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Insight into the Structural Requirements of Urokinase-Type Plasminogen Activator Inhibitors
Based on 3D QSAR CoMFA/CoMSIA Models
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Urokinase-type plasminogen activator (UPA), a trypsin-like serine protease, has been implicated in large
number of malignancies, tumor cell invasion, angiogenesis and metastasis; hence, the potent and selective
inhibitors of uPA may therefore be therapeutically useful drugs for treatment of various forms of cancer. A
three-dimensional quantitative structwiactivity relationship (3D QSAR) study was performed on five
different chemical series reported as selective uPA inhibitors employing comparative molecular field analysis
(CoMFA)/comparative molecular similarity indices analysis (COMSIA) techniques to investigate the structural
requirements for substrates and derive a predictive model that may be used for the design of novel uPA
inhibitors. ClogP has been used as an additional descriptor in the CoMFA analysis to study the effects of
lipophilic parameters on activity. Inclusion of ClogP did not improve the models significantly and exhibited
comparable correlation coefficients with CoMFA steric and electrostatic models. 3D QSAR models were
derived for 2-pyridinylguanidines (training s& = 25, test setN = 8), 4-aminoarylguanidines and
4-aminoarylbenzamidines (training 9ét= 29, test selN = 8), thiophene-2-carboxamindines (training set

N = 64, test seN = 19), 2-naphthamidines (training $¢t= 32, test selN = 8), and 1-isoquinolinylguanidines
(training setN = 29, test selN = 7). The CoMFA models with steric and electrostatic fields exhibifeg
0.452-0.722,r2,,, 0.812-0.986,r%yeq 0.597-0.870, whereas CoMFA ClogP models showégd 0.420-
0.707,r%,c, 0.849-0.957,r%,,640.600-0.870. The CoMSIA models displayet, 0.663-0.729,r?,, 0.909-
0.998,r%e40.554-0.855. 3D contour maps generated from these models were analyzed individually, which
provides the regions in space where interactive fields may influence the activity. The superimposition of
contour maps on the active site of serine proteases additionally helps in understanding the structural
requirements of these inhibitors. Further, the predictive ability of 3D QSAR models was affirmed by predicting
the activity of novel 2-naphthamidines. 3D QSAR models developed may be used in designing and predicting
the uPA inhibitory activity of novel molecules.

Introduction adjacent stroma exists as free enzyme or bound to the cell
surface receptor, UPAR. Binding to uPAR significantly increases
the rate of cell surface-associated plasminogen activation by

invasion and metastasis is hinged on the ability of tumor cells urokinase and can serve to spatially focus its activity. The UPA/
to produce and recruit proteolytic enzymes. Among the diverse . patially 7

: UPAR complex displays a vital role not only in normal
proteolytic enzyme systems produced by human cancers, the

. . : : o physiological events of wound healing but is also involved in
plasminogen activaterplasmin system is preferentially involved tissue remodeling of various diseases including arthritis, ath-
in cancer cell invasion and metastasi§he plasminogen 9 9 ’

. . . ... erosclerosis, vascular restenosis and cafiéarPA in particular
activators are a group of serine proteolytic enzymes existing P

. . : . is implicated in various malignancies including cancer of breast,
mainly as urokinase-type plasminogen activator (UPA) and R -
. - . lung, bladder, stomach, cervix, kidney, etc. Higher levels of
tissue-type plasminogen activator (tPA).

. . . . urokinase have been correlated with poor patient prognosis and
uPA, a trypsin-like serine protease, is the key initiator of the poor p prog

X o . 3 also implicated in extracellular matrix degradation, tumor cell
extracellular proteolytic cascade driving cellular invasiveriess. invasion, angiogenesis and metastaéfsThe role of the
PrOtGOI%/tg?”y aCt'V? UTA IS I? QIsulf[l.de-lmk_edPt\AA\/%-cR?lnhpré)telln_ plasminogen activator system in various cancers was reviewed
generated rom proteo ytica y Inac 'Xe pro-u y the hydroly extensively!! The closely related enzyme, tPA, also functions
SIS of the Ly5158-llel_59 peptide bo d.'h? Ce“"‘?" role_ of uPA via activation of plasminogen to plasmin and is the key
is to convert plasminogen to plasmin, which digests the

. component of the fibrinolytic cascad&Hence, it is essential
components of the extracellular matrix and basement membraneﬁhat UPA inhibitors should exhibit adequate potency and

elthelrl dlrect_ly Oégﬁba alf_tlvatlon of p(rjosnzymes OII matﬂx selectivity toward uPA relative to tPA and plasmin in order to
metalloproteinases: Urokinase secreted by tumor cells orthe 5 i the possibility of antifibrinolytic side effects.

The small molecule inhibitors of uPA contain an amidino or
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It is widely documented that the progression of cancer cell
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previously reported uPA inhibitors were arylamidiriés,
guanidine¥* with minimal substitutions, and amilorid@ Novel
selective uPA inhibitors include benb)thiophene-2-carbox-
amidinest® indole/benzoimidazole-5-carboxamidinés2-py-
ridinylguanidinesi® 4-aminoarylguanidines/benzamidinés,
thiophene-2-carboxamidinés2-naphthamidines, 1-isoquino-
linylguanidines?? 2-aminobenzimidazoles etc. Some of these
inhibitors exhibit binding constants in the nanomolar range and
are still being developed as drug candidates. No significant
breakthrough has occurred in achieving the essential require-

ments for a therapeutic agent in the treatment of cancer based

on uPA inhibition.

