phenyl rings (as in the case of other serine
proteases [13, 19]). To avoid any bias in our docking
simulation we considered only noncovalent uPA-inhibitor
complexes. Noticeably, the final mode of protein—ligand
binding strongly supports the possibility of a covalent
modification of urokinase that follows the initial formation
of an enzyme-inhibitor complex. In particular, the phospho-
rus—oxygen distance (corresponding to the reaction coordi-
nate for a nucleophilic attack of serine hydroxyl on the
phosphorus center) differs within the range of 3.4-3.8 A. One
of the phosphonyl oxygen atoms is close to apical position in

Fig. 2 The «-aminoalkyl-
phosphonate diphenyl esters
docked in the active site of
urokinase. a Cbz-(4-GuPhe)”
(OPh),; b Cbz-hArg®(OPh),;

¢ Cbz-(4-AmPhg)"(OPh)s;

d Cbz-SArg"(OPh),
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Fig. 3 The comparison of an arrangement of inhibitors within uPA
active. Amino acid residues form S1 pocket that binds the variable
part of inhibitor molecules

pentavalent phosphorus forming trigonal bipyramidal transi-
tion state by which phosphonylation reaction occurs [13].
Phosphonate oxygen atom is directed toward oxyanion
hole formed by main chain amide groups of Gly193,
Aspl194, Ser195. In case of known trypsin structures and
theoretical models of uPA-phosphonate inhibitors, these
residues interact with an inhibitor molecule via hydrogen
bonds [18, 19]. Although the respective distances obtained for
docked complexes are too large to allow for such an interaction,
it can be justified by a noncovalent character of analyzed
models resulting in the greater separation between phosphorus
atom and Ser195 residue. Nonetheless, hydrogen bonds can be
observed between amidino and guanidino moieties occupying
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S1 pocket and oxygen atoms from Ser190 hydroxyl as well as
Gly216 and Gly219 carbonyl groups.

The amidino and guanidino nitrogens of inhibitors form
salt bridges with oppositely charged carboxyl group of
Asp189. Compared to the remaining residues located within
S1 pocket, Aspl89 is the only charged residue which
explains strong preference for observed mode of P1 moiety
binding. The presence of aspartate in S1 pocket is typical
for trypsin-like serine proteases.

The docking results are consistent with the previously
suggested mode of uPA inhibitors binding [13]. Moreover,
available X-ray structures of uPA in complex with other
classes of inhibitors support this conclusion as long as S1
pocket interactions are considered [31, 32]. This agreement
could also be confirmed by similarity of an orientation of
the docked complex of Cbz-(4-AmPhg)"(OPh), and the
location of the same inhibitor in trypsin active site (as
obtained from X-ray structure 1MAY, Fig. 4).

Toward the prediction of binding affinity

Interaction energy analysis was performed for uPA-inhibi-
tor complexes derived from docking calculations. Due to
the significant size of an active site model composed of
nine residues (Fig. 1), binding energy was evaluated as a
sum of pairwise interactions between respective inhibitor
molecules and amino acid residues. Interaction energy was
further partitioned allowing for the magnitude of particular
binding energy terms to be examined. In addition to the
study of a physical nature of total observed interaction,
current analysis also aimed at the determination of uPA
residues responsible for inhibitor specificity. Accordingly,
the smaller active site model (referred to as B in contrast to
full 9-residues model denoted by A) was derived by
stepwise neglect of five residues (see Fig. 1) with minor

*_E Asp189 P I‘Asp189
 GIy219 s B =

Ser190 \& Ser190

Ser195

A

Gly219

\;\Eerl 95

[\ Aspl02
His57 “&_// Hiss? Wy Asp102
a b \ /i

Fig. 4 The arrangement of a uPA and b trypsin active site (Ser195,
His57, Aspl102) and S1 pocket residues (Aspl189, Ser190, Gly219)
around the inhibitor (Cbz-(4-AmPhg)*(OPh),). Trypsin structure with
Cbz-(4-AmPhg)P(OPh)2 inhibitor is taken from Protein Data Bank
(IMAY). Since it was solved by X-ray method, hydrogen atoms are
not present in the PDB structure

contribution to overall ligand specificity. The results for
active site models A and B are plotted in Fig. 5.

