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We present a computational procedure aimed at understanding enzyme selectivity and guiding
the design of drugs with respect to selectivity. It starts from a set of 3D structures of the target
proteins characterized by the program GRID. In the multivariate description proposed, the
variables are organized and scaled in a different way than previously published methodologies.
Then, consensus principal component analysis (CPCA) is used to analyze the GRID descriptors,
allowing the straightforward identification of possible modifications in the ligand to improve
its selectivity toward a chosen target. As an important new feature the computational method
is able to work with more than two target proteins and with several 3D structures for each
protein. Additionally, the use of a ‘cutout tool’ allows to focus on the important regions around
the active site. The method is validated for a total number of nine structures of the three
homologous serine proteases thrombin, trypsin, and factor Xa. The regions identified by the
method as being important for selectivity are in excellent agreement with available experimental
data and inhibitor structure-activity relationships.

Introduction

Selectivity toward a single biological target is an
essential requirement for potential drugs to minimize
side effects. Therefore, it is desirable to involve selectiv-
ity considerations as early as possible in the drug design
efforts. In the past, the design of selective drugs relied
on trial and error or on the close inspection of structural
data. This task was especially difficult when targeting
a single protein within a highly homologous family.

With the same purpose, QSAR or CoMFA approaches
were often used in the past. Here, one tries to correlate
the biological test results for the studied systems with
structural features present in the tested ligands and to
identify functional groups responsible for activity and
selectivity.1,2 However, this requires a series of com-
pounds that have already been synthesized and tested
and relies critically on the alignment and superposition
of the compounds. Moreover, this approach is difficult
if the structural variation within the test compounds is
too high. QSAR approaches also suffer from the prin-
cipal problem that they only can interpolate within the
given set of protein ligands: properties that are not
present in the training set (e.g. selectivity in a set of
unselective inhibitors) cannot be found. This is solved
by the computational procedure presented in this article.

The availability of 3D structures of the target proteins
considerably simplifies the search for selective ligands.
Then it is possible to compare the binding sites of
different targets, looking for differences in sequence or
structure that can be exploited for selective target-
ligand interactions. However, this is by no means trivial,
as competing contributions may have to be balanced,
and there is always the danger of overlooking structural

differences that might have a strong impact on selectiv-
ity. To avoid these problems, the GRID/PCA approach
was developed and successfully applied in the past to
investigate the selectivity between pairs of biomolecular
targets.3-6 The original approach was based on the
analysis of GRID7-9 generated molecular interaction
fields (MIFs) using principal component analysis (PCA10)
to highlight the most relevant differences between the
given target enzymes. Visual interpretation of the
results guided the understanding of the contributions
of various interactions in the binding process. However,
the way the problem was formulated made it very
difficult if not impossible to understand the relative
importance of the GRID probes for selectivity. As a
consequence, regions that infer selectivity through
hydrophobic interactions could never be identified as
important with this method. Moreover, the original
GRID/PCA method allows only the investigation of pairs
of targets. If more than two homologous enzymes are
being studied and/or a certain selectivity profile of the
ligand is desired, the interpretation becomes extremely
complex.

In this paper, we present an improved method based
on the GRID/PCA approach that offers a solution to
these problems. Starting from one or more 3D structures
of several target proteins, a multivariate description of
the binding sites is performed using the program GRID.
Then the MIFs are analyzed with the consensus prin-
cipal component analysis (CPCA). As a result we obtain
contour plots highlighting both the regions and the type
of interactions in these regions that can be used to
introduce selectivity into a potential ligand of these
protein targets.

Test System

This novel chemometric approach will be illustrated
for three serine proteases of the chymotrypsin family:
thrombin, factor Xa, and trypsin. Thrombin and factor
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Xa are prominent players in the blood clotting cascade.11

They are, therefore, important targets for the develop-
ment of new anticoagulant/antithrombotic drugs.12-17

Trypsin is an enzyme excreted by the pancreas for
helping in the digestion of aliments and has classically
been used as a model enzyme for the whole serine
protease family. Thus, to minimize side effects of
thrombin/factor Xa inhibitors, and to enhance their
bioavailability, potential drugs should exhibit selectivity
toward thrombin/factor Xa with respect to trypsin.18

Crystallographic structures for all three enzymes
show a similar structure of their active sites.19 Figure
1 shows a schematic drawing of the active sites with
the amino acids highlighted which differ between the
three enzymes. The main determinant for the specificity
of ligands toward proteins of the chymotrypsin family
is the deep hydrophobic S1 pocket. Asp189 (the num-
bering of the amino acid residues follows the chymo-
trypsin scheme19) is located on the bottom of the S1
pocket, where it can form salt bridges with basic
residues of the substrate peptides. This is the most
conserved region of the three studied serine proteases:
all residues are conserved except for a A190S mutation
in trypsin which makes its pocked slightly more hydro-
philic. Two other pockets on the unprimed side of the
catalytic triad are important for substrate and inhibitor
binding. Both the P and the D pockets are mostly
hydrophobic, and the differences in their amino acid
residues have been used in the past to enhance selectiv-
ity in potential protein ligands.