Structure-based drug design (SBDD) using crystals of uPA
in complex with ligands is expected to greatly accelerate the
inhibitor optimization proces%! It has been found that these
inhibitors bind to a specific pocket of uPA in a different way,
targeting new subsites (8,LSZ, etc). The challenging task in
SBDD of uPA inhibitors is not only to optimize the binding of
inhibitors to their respective subsites, but also to combine the
successful functionalities of different inhibitors in a single
molecule. Hence, the comprehensive quantitative strueture
activity relationship data may be critical in designing novel
molecules.

Previously, we have reported the 3D QSAR models for a
series of indole/benzoimidazole-5-carboxamidines as uPA and
other trypsin-like serine protease inhibit@PSThe present study
is aimed at elucidating the structural features required for uPA
inhibition and to obtain predictive three-dimensional quantitative
structure-activity relationship (3D QSAR) models, which may
guide the rational synthesis of novel compounds. In the present
paper, we report the 3D QSAR models derived using the most
widely used computational tools, comparative molecular field
analysis (CoMFA)/comparative molecular similarity indices
analysis (CoMSIA) method®;2” for five different chemical
series of uPA inhibitors from the literature. CoMFA and
CoMSIA methods have been the most powerful tools in the
3D QSAR approach and are used in understanding the mech
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Figure 1. Template structures and (hetero)atoms used in the rms
alignment.

using the Sketch Molecule function with Sybyl. Initial optimization

of the structures was carried out using TRIPOS force field with
the Gasteiger Huckel charges, and repeated minimization was
performed using steepest descent and conjugated gradient method
till the root-mean-square (rms) deviation of 0.001 kcal/mol was
achieved. The minimized structures were subjected to a systematic
“search routine of all rotatable bonds in°ificrements from Dto

anism of interaction between various receptors and ligands. 35 Conformational energies were computed with electrostatic
ClogP*® has been used as an additional descriptor in COMFA terms: the lowest energy structures finally minimized were used in
analysis, which accounts for hydrophobic interactions between superimpositions. The partial atomic charges required for the
ligand and receptor as well as in the random walk process in electrostatic interaction were computed by a semiempirical molec-

the organism from the site of injection to the site of action.

The derived 3D QSAR CoMFA and CoMSIA models for
different chemical series reported as uPA inhibit&r& give
insight to the influence of various interactive fields on the
activity and thus aid in designing and forecasting the uPA
inhibitory activity of novel molecules.

Materials and Methods

Data Set. The training and test set used in the computational
studies comprises of molecules belonging to various chemical
classes reported as uPA inhibitors. The uPA inhibitory data has
been collected from the literatut&.22 The in vitro inhibitory
activity K; («uM) against uPA converted td («M, pK; = log 1K)

ular orbital method using MOPACwith AM1 Hamiltoniar?! (Key
word: DEBUG).

Development of predictive 3D QSAR CoMFA models is
essentially alignment sensitive that defines the putative pharma-
cophore for the series of ligands under investigation. Two different
approaches of alignment were used to calculate the CoMFA/
CoMSIA probe interaction energies. In the first alignment the
(hetero)atoms of molecules were used for rms fitting (Figure 1),
and in the second alignment, each analogue was aligned to the
template by rotation and translation so as to minimize rmsd between
the atoms in the template and the corresponding atoms in the
analogue using the database align command within Sybyl. The view
of the data set molecules from rms alignment superimposed on
crystal structures are displayed in Figures-Sb.

was used as dependent variable in deriving 3D QSAR models. The CoMFA and CoMSIA Analyses. COMFA steric and electro-

structures and biological activity data of training and test set
molecules are described in Tables5 (see Supporting Informa-
tion).

Molecular Modeling. All computational studies were performed
using Sybyl 6.7° (Tripos Inc.) software running on Silicon Graphics
Indy 02 workstation. The 3D structures of molecules were
constructed by modification of X-ray crystal structures obtained

static field energies were calculated using thecgpbon probe atom
with a van der Waals radius of 1.52 A and charge. The energies
were truncated te:- 30 kcal/mol, and the electrostatic contributions
were ignored at the lattice intersection with maximal steric
interactions. The CoMFA fields generated were automatically scaled
by the CoMFA-STD method in Sybyl.

The CoMSIA method involves a common probe atom and

from the protein data bank (4-aminoarylguanidines: 1lejn; 2-naph- similarity indices calculated at regularly spaced grid intervals for
thamidines: lowd, lowj, 1sga, 1sqo, lowe, lowh, lowj, lowk; the prealigned molecules. The similarity indices descriptors were
thiophene-2-carboxamidines: 105b) and 4-aminoarylguanidines, derived with the same lattice box used in CoMFA. CoMSIA

2-pyridinylguanidines and 1-isoquinolinylguanidines were built calculates hydrophobic, H-bond donor and acceptor fields in
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Table 1. Summary of CoMFA Results from Atom-Based rms Alignment

|2 I e Ivd Ve
SE ClogP SE ClogP SE ClogP SE ClogP SE ClogP
ey 0.722 0.673 0.672 0.634 0.452 0.420 0.672 0.619 0.641 0.707
N 1 2 6 6 5 6 6 5 1 2
SEP 0.342 0.536 0.607 0.641 0.396 0.411 1.019 1.077 0.368 0.343
ney 0.825 0.860 0.968 0.959 0.925 0.929 0.986 0.956 0.812 0.849
SEE 0.257 0.351 0.194 0.212 0.147 0.144 0.211 0.366 0.267 0.246
F value 80.272 67.594 90.479 86.249 142.651 124.712 292.186 112.927 73.441 44.906
Pre, 0 0 0 0 0 0 0 0 0 0
Contribution (%)
S 72.2 48.1 57.9 58.1 57.5 56.5 53.1 52.7 56.8 66.1
E 27.8 31.9 42.1 40.9 42.5 42.7 46.9 45.2 43.2 28.5
ClogP - 20.0 - 1.0 - 0.8 - 2.1 - 5.4
Iored 0.870 0.600 0.642 0.743 0.597 0.608 0.867 0.878 0.673 0.619
s 0.835 0.902 0.988 0.980 0.952 0.953 0.993 0.981 0.830 0.885
std dev 0.053 0.037 0.009 0.010 0.012 0.013 0.003 0.006 0.055 0.031

a2-Pyridinylguanidines? 4-Aminoarylguanidines and 4-aminobenzamidirféghiophene-2-carboxamidines2-Naphthamidinest 1-Isoquinolinylguanidines.