Remarkable correlation with experiment [22] was found
for the first-order electrostatic energy (correlation coefficient
for the relationship with experimental inhibitory activity is
equal to 0.94; Table 2). The subsequent stabilization energy
terms exhibit rather poor agreement with experimental data
probably due to artificially shortened distances in force field-
optimized complexes (see ‘The quality of docking results’).
However, interaction energy at MP2 level of theory is still in
qualitative agreement with experiment suggesting that the
overall model of inhibitors binding is reasonable.

Since several uPA residues were found to interact with
all inhibitors to a similar extent, a limited-size model of
uPA active site (model B) was constructed that does not
include Aspl89, GInl192, Val213, Cys220, and Ala221
residues. The quality of such an approximation was
validated in terms of its ability to retain the initial
correlation with experimental inhibitory activity (Fig. 5;
Table 2). Noticeably, first-order electrostatic energy is able
to reproduce experimental binding affinity with correlation
coefficient 0.99 (Table 2). As regards the stabilization
energy described by higher levels of theory, a similar
decrease in respective correlation coefficients can be
observed. Apparently, the cancellation of higher corrections
to binding energy results in a good performance of
electrostatic term. Exchange and delocalization components
of stabilization energy are much more sensitive to the actual
distance between interacting species and, thus, any errors in
the latter are much more pronounced.

Due to formation of ionic pair with positively charged
inhibitor moieties, the strongest interaction was observed with
the Aspl89 residue. However, the strength of binding is
similar in all these cases and Asp189 exclusion from model B
does not affect the agreement with experimental data.
Therefore, Asp189 residue is responsible rather for the overall
positioning and strong binding of inhibitor molecules, while it
appears to contribute little, if any, to substrate specificity.

The quality of docking results

The loss of correlation with experimental data for the first-
order Heitler—London energy suggested the improper (i.e., too
short) distances between the interacting monomers. Non-
empirical analysis of interaction energy terms along the
selected contacts revealed that the minimum energy distances
from force field-optimized complexes are about 0.5 A shorter
than the corresponding ab initio values (see sample results in
Fig. 6). As a result of artificially high exchange repulsion
term, the first order interaction energy is overestimated and
does not correlate with the experimentally determined
inhibitory activity. It can be seen from Fig. 6 that exchange
component of binding energy is the most distance-dependent
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Fig. 5 Binding energy at con-

secutive levels of theory as a
function of inhibitory activity. : :
The numbering of points is 250 | b i
consistent with designation of
inhibitors introduced in Table 1.
a Active site model A (nine
residues); b model B (four
residues)

— =100
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=

=

=

-150 |-
a

term. While the difference in MP2 interaction energies for
force field and ab initio optimized structures is equal to
4.2 keal mol ™', the corresponding value for exchange energy
is 15.6 kcal. This observation can be employed to explain
the sudden drop in correlation with experiment when going
from electrostatic to Heitler—London interaction energy.

Conclusions

The following conclusions can be derived from the results
described throughout this contribution:

— The complexes of urokinase-inhibitors obtained from
docking calculations are in agreement with generally
accepted mode of binding of serine protease inhibitors
as well as experimental data available for both uPA and
other serine proteases, such as trypsin.

Table 2 Correlation coefficients of the relationship between experi-
mental inhibitory activity [22] (-log ICs() and the interaction energy at
various levels of theory for a full (4) and limited-size (B) active site
models

Method uPA active site model
A B
Eypo 0.79 0.68
Egcr 0.58 0.42
EV -0.87 -0.69
EW
EL 0.94 0.99
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-log 1C,

-log IC,

— Ab initio results indicate that some force-field opti-
mized enzyme-inhibitor structures contained shortened
intermolecular contacts due to the deficiencies of
empirical parameterization. This resulted in poor
correlation of the Egcr and E™ levels of theory
containing exaggerated short range exchange and
delocalization components. As these terms are of
opposite sign, they tend to cancel each other to a
significant degree explaining remarkably reasonable
correlation of electrostatic term E‘(EIL) with experimental
results. This is consistent with conclusions obtained for

other enzymatic systems [24].

40

[
=

AE [keal mol']
(=]

minimum - force field
minimum - ab initio

J
0.0 0.5 1.0

deviation from the FF-optimized distance [A]
Fig. 6 Binding energy terms for the Cbz-SArg’(OPh), inhibitor and
Ser190 interaction. The distance between monomers was sampled by
0.1 A in both directions. The zero value corresponds to the distance
found in a final docked complex (i.e., force field-optimized structure).
The optimal force field and ab initio separations are denoted by
arrows
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