The most striking difference between thrombin and
the other two proteases is its insertion loop Tyr60A-
Pro60B-Pro60C-Trp60D that rests as a lid on the active
site and forms the P pocket. The hydrophobic P pocket
thus imposes steric constraints on potential inhibitors
and also offers the selective exploitation of hydrophobic
interactions.13 Therefore, designing ligands which point
small hydrophobic functional groups into the P pocket
results in enhanced selectivity for thrombin.20,21 Another
significant structural difference is the D pocket of factor
Xa which is formed by residues Phe174, Tyr99, and

Trp215. They produce an ‘aromatic box’ able to accom-
modate hydrophobic and positively charged functional
groups,22,23 and this has been exploited in the design of
selective factor Xa inhibitors.24-26 Another difference
that was used in the past is the Q192E mutation in
thrombin at the entrance of the S1 pocket. Compounds
pointing a carboxylate group in this direction interact
more favorably with the glutamine environment of
trypsin or factor Xa than with the glutamate in
thrombin.25,27-29

In the past, only a few QSAR studies have investi-
gated the selectivity in the thrombin/trypsin/factor Xa
system.21,30 They support the experimentally derived
structure-activity relationships and highlight the im-
portance of the interactions of ligands in the three
subpockets (S1, P, D) for the selectivity.

Chemometric Analysis

GRID/PCA4,5 was one of the first methods proposed
to rationally design selective ligands. In this method,
only two targets were studied, and both were character-
ized using GRID with n different probes representing
different chemical groups. The problem was formulated,
from a chemometric point of view, as a collection of
2n objects, each one representing a different target-
probe interaction. To extract relevant information from
this X matrix (which contains all target-probe interac-
tion energies collected at the grid points), the PCA
decomposes the matrix into a product of two smaller
matrices, T (score matrix) and P′ (loading matrix),
that explain at best the overall variance of the original
X matrix. The score matrix contains a few variables
(so-called principal components, PCs) that are used to
describe the objects, while the loading matrix relates
the original variables with the PCs. From a practical
point of view, the PCA of the X matrix allows on the
one hand a simplified view of the system: in the scores
plot two clusters, corresponding to the two target
proteins, can be recognized. On the other hand, the
loading plot can be used to identify the variables with
highest participation in the PCA that discriminate
these two clusters. When these variables are repre-
sented in the space around the targets using appropriate
isocontour plots, they identify selectivity-relevant re-
gions.

However, this procedure has several problems that
make a selectivity analysis difficult. First, since the PCA
is quite sensitive to the scale of interaction energies,
the information given by probes representing weak
nonbonded interactions (van der Waals and hydropho-
bic) is masked by the effect of probes representing
stronger interactions (Coulombic and hydrogen bonds).
This can lead to the erroneous appreciation that hydro-
phobic or van der Waals interactions cannot be exploited
for selectivity, while the importance of hydrophobic
interactions for drug binding has become increasingly
evident over the years. Therefore, the measure of the
relevance assigned by the method to the different probes
can be unreliable and misleading, if only based on the
numerical scale.

Another important problem is that the PCA model is
general, and thus the spatial regions highlighted rep-
resent generally important regions, not linked to any

Figure 1. Schematic drawing of the unprimed side of the
active site of the three enzymes thrombin, trypsin, and factor
Xa. The crystallographic binding mode of the inhibitor NAPAP
is shown to indicate the S1, P, and D pockets. Amino acids
important for inhibitor binding are highlighted. Residues
which differ among the enzymes are preceded by a 3-letter
code to indicate the enzyme: thr ) thrombin, try ) trypsin,
fXa ) factor Xa.
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particular probe. From the point of view of designing
selective ligands, it would be much more useful to
highlight such selectivity-relevant regions for different
probes representing potential chemical groups.

Moreover, the original method relies on the visual
inspection of the scores plot to identify the PC which
participates most in the discrimination of the clusters.
This can be difficult when there are more than two
clusters, since two or more PCs might be relevant for
the discrimination. To overcome the mentioned difficul-
ties, the new GRID/CPCA approach has been developed.
It is based on the GRID/PCA method but incorporates
several differences and enhancements, which are de-
tailed in the following paragraphs.

New Problem Formulation. In the GRID/CPCA
approach, the 3D structures representing the targets
are analyzed using GRID, but the MIFs obtained for
the different probes are added, side-by-side, adding new
variables to the same object (see Figure 2). At the end,
the matrix describing the systems has a row for each
3D structure studied and n × k columns, corresponding
to n probes × k variables present in a single MIF.