Table 2. Summary of CoMSIA Results for 2-Pyridinylguanidifes

SE SED SEA SEH SEDA SEHD SEHA SEHDA
2y 0.658 0.627 0.615 0.727 0.643 0.741 0.661 0.696
Nc 5 13 8 7 13 10 9 9
SEP 0.590 0.809 0.682 0.556 0.785 0.598 0.661 0.625
Inev 0.979 0.999 0.992 0.996 0.998 0.999 0.998 0.998
SEE 0.147 0.037 0.096 0.066 0.055 0.040 0.049 0.052
F value 147.851 1060.74 257.541 627.257 484.442 1183.32 896.165 789.200
Pr2—y 0 0 0 0 0 0 0 0

Contribution (%)

S 41.2 34.2 25.1 24.9 20.2 23.0 19.9 18.0
E 58.8 46.1 37.6 43.6 34.8 34.7 26.3 23.8
ClogP - - - - - - - -
H - - - 31.4 - 28.0 23.3 21.4
D - 19.7 - - 14.0 14.3 - 10.3
A - - 37.4 - 31.0 - 30.5 26.5
Ipred 0.253 0.582 0.653 0.431 0.735 0.651 0.786 0.851
s 0.989 1.000 0.995 0.998 1.000 1.000 0.999 0.999
std dev 0.005 0 0.003 0.002 0 0 0.001 0.001

a s = steric, E= electrostatic, H= hydrophobic, D= H-bond donor, A= H-bond acceptor.

addition to steric and electrostatic fields. The distance dependence Calculation of ClogP. ClogP calculated using ChemDraw Ultra

between the grid point and each atom of molecule was determined6.0 softwaré® integrated with CambridgeSoft Software Develop-

by Guassian function through the similarity indices calculated at ment Kit (CambridgeSoft Corporation) was included with CoMFA

all grid points, and a default value of 0.3 was used as an attenuationfields.

factor.

Partial Least Square (PLS) Analysis.The CoMFA/CoMSIA Results and Discussion

descriptors served as independent variables #dyM) values

as dependent variables in PLS regression analysis for deducing 3D The 3D QSAR models derived using CoMFA and CoMSIA

QSAR models? Normally cross-validation is used to check the ~methodologies were characterized by different chemical classes

predictivity of the derived model. The result of analysis corresponds published in the literatur-22 The structures and biological

to the regression equation with thousands of coefficients. The activity data of the molecules are described in Tables S

predictive values of models were evaluated using leave-one-out . . S L
(see Supporting Information). The in vitro uPA inhibitory

(LOO) cross validation method. The number of components leading \°~ = ;
to the highest cross-validated and lowest standard error of  activity values [ (uM) was used as the dependent variable

prediction (SEP) was set as the optimum number of componentsand CoMFA/CoMSIA fields as independent variables in the
(No) in PLS analysess minimum of 2.0 kcal/mol was used as the study. The low energy conformer obtained from systematic
threshold column filtering value in PLS analysis. To obtain the search routine was used in the molecular alignment performed
statistical confidence limit in the analyses, PLS analysis using 100 from two approaches: atom-based rms fitting on the template
bootstrap groups with an optimum number of components was gictures and rmsd-based database fitting. One of the major
performed. obstacles in the 3D QSAR studies lies with the ‘congeners’,

Predictive Ability of CoMFA and CoMSIA Models. The hich misfit the final i d ¢ d i
predictive ability of each analysis was determined from test set which misfit the Tinal equation and were termed as outliers.

molecules that were not included in the training set. These molecules 1h€ reasons for the poor prediction may be their structural
were aligned, and their activities were predicted by each PLS uniqueness, the insignificant mathematical value in defining the

analysis. The predictive? (r%yed value defined as: biological activity or varied rates of metabolism. Exceptions
are also observed wherein experimentally observed parameters
erredz (SD — PRESS)/SD might be better than the calculated or vice versa; however, their

inclusion in 3D QSAR studies at the cost of lowércould
where SD is the sum of squared deviations between the biological P& More confusing than helpful. The poorly predicted mol-
activities of the test set and mean activity of the training set ecules from non-cross-validated PLS analysis as well as the

molecules, and PRESS is the sum of squared deviation betweencompounds whose activity has not been described in specific
actual and predicted activities of the test set molecules. numeric terms in the literature are also identified as outliers in
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Table 3. Summary of CoMSIA Results for 4-Aminoarylguanidines and 4-Aminobenzamitlines

Bhongade and Gadad

SE SED SEA SEH SEDA SEHD SEHA SEHDA
e 0.587 0.679 0.682 0.635 0.679 0.649 0.650 0.663
Nc 5 4 5 10 5 5 6 6
SEP 0.666 0.574 0.584 0.707 0.586 0.614 0.626 0.615
ey 0.883 0.907 0.902 0.972 0.927 0.910 0.942 0.943
SEE 0.354 0.309 0.325 0.197 0.279 0.311 0.255 0.253
F value 34.725 58.764 42.228 61.907 58.711 46.407 59.580 60.493
Pri_g 0 0 0 0 0 0 0 0
Contribution (%)
S 375 27.9 34.2 25.4 27.6 24.0 24.9 20.5
E 62.5 38.5 33.9 37.8 248 23.9 248 19.1
ClogP - - - - - - - -
H - - - 36.8 - 24.6 25.0 19.0
D - 33.6 - - 28.7 27.5 - 25.2
A - - 31.9 - 18.9 - 25.3 16.1
ored 0.424 0.561 0.545 0.556 0.586 0.672 0.639 0.621
s 0.927 0.942 0.939 0.992 0.960 0.958 0.967 0.971
std dev 0.048 0.026 0.030 0.007 0.021 0.020 0.018 0.017
a s = steric, E= electrostatic, H= hydrophobic, D= H-bond donor, A= H-bond acceptor.
Table 4. Summary of CoMSIA Results for 2-Naphthamidifes
SE SED SEA SEH SEDA SEHD SEHA SEHDA
ey 0.745 0.751 0.763 0.695 0.750 0.736 0.715 0.729
Ne¢ 4 5 7 6 5
SEP 0.882 0.887 0.901 1.002 0.891 0.914 0.951 0.926
Inev 0.895 0.951 0.967 0.961 0.955 0.961 0.956 0.959
SEE 0.565 0.394 0.285 0.357 0.377 0.353 0.373 0.359
F value 57.737 100.764 141.819 103.389 110.662 127.297 113.153 122.254
Pri_o 0 0 0 0 0 0 0 0
Contribution (%)
S 68.8 39.3 39.3 42.3 27.4 32.6 19.0 22.4
E 31.2 18.9 21.7 243 15.3 16.1 17.0 13.0
ClogP - - - - - - - -
H - - - 33.3 - 21.7 20.3 15.9
D - 375 - - 27.6 29.7 - 23.2
A - - 39.0 - 29.8 - 33.7 25.4
Iored 0.889 0.932 0.847 0.807 0.857 0.962 0.799 0.855
I%ps 0.941 0.975 0.991 0.982 0.979 0.979 0.980 0.980
std dev 0.022 0.009 0.005 0.007 0.009 0.008 0.009 0.008
as = steric, E= electrostatic, H= hydrophobic, D= H-bond donor, A= H-bond acceptor.
Table 5. Summary of CoMSIA Results for 1-Isoquinolinylguanidifes
SE SED SEA SEH SEDA SEHD SEHA SEHDA
ey 0.752 0.756 0.720 0.743 0.710 0.759 0.681 0.672
o 5 4 12 8 10 9 1 2
SEP 0.350 0.335 0.548 0.406 0.483 0.415 0.347 0.363
ey 0.976 0.969 0.995 0.995 0.992 0.998 0.860 0.909
SEE 0.109 0.120 0.071 0.056 0.082 0.042 0.230 0.191
F value 106.219 107.864 104.623 257.652 93.705 400.337 104.239 80.369
Pri_o 0 0 0 0 0 0 0 0
Contribution (%)
S 18.2 18.2 15.0 16.7 11.7 16.0 26.1 25.0
E 81.8 66.5 61.3 62.5 534 50.7 30.7 34.2
ClogP - - - - - - - -
H - - - 20.8 - 20.2 12.7 12.4
D - 15.3 - - 8.7 13.1 - 4.6
A - - 23.7 - 26.2 - 305 23.7
ored 0.803 0.752 0.746 0.855 0.755 0.825 0.491 0.554
Ibs 0.989 0.980 1.000 0.999 0.999 1.000 0.853 0.928
std dev 0.007 0.010 0 0.001 0.002 0 0.057 0.026

as = steric, E= electrostatic, H= hydrophobic, D= H-bond donor, A= H-bond acceptor.

the present study. The structural uniqueness and composition CoMFA Models. CoOMFA models derived from atom-based
of training set molecules might be the reason for their poor rms alignment yielded better models as compared to the rmsd-
prediction. based database alignment method. Other physicochemical

3D QSAR models were generated from training set molecules properties of the molecules viz. hydrophobicity which may
and validated by predicting activity of test set molecules. All account for transport phenomenon and pharmacokinetic profile
the cross-validated results were analyzed by considering the facthas been included in the CoMFA studies. As the biological data
that the value of%, above 0.3 indicates that the probability of used in the study was in vitro enzyme inhibition, which could
chance correlation is less than 5%. The results of PLS analyseshave contributions of hydrophobic parameters along with with
are summarized from CoMFA studies in Table 1 and that from the steric and electrostatic fields. Hence, to study the effects of
the CoMSIA studies in Tables—5. hydrophobic/lipophilic properties of molecules on uPA inhibi-



Urokinase-Type Plasminogen Agtor Inhibitors Journal of Medicinal Chemistry, 2006, Vol. 49, No. 479

(a) (b)

(d)

Figure 2. STDDEV*COEFF contour plots for 2-pyridinylguanidines. (a) CoMFA steric (green polyhedron: sterically favored; yellow polyhedron:
sterically disfavored) and electrostatic (red polyhedron: negatively charge favored; blue polyhedron: positively charge favored). (b) CoMSIA
hydrophobic (yellow: favored, white: disfavored) superimposed on uPA active sites. (c¢) CoMSIA H-bond donor (cyan: favored, purple: disfavored)
and H-bond acceptor (magenta: favored, red: disfavored). (d) CoMSIA H-bond donor and acceptor superimposed on uPA active sites. The compound
35in cap and stick is shown.

tory activity, we have included ClogP as an additional descriptor (a) 1.
in the CoMFA analysis. The CoMFA ClogP models developed
were statistically significant and exhibited low to moderate
lipophilic contributions as compared to CoMFA models with
steric and electrostatic fields. Thus, the CoMFA models