The PCA of such a matrix produces a scores plot
where each 3D structure is represented by a single point
(see Figure 3). When several different structures are
used to represent each target protein, the scores plots
should show them clustered, thus showing that the
differences between the 3D structures of the same target
are less important than the differences between the
proteins.

This problem formulation has a number of additional
advantages. First, since the method is not limited to the
description of two objects, several protein targets can
be included in the analysis and selectivity profiles
between groups of targets can be generated. In addition,
many 3D structures representing the same target
protein can be used. This allows minimizing spurious
results resulting from minute differences in the crystal

structures of the targets. Indeed, the method highlights
the differences between the common features of the
targets.

Block Unscaled Weights. One of the main draw-
backs of the original method originates from the differ-
ent overall range of the interaction energies obtained
for different probes. In the new problem formulation,
the different probes are organized in different blocks of
variables. Therefore, it is possible to apply a scaling
procedure which normalizes their importance in the
model. The weighting procedure is called block unscaled
weights (BUW) and serves to fulfill the outlined objec-
tive. The operation scales each variable block separately,
whereas the relative scales of single variables within
each block remain unchanged. The weighting coef-
ficients are obtained through an equalization of the

Figure 2. Procedure used to build the X matrix for the CPCA. Starting from the GRID calculations for one probe, a vector
containing all interaction energies at the k grid points is constructed. Then the vectors for n probes are compiled into one long
vector containing n × k data points. Stacking the long vectors for every target protein results in the final X matrix.

Figure 3. CPCA scores plot for the carboxyl oxygen probe.
The clustering of the various structures for each protein used
in the analysis is evident. PC 1 can be used to discriminate
between thrombin and trypsin, whereas PC 2 discriminates
between factor Xa on the one hand and trypsin and thrombin
on the other.
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block variances, which results in giving each probe the
same importance within the model. Figure 4 illustrates
the BUW procedure, showing the initial energy distri-
bution of the x variables for each probe and the normal-
ized distribution after the variable block weighting.

CPCA. The matrix produced by this new problem
formulation can be analyzed using regular PCA. How-
ever, since it is structured in meaningful blocks, hier-
archical PCA methods such as hierarchical principal
component analysis31,32 and consensus principal com-
ponent analysis33 provide interesting information re-
garding the relative importance of the different blocks
(i.e. probes) in the analysis. Among the available
methods, we decided to apply CPCA, as it is imple-
mented in the GOLPE34 program. The algorithm used
is an adaptation of NIPALS10 and is described in the
Appendix.

Basically, CPCA uses exactly the same objective
function as PCA and tries to best explain the overall
variance of the X matrix, but the analysis is made on
two levels: the block level, which expresses the “opin-
ion” of each of the probes, and the superlevel, which
expresses the “consensus” of all blocks. As implemented
in GOLPE, CPCA provides a solution on the superlevel
that is identical to a solution found in regular PCA, i.e.,
the same T and P matrices are obtained. Additionally,
the method produces block scores Tb and block loadings
Pb for each of the probes used and a weight matrix
which expresses the participation of each block in the
overall scores. The block loadings are essentially identi-
cal to the “piece” of the loading corresponding to this
block but use a different normalization. On the contrary,
block scores represent a particular point of view of the
model given by a certain probe and provide unique

information not present in regular PCA. Object dis-
tances in the block scores are used in GOLPE to assess
the relative importance of the different probes in their
discrimination.

Region Cutouts. Due to the use of a large rectan-
gular box to enclose all relevant regions within the
binding site, data will also be collected for regions that
do not lie within the immediate active site binding
pockets. Since the homology tends to be higher in the
binding site than further away, these regions are often
only badly superimposed and the PCA finds significant
structural differences that mask more relevant but more
subtle differences in the region of primary interest. To
overcome this problem, GOLPE includes the ‘cutout
tool’, which allows to select irregularly shaped regions
within the original GRID box. This not only leads to a
significant reduction of the x variables but also facili-
tates the overall analysis. The resulting contours gain
much transparency due to focusing on relevant regions
in the binding sites.

Identification of Important Variable Blocks for
Selectivity. Plots showing the distribution of the x
values combined with a distinctive use of the cutout tool
allow the identification of probes that are able to
distinguish between the different objects within the
selected region. Therefore, maxima within the interac-
tion energy distribution of a variable block allow a direct
translation into selectivity for the corresponding protein.