Fitted/Predicted Activity

generated using atom-based rms alignment with steric and o o & a1
electrostatic fields were considered in the generation of contour N & o7a 5
maps and in explaining SAR. o, ol 4 2]

2-Pyridinylguanidines. 3D QSAR models for 2-pyridi- 251

nylguanidines reported by Barber etl&las selective uPA Actual Activity
inhibitors (Table S1) were developed using 25 training set

molecules and validated by predicting activity for eight test set (b)b -

molecules. The CoMFA model developed from steric and s o

electrostatic fields yielded cross-validatédr2,) 0.722 at first 3, : 3,@“’ ‘

component, non-cross-validate#l (r2,.) 0.825, predictiver? 23 2 1 70 1

(r%ored 0.780 and higher contribution of steric field (72.2%) than s 'S A

electrostatic (27.8%) field. Figure 2a depicts CoMFA steric and L 0&0& N

electrostatic contour plots, and Figure 3a shows the graph of 3 A

actual versus fitted/predicted activities for training/test set E 3

molecules. CoMFA ClogP model showed, 0.673, withrZ,e, * Actual Activity

0.860 and predictive? 0.600 and significant contribution of ki e 3. A graph of actual versus fitted/predicted activities for training

lipophilic parameters (20.0%). and test set molecules of 2-pyridinylguanidines. (a) CoMFA. (b)
4-Aminoarylguanidines and 4-Aminobenzamidines4-Ami- CoMSIA (< training set;a test set).

noarylguanidines and 4-aminobenzamidines developed by Span-

cer et al'® as uPA inhibitors have been used to generate 3D of actual versus fitted/predicted activities for training/test set
QSAR models from 29 training set molecules (Table S2) and molecules is exhibited in Figure 5a. The CoMFA ClogP model
validated by predicting activities of eight test molecules. The vyielded r%, 0.634 with six componentst?,, 0.959 with
CoMFA model from the contribution of steric and electrostatic improved predictiva? value 0.743.

fields showed?, 0.672 with six components?nc, 0.968,rred Thiophene-2-carboxamidinesThiophene-2-carboxamidiriés
0.642, the respective steric and electrostatic field contributions (Table S3) with selective uPA inhibitory activity developed by
were 57.9% and 42.1%. The 3D contour maps generated froma research group of 3D Pharmaceuticals were used in the
the above CoMFA model are shown in Figure 4a, and a graph generation of 3D QSAR models from a training set comprising
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(b)

(d)

Figure 4. STDDEV*COEFF contour plots for 4-aminoarylguanidines and 4-aminobenzamidines. (a) COMFA steric and electrostatic. (b) COMSIA
hydrophobic. (c) CoMSIA H-bond donor and acceptor. (d) CoMSIA hydrophobic, H-bond donor and acceptor fields superimposed on uPA active

sites. The compound9 in cap and stick is shown.

(a)b 2-Naphthamidines.2-Naphthamidines reported as selective
2 15 uPA inhibitors by Wendt et & have been utilized to develop
g 0; o& 8 3D QSAR models from a training set comprising 32 molecules
b oy F. g and validated with eight test set molecules (Table S4). The
o 0.2 ‘ ‘ CoMFA steric, electrostatic and ClogP models generated were
i 2 ‘%8 0‘0_'? ! 2 statistically significant and exhibited decreased internal and
g g0 15 improved external predictions. The CoMFA model generated
£ o® _'2 from steric and electrostatic fields was characterized%y
'S

0.672 at six componentgne, 0.986, predictive? 0.867, whereas
inclusion of ClogP resulted irf., 0.619 with five components,
r?nev 0.956, predictive? 0.878 and higher contributions of steric

Actual Activity
(b)

g 1.‘15 ] % 8 fields toward uPA inhibitory activity. The 3D steric and

< 05 |a electrostatic contour plots from CoMFA model are shown in

2 ° ‘% Figures 8a and 8b, respectively. Graph of actual versus fitted/

%’ 2 oxga% O?-?( 1 2 predicted activities for training/test set molecules is shown in

& °g> 15 4 Figure 9a.. _ N . o _

® o -2 - 1-Isoquinolinylguanidines. Selective uPA inhibitors 1-iso-

E 2.5 - quinolinylguanidines (Table S5) reported by Barber éthlave
Actual Activity been used to generate 3D QSAR models employing 29 training

Figure 5. A graph of actual versus fitted/predicted activities for training St molecules validated by predicting activity of seven test set
and test set molecules of 4-aminoarylguanidines and 4-aminobenza-molecules. The CoMFA model generated from steric and

midines. (a) CoMFA. (b) CoMSIA¢ training set;a test set). electrostatic fields showed., 0.641 at first componentZncy
0.812, predictiva2 0.673 and higher contribution of steric field
A (56.8%) than the electrostatic field (43.2%). The 3D contours

combination of steric and electrostatic fields yielded the CoMFA developed for this model and superimposed on the uPA active
model havingrZ, 0.452 with five components;Z,e, 0.925, s_ltes are s_hown in _F_lgure 10a, e_m_d the graph of actual versus
predictiver2 0.597 and exhibited higher steric field contribution ~ fitted/predicted activities for training/test set molecules are
(57.5%). The 3D steric and electrostatic contour map is depicteddisplayed in the Figure 1la. CoMFA ClogP model was
in Figures 6a and 6b, respectively, and the graph of actual versuscharacterized by an increased internal predictiorgf0.707,
fitted/predicted activities for training/test set molecules is shown "nev 0.849 and decreaseéyeq 0.619.

in Figure 7. The CoMFA model obtained using additional CoMSIA Models. To investigate the significance of hydro-
descriptor ClogP improved external predictions. This model phobic and H-bond fields on the uPA inhibitory activity,
exhibited r%,, 0.420 with six components;2,., 0.929 and CoMSIA analysis using steric, electrostatic, hydrophobic and
predictiver? 0.608. The steric, electrostatic and ClogP contribu- H-bond fields was carried out employing the same rms
tions were 56.5%, 42.7% and 0.8%, respectively. alignment used for CoMFA studies.

64 molecules and validated by 19 test set molecules.
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(a) (b)

Figure 6. CoMFA steric and electrostatic STDDEV*COEFF contour plots for thiophene-2-carboxamidines. (a) CoMFA steric. (b) CoMFA
electrostatic. (¢) CoMFA steric and electrostatic fields superimposed on uPA active sites. Corntpdumatap and stick is shown.

static (23.8%), hydrophobic (21.4%), H-bond donor (10.3%)

and acceptor (26.5%) field contributions. The 3D contours

analyzed using this model are shown in Figures S6b,c and

Figures 2b-d. The graph of actual versus fitted/predicted

activities for training/test set molecules is depicted in Figure

3b. The CoMSIA studies signify the contribution of H-bond

acceptor and hydrophobic fields in addition to electrostatic and

steric fields toward the uPA inhibitory activity of 2-pyridi-

Actual Activity nylguanidines.

i tost set molecuies of thiophene.2 carboxamidines from Coma _4-ATinoarylguanidines and 4-Aminobenzamidines The

an -2- . . :

model with steric and electrostg\tic fields? graining set;a test set). result§ of PLS qnaIySIS for C,OMSIA are summarized in Table
3. An improved internal prediction was observed for COMSIA

2-Pyridinylguanidines. The results of COMSIA PLS analysis models obtained using steric, electrostatic, H-bond fields. The

are summarized in Table 2. The CoMSIA model generated from PLS analysis of COMSIA generated from steric, electrostatic,

steric and electrostatic fields exhibited poor external predictions H-Pond donor and acceptor fields showég, 0.679 with five
r2req 0.253 with 1%, 0.658 at five components?2,e, 0.979. components, the correspondirfge, as 0.927, and predictivé

Incorporation of the H-bond donor/acceptor or both fields 0-586. The model generated using hydrophobic, steric and
yielded models with an improved external prediction, while the €lectrostic fields exhibited significant contribution of hydro-
highest predictiver? value 0.735 was observed with steric, phobic parameters and an improved statistical correlation
electrostatic, H-bond donor and acceptor fields. These modelscoefficientsr?, 0.587-0.635,r%, 0.883-0.972 and predictive
showed comparable predictions, but optimum number of r2 0.424-0.556. Further, model obtained with combination of
components required to generate models were significantly steric, electrostatic, hydrophobic and H-bond donor fields
higher. Hence they were considered to be of less statistical Showedr%y 0.649,r%c, 0.910 and highestpreq0.672, whereas
significance. The combinations of steric, electrostatic and incorporation of H-bond acceptor field to the steric, electrostatic
hydrophobic fields yielded CoMSIA models with an improved and hydrophobic fields resulted i, 0.650,r2%, 0.942 and

r%., 0.727 and an average predictive valugZ.431. Inclusion predictiver? 0.639. The model generated using all five COMSIA
of H-bond acceptor and donor fields showed improved predic- fields yielded statistically significant model witfi., 0.663 for

tive r2 values of 0.786 and 0.651, respectively, indicating higher six componentsfZney 0.943, 1% 0.971 andr?yeq 0.621 and
contributions of these substituents in activity, while the COMSIA respective field contributions was steric 20.5%, electrostatic
model developed with all five fields, yielded model with highest 19.1% hydrophobic 19.0%, H-bond donor 25.2% and acceptor
predictiver? 0.851 and also demonstratedd, 0.696 with nine 16.1%. This model with good internal and external predictions
componentstZ,., 0.998,r%,s 0.999 with steric (18%), electro-  was used to analyze 3D contour plots (Figuresdp The plot

Fitted/Predicted Activity
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(b)

(c) (d)

\

Figure 8. STDDEV*COEFF contour plots for 2-naphthamidines. (a) CoMFA steric. (b) CoMFA electrostatic. (c) CoMSIA hydrophobic, H-bond
donor and acceptor. (d) CoMSIA hydrophobic superimposed on uPA active sites. () CoMSIA H-bond donor and acceptor superimposed on uPA
active sites. Compoun®10in cap and stick is shown.