Contour Plots. The PCA or CPCA loadings can be
translated into contour plots describing the interaction
fields between a GRID probe and the target protein
structure. For a selectivity study one is interested in
the loadings discriminating different target proteins.
Unfortunately, often more than one PC contributes to
separate these objects in the scores plot, and therefore,
any single loadings plot can only partially explain the
structural features which were found as important by
the model. In this GOLPE offers the possibility to use
active plots.35 Here, one draws a vector linking pairs of
objects in a 2D scores plot which is then translated into
isocontour plots that identify those variables which
contribute most to differentiate the selected objects. To
obtain such isocontours, GOLPE calculates the differ-
ence between the two points for the first and second
principal component and projects these differences back
into the original space (a pseudofield) using the PCA
loading. The result is a grid plot of the differences in
the pseudofields that highlight the object differences for
the corresponding probe. Using these plots, one is able
to answer directly the questions of (a) where are the
regions that can produce selective interaction with
respect to the start and end points of the drawn vector
(which e.g. could connect a pair of protein targets) and
(b) which interaction (i.e. probe) is responsible for this
difference. It should be emphasized that these plots are
different for each probe, while in the original GRID/PCA
method, only a single loadings plot was obtained.

Computational Details

Protein Structures. The 3D structures of thrombin,
trypsin, and factor Xa used in this study were taken from in
house X-ray data36 or from the Research Collaboratory for
Structural Bioinformatics (RCSB) protein database37 and are
compiled in Table 1. Crystallographic water molecules, bound

Figure 4. Effect of BUW on the distribution of the x variables
(i.e. the interaction energies obtained with GRID) for each
probe: (a) distribution before and (b) distribution after BUW
to unit variance.
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ligands, and counterions were removed. For the protein
structure alignment, we first determined structurally con-
served regions (SCR) of the different protein targets by visual
inspection. Then the protein structures were aligned according
to the CR traces of these SCRs using the InsightII38 modeling
software. As we use more than one structure per target
protein, the exact details of the alignment protocol have only
a minor influence on the results.

GRID Calculations. The calculations were performed with
version 17 of the GRID software;39 the proteins were consid-
ered rigid. Hydrogens were added with the program GRIN
(part of the GRID package). The GRID box dimensions were
chosen to encompass all relevant residues within the respective
actives sites of the proteins. This resulted in a box size of
33 Å × 33 Å × 36 Å. The grid spacing was set to 1 Å; all other
GRID input parameters retained their default values. Chang-
ing the distance between grid points to 0.75 Å had no
significant effect on the results. The GRID probes were chosen
to represent all relevant interactions (hydrophobic, charge-
charge, and hydrogen bond donor/acceptor) and to cover the
most common chemical groups used in known thrombin and
factor Xa inhibitors. Table 2 lists the GRID probes used,
including a short description which functional groups they
represent.

Data Pretreatment. The calculated GRID fields were
imported into GOLPE. Then all data points with an absolute
value smaller than 0.01 or with a standard deviation below
0.03 were set to zero. A major complication in the interpreta-
tion of the CPCA pseudofield contours arises when the sign of
the interaction energy changes between different regions
highlighted as important for selectivity. Moreover, a positive
interaction energy is in most cases due to a unfavorable steric
interaction. Therefore, the data generally was pretreated by
setting the maximum positive cutoff to zero. By doing so, one
can focus on favorable interaction energies between the objects
and the probes, which significantly facilitates the interpreta-
tion of the contour plots. We note, however, that in certain
cases just the consideration of the positive interaction energy
(i.e. setting a minimum cutoff at zero) may be instructive.

Region Cutouts. The region cutout tool was used to focus
the data analysis on the region of the active site. The relatively

large inhibitor NAPAP was used as a template to define the
relevant region for binding, and all data points within 3 Å of
the inhibitor atoms were retained. This reduces the number
of field variables to 3% of the original amount. To focus on
each of the three binding main pockets (S1, P, and D)
separately, NAPAP was cut into three fragments according to
the functional groups residing in the corresponding binding
pockets and the cutout tool was used with these NAPAP
fragments.

Results

In the following we will discuss the results of the
CPCA approach which point toward the main differ-
ences between the three serine proteases that can be
used to design selective ligands. For each of the three
main binding pockets, we first try to establish which
interaction type could infer selectivity, then the exact
region of this interaction is identified. The first task is
accomplished by examining the distribution of the x
variable values within the binding pocket; the exact
region is then displayed as a CPCA differential pseud-
ofield contour.

S1 Pocket. With the exception of the A190S mutation
in trypsin, the S1 pockets are very similar in all three
proteins. The amino acid change at position 190 makes
the S1 pocket of trypsin smaller and less hydrophobic
than the corresponding pockets in thrombin and factor
Xa. Figure 5a shows the distribution of the calculated
interaction energies (after BUW) for 10 different GRID
probes, color-coded by enzyme. As expected for similar
pockets, for all 10 probes the interaction energies span
the same ranges for the different enzymes; none of the
interactions represented by the GRID probes are par-
ticularly favorable in one of the proteins. Although
Ser190 in trypsin should favor hydrophilic interactions
and thus higher energies for the corresponding probe
types, no significant difference to the other two enzymes
is found. This could be a first indication that this
difference probably cannot successfully used to drive
selectivity in a desired direction.