depicting actual versus fitted/predicted activities of the data set (15.9%), H-bond donor (23.2%) and acceptor (25.4%) field
molecules is shown in Figure 5b. The analysis of CoMSIA contributions. The 3D contour plots generated from this model
model showed higher contributions of H-bond donor fields are depicted in Figures S8, 8e. The graph of actual versus
followed by steric, electrostatic, hydrophobic and H-bond fitted/predicted activities for training/test set molecules is shown
acceptor to the uPA inhibitory activity of 4-aminoarylguanidines in Figure 9b. All five CoMSIA fields contributed significantly
and 4-aminobenzamidines. to the uPA inhibitory activity of 2-naphthamidines.
2-Naphthamidines. The models generated for 2-naphtha- 1-Isoquinolinylguanidines. Table 5 summarizes the results
midines using various CoMSIA fields showed high external of CoMSIA PLS analysis for 1l-isoquinolinylguanidines. The
predictions and were statistically robust. The results obtained model generated from the combination of steric and electrostatic
from CoMSIA PLS analysis are summarized in Table 4. The fields exhibited better predictions than the CoMFA model with
models developed from steric and electrostatic fields yielded r%, 0.752 at five components?,., 0.976, predictiva? 0.803
rZ, 0.745 at four components with correspondirig, 0.895, and higher electrostatic field (81.8%) contributions. Inclusion
r%ored 0.889 and steric 68.8% and electrostatic 31.2% field of H-bond donor/acceptor fields resulted in CoMSIA models
contributions. The incorporation of H-bond donor and acceptor with comparable internal and decreased external predictive
fields exhibited comparable modefg, 0.750,r%nc, 0.955,r2req The CoMSIA model generated using the combination of steric,
0.857). Further, models developed from steric, electrostatic andelectrostatic and hydrophobic fields showed the highest predic-
hydrophobic fields resulted in decreased external predictions tive r? 0.855. The combination of all five CoMSIA fields yielded
(r?pred 0.807) compared to steric and electrostatic motfglef statistically robust model and exhibiteé.,, 0.672 with two
0.889), whereas steric, electrostatic, hydrophobic and H-bond componentst?,., 0.909, predictive? 0.554 with field contribu-
donor fields exhibited the highest predictivé 0.962. The tion of steric 25.0%, electrostatic 34.2%, hydrophobic 12.4%,
CoMSIA model generated with all the five fields exhibited, H-bond donor 4.6% and acceptor 23.7%. The 3D contours
0.729 at the first five componentg,, 0.959 and predictive? analyzed for generated model are shown in Figures S9a,b,10b.
0.855 with steric (22.4%), electrostatic (13.0%), hydrophobic The graph of actual versus fitted/predicted activities for training/
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Figure 9. A graph of actual versus fitted/predicted activities for training
and test set molecules of 2-naphthamidines. (a) COMFA. (b) CoMSIA.
(< training set;a test set).

test set molecules is depicted in Figure 11b. The models derived
from the combinations of SEA, SEH, SEDA, SEHD demonstrate
considerable predictions with an optimum of twelve, eight, ten
and nine components, respectively, and hence can be considere|
of poor statistical significance. uPA inhibitory activity of
1-isoquinolinylguanidines was found to be contributed signifi-
cantly by electrostatic, steric, hydrophobic and H-bond acceptor
fields.

Predictivity of 3D QSAR Models. The significance and
utility of QSAR models is generally checked by predicting the
activity of set of molecules, which are not included in model
development. A series of 2-naphthamidines as uPA inhibitors
with improved pharmacokinetic properties recently reported by
Bruncko et aP*were used to check the predictive power of the
models (Table SG)'.The.sD structures of the molecules were Figure 10. STDDEV*COEFF contour plots for 1-isoquinoly-
constructed by_ modification of X-ray crystal structure o_btal_ned nylguanidines superimposed on UPA active sites. (a) COMFA steric
from the protein data bank (Lowe, 1u6q). After minimization, and electrostatic. (b) CoMSIA hydrophobic, H-bond donor and acceptor.
the lowest energy conformers were aligned on the template The compound®37in cap and stick is shown.
molecule (compoun@10 using atom-based rms fitting. The
activity of 21 molecules was predicted using CoMFA and (@) 1.5
CoMSIA models derived for the series of 2-naphthamidines.
The CoMFA steric and electrostatic model exhibitgghq0.697,
while the CoMSIA model with all five fields showedzpred
0.502. The graph of actual versus predicted activities from
CoMFA and CoMSIA models for 21 molecules is shown in
Figures 12a and 12b, respectively. Statistically significant
predictions support the validity of derived models in predicting
the activity of newer molecules. Actual Activity

Graphical Interpretation of the CoMFA and CoMSIA (b) 15
Models. The steric contour maps indicate green and yellow
contours as sterically favorable and unfavorable areas. Blue and
red contours in the electrostatic maps indicate areas where
positive and negative charge substitutents favor activity. Hy-
drophobic, H-bond donor and acceptor contour maps indicate
favorable yellow, cyan, magenta contours and disfavorable by
white, violet and red contours, respectively. Although the
contour maps cannot be used as receptor maps, useful inter- Actual Activity
pretations can be derived. The generated contour maps Werg-jgyre 11. A graph of actual versus fitted/predicted activities for
mapped on the active site of uPA enzyme (PDB code 1ejn), training and test set molecules of 1-isoquinolynylguaniding. (
and fields were analyzed with respect to the amino acid residuesCoMFA. (b) CoMSIA. (< training set;a test set).
of uPA. To aid in visualization, the template molecule in each
class of compounds is displayed in the respective figures and 2-Pyridinylguanidines. Figure 2a corresponds to the COMFA
the contour maps are discussed with the reference compoundsteric and electrostatic contour maps for 2-pyridinylguanidines

Fitted/Predicted
Activity

Fitted/Predicted Activity
o
o
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placed near the side chain of GIn192 in the S1 pocket (Figure
2d). The H-bond acceptor contour maps (Figure 2c) show
. . favorable magenta contours in the vicinity of 3-COOH and near
the guanidine, while the small red contours are observed near
¢ guanidine. 4-Substitution suggests that H-bond acceptor groups
‘ to these regions may decrease the activity. H-bond favored
2 3 magenta contours were placed near Ser146, Lys143 and Gly213.
The generated contour maps are in accordance with the findings
of Barber et al'® that describe the binding of guanidine in the
S1 pocket with Asp189, the 5-halo substituent directing toward
¢ ¢ catalytic Ser195 and lipophilic 3-substituents exhibiting the
. ¢ highest activity. This is anticipated by the presence of H-bond
favorable cyan and magenta contours near guanidine (S1
pocket), a negative charge favored red contour near 5-Cl and a
sterically favorable green contour at 3-vinylbenzoic acidj{S1
pocket). Therefore, the C-3 and C-5 positions with optimum
Actual Activity steric, hydrophilic and H-bonding substituents can be further
Figure 12. A graph of actual versus predicted activities for test set exploited to improve the activity of 2-pyridinylguanidines.
molecules of 2-naphthamidines. (a) COMFA. (b) CoMSIA. 4-Aminoarylguanidines and 4-Aminobenzamidines The
CoMFA steric and electrostatic contour plots with the template
molecule (compound9) are shown in Figures 4a. The CoMFA
steric contour plot portraying sterically favored green polyhedra
surrounding 5CHjs suggests that optimum steric substituents
in this region favor activity, whereas sterically disfavored yellow
contours were observed near 2-H and other surface of amide
carbonyl. The CoMFA electrostatic contour map displays a small
red contour embedded in C;4vhile the blue contours in the
vicinity of 2-H of phenylguanidine and'8CHj3 signify that an