Asp189 at the bottom of the S1 pocket is known to be
important for overall affinity of ligands with positively
charged groups at the P1 position. However, since
Asp189 is conserved within the three studied serine
proteases, none of the enzymes show especially high
interaction energies of the positively charged probes
(N1+ or NM3). The interaction values of the other
probes are of the same order of magnitude as the
charged probes - this is a consequence of the BUW
procedure, which scales all interactions to unit variance.

Figure 6 shows the pseudofield differences for the
GRID carbonyl oxygen probe between thrombin and
trypsin. The large cyan contour indicates a region where
interaction between the O probe and the enzyme is more
favorable in trypsin than in thrombin. Therefore, mak-
ing a potential ligand more hydrophobic should shift
selectivity toward thrombin. Indeed, there is experi-
mental evidence for this behavior.40,41 Below the cyan
region a yellow spot close to the hydrogen atom of the
serine residue indicates an interaction that is less
favorable in trypsin than in thrombin. Since the muta-
tion from alanine to serine decreases the size of the S1
pocket, the introduction of electrostatically favorable
groups does not necessarily lead to a selectivity increase
toward trypsin, since the sterical demand of the ligand

Table 1. List of Protein Structures Used in This Study

enzyme (ligand) organisma
PDB entry

codeb
resolution

(Å) rmsc

thrombin (E1181) H in house 2.2
thrombin (R794) H in house d 0.379
thrombin (apo-form) H 1A3B 1.8 0.249
thrombin (DCTH) B in house d 0.599
trypsin (E1165) H in house 1.8 0.669
trypsin (E1165, SO4) H in house 1.8 0.669
trypsin (EXIL9) H in house 1.75 0.665
factor Xa (DX-9065A) H 1FAX 3.0 0.940
factor Xa (apo-form) H in house 3.0 0.972

a Human (H) or bovine (B) origin. b Entry code for the Protein
Data Bank; ‘in house’ refers to structures described in ref 36.
c Root-mean-square deviation in Å of the CR atoms used for
alignment on the thrombin (E1181) structure. d Not available, but
<3.0 Å.

Table 2. List of the GRID Probe Types Used in This Study

name chemical group additional properties

DRY hydrophobic probe empirical term for entropy
C3 methyl group
N1 neutral flat NH, e.g. amide
N: sp3 N with lone pair bonded

to 3 heavy atoms
NHd sp2 NH with lone pair
N1+ sp3 amine NH cation charge +1
NM3 trimethylammonium cation charge +1
O sp2 carbonyl oxygen
OH phenol or carboxy OH
OS oxygen of sulfone/sulfoxide
COO- carboxylic acid anion multiatom probe, charge -1
O:: sp2 carboxy oxygen atom
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may collide with the reduced space in the S1 pocket of
trypsin. This becomes even more obvious with the
sterically even more demanding GRID OH probe (data

not shown). In this case the favorable electrostatic
interaction is completely offset by the unfavorable steric
demands. Therefore, even though a hydrophilic group
will be electrostatically favored by trypsin, the steric
restraints will eventually shift selectivity away from
trypsin toward thrombin or factor Xa. This observation
has also been reported in the literature: methyl-
substituted aminopyridyl groups appear to be more
selective for thrombin vs trypsin than the corresponding
nonsubstituted ones,40,41 and replacing the prototypical
arginine side chain in a peptidic inhibitor by tryp-
tophane leads to a more than 1000-fold selectivity
increase.42 Similarly, going from a benzamidine P1
group to the more hydrophobic and bulkier 1-aminoiso-
quinoline increases selectivity for thrombin by a factor
of about 20.43

P Pocket. The energy distributions for the GRID
probes in the P pocket are shown in Figure 5b. In
contrast to the results for the S1 pocket, several probes
have particulary high interaction energies in one of the
proteins. For both the hydrophobic DRY and C3 probes,
the highest interaction energies are found in the
thrombin P pocket. The cationic probes N1+ and NM3
are also particularly favorable for thrombin. Therefore,
a ligand with either hydrophobic or positively charged
functional groups in the region of the P pocket should
improve selectivity toward thrombin.

Figure 7 shows the CPCA differential plot between
thrombin and trypsin for the DRY probe. Right below
the thrombin insertion loop residues Tyr60A and Trp60D
a large yellow contour indicates that the introduction
of hydrophobic groups in a potential ligand at that
position would increase its selectivity for thrombin. The
steric repulsion of the Trp60D residue cannot be seen
in this plot, as the postive cutoff was set to zero, thus
excluding all unfavorable interactions. This hydrophobic
region has been identified before as important for
selective inhibitors of thrombin, and most thrombin
inhibitors point either proline side chain atoms19,40 or
another lipophilic group in this direction.20,28,41,44-47 As
can be seen in Figure 7, the hydrophobic piperidine
group of NAPAP, for example, occupies the same region
as the yellow contour, thus contributing to NAPAP’s
selectivity for thrombin.

Very similar contour plots are obtained if the P
pockets of thrombin and factor Xa are compared. These
results underline the known importance of the insertion
loop of thrombin in determining its specificity toward
substrates and inhibitors.

The results of the interaction energy distributions
suggest that a positive interaction (N1+ and NM3
probes) also could be exploited to increase selectivity
toward thrombin. However, inspection of the CPCA
differential plots for both the N1+ and the NM3 probe
shows that besides a favorable area for thrombin in the
P pocket, nearby regions favor interactions with both
factor Xa and trypsin. Therefore, it would probably be
difficult to alter the specifity of ligands with this type
of interaction. This is in agreement with experimental
findings that a positive charge does not improve selec-
tivity toward thrombin.20

As expected from the x variable distribution, with the
other probes no significant selectivity regions can be
identified.

Figure 5. x Variable distribution for the 10 grid probes within
the main pockets of the active sites (after BUW). Blue dots
indicate energies in thrombin, red dots in trypsin, and green
dots in factor Xa: (a) interactions in the S1 pocket, (b)
interactions in the P pocket, and (c) interactions in the D
pocket. Interaction energies that show a prevalence for one of
the enzymes are highlighted with colored boxes. Although the
overall analysis was performed with several crystal structures
for each protease, for the plots only one representative
structure for each enzyme was used to improve the readability
of the figures.
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D Pocket. Figure 5c shows the energy distribution
for the probes in the D pocket. The DRY, C3, and the
NM3 probes show the highest interaction energies for
factor Xa, and therefore, these interactions are expected
to be the most important ones for selectivity toward this
enzyme. In addition, for trypsin the O and OS probes
are particularly favorable.

In factor Xa, the D pocket is lined by aromatic
residues in addition to the negatively charged Glu97;
therefore, the finding that hydrophobic or cation-π
interactions are important again underlines the strength
of our x variable weighting procedure.

Figure 8 shows the CPCA pseudodifference field plot
for the cationic NM3 probe. One large favorable cyan
contour for the NM3 probe is located in the hydrophobic
box, pointing to the possible cation-π interaction in
factor Xa. Toward the carboxyl group of Glu97, a second
favorable spot can be seen. This region has been called
the factor Xa cation hole.29,48 Therefore, the introduction
of positively charged or polarized groups at either
position will increase selectivity for factor Xa over
thrombin or trypsin. Indeed, a number of highly active
and specific factor Xa inhibitors have positively charged
groups directed toward the contour blobs in the D

pocket.22,24,49-51 A similar picture is obtained for the
hydrophobic DRY probe when going from thrombin to
factor Xa. Various favorable cyan blobs are situated
within the hydrophobic box of factor Xa. Therefore, the
introduction of hydrophobic groups in a potential ligand
that reach into the D pocket is especially favorable for
factor Xa and will increase selectivity over thrombin and
trypsin.52,53 In a series of 1,2-dibenzamidobenzene-
derived inhibitors of factor Xa, optimization of the
hydrophobic interaction of the inhibitor with the D
pocket significantly enhanced selectivity for the inhibi-
tion of factor Xa relative to thrombin and trypsin.54

The fact that in trypsin the interaction of the O and
OS probes is particularly favorable is probably due to
the E217S mutation, which removes the negatively
charged acid and provides a hydrogen bond donor for
interaction with the oxygens. Although this residue is
at the edge of the D pocket and is pointing its side chain
toward the solvent, this again highlights the importance
of hydrophobic interactions for selective inhibitors of
thrombin and factor Xa.

The Glu/Gln192 Position. Another amino acid dif-
ference between the three proteases involves position
192, located at the entrance of the S1 pocket. The

Figure 6. CPCA pseudofield plot for the GRID carbonyl oxygen probe within the S1 pocket. Shown are field differences between
thrombin (blue) and trypsin (red). Cyan contours indicate regions where interaction energies are more favorable for trypsin and
yellow contours regions where interaction energies are more favorable for thrombin (or less favorable for trypsin). To aid the
orientation, the inhibitor NAPAP is shown in gray.

Figure 7. CPCA pseudofield plot showing field differences between thrombin (blue) and trypsin (red) for the GRID DRY probe
within the P and D pockets. Yellow contours indicate regions where a hydrophobic interaction increases selectivity toward thrombin.
NAPAP is drawn in gray.
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glutamic acid in thrombin is replaced by glutamine both
in trypsin and factor Xa. Therefore, we decided to use
the GRID carboxylate probe to investigate the differ-
ences between the enzymes. In Figure 9 the pseudod-
ifference plot for the carboxylate probe is shown for the
difference from thrombin to factor Xa. Two cyan contour
surfaces show regions where such a functional group
in a ligand would improve selectivity for factor Xa over
thrombin. The contour on the right is close to position
192 and is due to the fact that a negatively charged
group in a ligand would interact more unfavorably with
Glu192 in thrombin than with Gln in factor Xa where
even a hydrogen bond interaction may be possible. An
example where this interaction has been used is the
selective factor Xa inhibitor DX-9065A. If its acid group
which is close to this favorable area is removed, the
factor Xa selectivity of DX-9065A over thrombin is
reduced by a factor of more than 100.55 Similarly, in the
stereoisomer with the acid pointing in the other direc-
tion, the selectivity against thrombin is reduced by a
factor of 15.27 In a series of factor Xa inhibitors disclosed
by Berlex, the addition of an appropriately placed
carboxy group leads to a dramatic improvement of the
selectivity versus thrombin; MD simulations suggested

that this is a result of an electrostatic repulsion between
the carboxy group of the inhibitor and Glu192;56 the
selectivity toward trypsin remains unchanged. Incor-
poration of an acidic functional group in 1,2-dibenz-
amidobenzene inhibitors of factor Xa also leads to an
increased selectivity for factor Xa relative to thrombin,
but not to trypsin.54 These findings are consistent with
the fact that only in thrombin is residue 192 a nega-
tively charged glutamate.

A second cyan contour is located inside the P pocket
close to the hydroxyl group of Tyr99. Thus, substituting
a ligand with an acid group which points into this region
could be another way to increase selectivity for factor
Xa. An interesting example for this design criterion is
the selective factor Xa inhibitor FX-2212A.25 However,
its acid group cannot directly interact with the tyrosine
OH, and is not close to the cyan contour surface. In the
crystal structure, a water occupies the area of the cyan
blob, thus mediating the interaction between the acid
group and the Tyr99 hydroxyl group. We note that for
this example the positive part of the GRID interaction
energies was used (i.e. the minimum cutoff was set to
zero; see also Computational Details) to obtain contour
plots that are easy to interpret.

Figure 8. CPCA pseudofield plot of the field differences between thrombin (blue) and factor Xa (green) for the GRID NM3 probe.
The cyan contours indicate regions where interactions of the NM3 type enhance selectivity toward factor Xa. For comparison, the
selective factor Xa inhibitor DX-9065A is shown in gray.

Figure 9. CPCA pseudofield plot of the field differences between thrombin (blue) and factor Xa (green) for the carboxylate probe
within the P pocket and the entrance of the S1 pocket. Here, the pretreatment retained the positive interaction energies (see
text). Blue contours indicate regions were a negatively charged group in the ligand increases selectivity toward factor Xa. The
yellow contour shows the steric interaction with Trp60D in thrombin which is unfavorable due to the choice of positive interaction
energies. The inhibitor DX-9065A is shown in gray.
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Discussion
Since the meaning of the pseudofield differences is

essentially the same as the field differences between two
objects, i.e., structures, a naive approach would be to
simply calculate those field differences from the original
object fields. As an example, we compare such a simple
difference of the hydrophobic fields (the DRY probe) of
thrombin and trypsin with the pseudofield differences
obtained from a CPCA. From Figure 10 it is obvious that
the contour plot of the simple field difference between
two objects (Figure 10A) is far more difficult to interpret
than the corresponding pseudofield plot (Figure 10B).

Especially in the P pocket, the difference method does
not yield a clear picture: is the addition of hydrophobic
groups in the ligand beneficial for selectivity toward
thrombin (yellow contour) or not (blue contour)? In
contrast to this, the pseudofield difference plot unequivo-
cally predicts that the placement of hydrophobic resi-
dues in the P pocket will be favorable for trypsin
compared to thrombin. Similarly, in the D pocket, the
slightly different orientation of the tryptophan rings in
thrombin and trypsin dominates the sign and magni-
tude of the field differences in this area.

Compared to the previous GRID/PCA method, the
GRID/CPCA approach offers several important advan-
tages. The first improvement is the possibility to better
balance the different interaction energy scales as given
in the GRID parametrization: due to the fact that
charged probes span a much higher energy range than
uncharged or hydrophobic probes, they tend to dominate
a straightforward PCA. With the BUW pretreatment,
the GRID energy scales do not longer bias the results
against hydrophobic interactions. As a consequence, for
this type of analysis, we could show for the first time
that hydrophobic interactions are important determi-
nants of selectivity between proteins. Moreover, as we
can include many different enzymes in the analysis, the
chance of artificially increasing the variance of a probe
type is greatly reduced. The second improvement is
based on the fact that every target structure is treated
as one object of the PCA. This allows to compare more
than two targets simultaneously and makes it possible
to derive complicated selectivity profiles (i.e. how to
modify the ligand to inhibit targets A and B, but not
C). One can also include several coordinate sets for the
same target protein for the analysis, either from inde-
pendent crystal structures or from snapshots of a MD
simulation. This allows some ‘averaging’ over the indi-
vidual structures and thus a reduction of the noise that
is due to subtle experimental differences that are
present but do not really contribute to specificity dif-
ferences of the targets.

The results for the GRID/CPCA selectivity are in
excellent agreement with the experimental data on
selectivity in the thrombin/trypsin/factor Xa system. The
S1 pocket, with its mainly conserved residues, can be
used on its own to drive selectivity of a compound
toward one of the three enzymes, if both electrostatic

Figure 10. Comparison of the contour plots obtained by a simple difference of the GRID fields and the results of a CPCA for
thrombin (blue) and trypsin (red): (A) difference of the DRY fields and (B) CPCA pseudofield plot of the field differences for the
DRY probe. For comparison NAPAP is drawn in gray.

Table 3. Experimental Biological Activities and Structures of
the Inhibitors Mentioned in This Study

compd no. measure thrombin trypsin factor Xa ref

benzamidine 1 Ki (µM) 0.300 0.031 28
amidinopiperidine 2 Ki (µM) 0.150 0.360 28
(2R,4R)-MQPA 3 Ki (µM) 0.019 5 210 44
NAPAP 4 Ki (µM) 0.0060 0.69 7.9 45
DX 9065A 5 IC50 (µM) >2000 0.07 26, 55
FX-2212A 6 IC50 (µM) >100 0.00272 25
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and steric requirements are adequately satisfied. In the
P pocket, the CPCA predicts hydrophobic moieties to
enhance selectivity for thrombin. This has been an
important design criterion for a large number of selec-
tive thrombin inhibitors. Less explored has been the
chance of enhancing selectivity for thrombin with a
positively charged functional group in this pocket.

The D pocket can also be used to drive selectivity of
potential protease inhibitors. Especially the design of
selective factor Xa inhibitors has taken advantage of the
hydrophobic box in factor Xa which can accommodate
cationic functional groups.49 While the potential role of
cation-π interactions has been suggested in the past,24,57

we were able to show for the first time that, indeed, this
is also a direct selectivity criterion that can be used in
the design of new factor Xa inhibitors. Therefore, the
combination of a hydrophobic group carrying positively
polarized atoms that might additionally interact with
Glu97 should result in a potent and selective factor Xa
inhibitor. Furthermore, we show that also the E192Q
mutation can be used to increase the selectivity toward
factor Xa.

Recently, the primed side of the thrombin active site
has attracted some interest as an additional possibility
for the design of potent and selective thrombin inhib-
itors.58-60 However, much less known is experimentally
about these binding pockets and the factors that deter-
mine specificity. Therefore, in this validation study of
the CPCA method, the primed pockets were not further
investigated.

Conclusions

The GRID/CPCA allows a detailed analysis of struc-
tural differences important for selectivity within a given
family of target proteins. Based on the 3D structures of
the proteins, this method analyzes selectivity differences
from the view of the receptor and is therefore indepen-
dent of the availability of appropriate ligands for a
ligand-based QSAR analysis. The new procedure over-
comes several of the disadvantages identified in selec-
tivity analyses by the GRID/PCA approach which has
been used in the past. Graphical representation of the
pertinent differences responsible for selectivtiy can be
directly translated into suggestions on how an existing
ligand can be modified (or which functional groups a
novel ligands should have) to enhance selectivity toward
a given target.

Appendix

The GOLPE CPCA Algorithm. CPCA uses the
same objective function as PCA. It explains at best the
overall variance of the matrix and yields an overall
model nearly identical to the PCA model. The original
algorithm is an adaptation of the NIPALS algorithm.10

The algorithm starts with an initial guess of super-
scores tT, which are used to compute the different block
loadings pb. Then, the block loadings are used to
compute the block scores tb. All the block scores are
collected in a matrix T. The relationship between the
block scores T and the superscores is defined by a weight
matrix (wT) which indicates the participation of each
block to the overall scores. The whole procedure is then
iterated until convergence of the superscores:

guess initial tT

loop until convergence of tT

pb ) XT
btT/tT

TtT

normalize pb

tb ) Xbpb

T ) [t1...tB]

wT ) TTtT/tT
TtT

normalize wT

tT ) TwT

end loop

As is usual in NIPALS, the algorithm works dimen-
sion after dimension, deflating the original matrix using
the block scores and loadings:

As was first shown by Westerhuis et al.,33 the block
scores and loading can be obtained from a regular PCA,
because at convergence the PCA scores and the CPCA
superscores are identical (t ) tT). If it is so, no iterative
algorithm is needed, and we obtain the block loading
as

and the block scores and weights as

In GOLPE, the original CPCA algorithm was modified
to best suit our needs, and the matrix is deflated using
the PCA scores and loadings instead of the block scores
and block loadings.
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