(a)

Predicted Activity

Actual Actual
(b)

D = N W
*

LN
N
w

Predicted Activity

* :‘F,Q01 ® o
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with the active molecule (compour2b). The green contour
observed near 5-Cl of pyridinyl and in the vicinity of 2-H of
3-vinylbenzoic acid suggest that steric substitutents in these
regions may favor activity (compoun@®, 34 and 35), while

the disfavored yellow contours surrounding the 3-vinylbenzoic
acid and near guanidine restrict the steric substitution indicating
decreased biological activity (compouréts6, 8 and9). In the
CoMFA electrostatic map, the large blue contour surrounding
3-vinylbenzoic acid indicates the significance of a positively | ; - .
charged group for biological activity, while small negatively 'Mcr€ase In activity may .be .due to .IOW électron d§n5|ty
charged favored red contours near 5-Cl specify that the electrons_ubs.t'tuents' Naphthyl derivatives, \.Nh'Ch are pqued n .the
rich substituents favor activity. Mapping of CoMFA steric and vicinity of green polyhedr a, showed |mpr9ved aCF'V'ty' while
electrostatic contour plots on UPA active site (Figure S6a) the compounds bearing high electron density substltuent§ atC-4
revealed that 3-vinylbenzoic acid was placed in a hydrophobic ©F C-3 (compounds37, 38, 41, 53, 54and57) were less active.
pocket (S1sub or $. The sterically favored green contour in Superlmpqsmon of COMFA steric and elgctrostatlc contour maps
the vicinity of 3-vinylbenzoic acid was placed in this pocket, ©n the active site of uPA (Figure S7) displayed green regions
while the other near 5-Cl was placed near Ser195. The sterically €@ Prime-side binding groove defined by Val41, Cys42-Cys58
unfavorable yellow contours surrounding 3-vinylbenzoic acid disulfide bridge and the disfavored yellow regions near Arg217,
were placed in the periphery of S1 andfSocket of UPA. Gly2;6, GIn192. A negative charge favored red region embed-
The positively charged favored blue contour surrounding d€d in C-4 was observed near carbonyl of Ser195. CoMSIA

3-vinylbenzoic acid was placed near Gly219, Cys220, and the steric and electrostatic contour plot portrays large green

small negative charged favored red contour was observed neaPClyhedra in the vicinity of SCH; favors activity while
Ser195 where 5-Cl might have van der Waals contacts. sterically restricted yellow contours were observed in the vicinity

Figures S6b and S6c displays the CoMSIA steric and of 3'-1 (compounds46 and 62) almost similar to the CoMFA.
electrostatic contour maps, respectively with the active molecule N the COMSIA electrostatic contour plot the blue contours
(compound35). Sterically unfavorable yellow contours were appeared in the vicinity of 2-H,'2H, 5-CH; and negative
observed near the guanidine, in the vicinity of pyridinyl and charge favored small red contour neai compoundst8 and
upper part of 3-vinylbenzoic acid, while the sterically favored
green polyhedron embedded in the 3-vinylbenzoic acid is almost CoMSIA hydrophobic and H-bond field contour maps are
similar to the CoOMFA. The CoMSIA electrostatic contour maps displayed in Figures 4b and 4c, respectively. In the hydrophobic
depict large blue polyhedron extending from 3-vinyl to the contour map, a favorable large yellow contour displayed in the
pyridinyl ring and the red polyhedral observed near 5-Cl. vicinity of 3'-1 was placed in the vicinity of Ser195, while

Figures 2b and 2c display CoMSIA hydrophobic maps disfavored white contours were observed near 2-H @rd8
superimposed on the uPA active site and the H-bond fields mapcompound49 which indicate that optimum lipophilic substit-
with compound35, respectively. The hydrophobic contour plots uents may enhance or decrease the activity, respectively. An
connote disfavored large white regions near guanidine, sur- H-bond donor favorable cyan contour was observed in the lower
rounding 3-vinylbenzoic acid, 4-H and 5-Cl, which occupied region of guanidine, while unfavorable purple contours were
S1, SPB pockets and the space between Ser195-pyridinyl, where observed on the other planar surface near the carbonyl amide
the increased hydrophilic interactions may favor activity. The linkage of compound9. An H-bond donor favored cyan contour
H-bond donor favorable cyan contours were observed near thenear guanidine was placed in the S1 subsite (near Gly214), while
guanidinyl NH, whereas the disfavored purple contours appeareddisfavored purple regions were observed near Val213 and
near the C-3 vinyl and the guanidinyl NH (compour)dCyan GIn192 (Figure 4d). An H-bond acceptor favorable magenta
contours were placed in the S1 pocket (Asp189, Gly219) where contour was observed near guanidine, and disfavored red
guanidinyl protons may form water-mediated H-bonding with contours were observed near guanidine, the carbonyl amide and
the Asp189 and Gly219, and the disfavored purple contours were5'-CHsz of compound49. A magenta contour was placed near



Urokinase-Type Plasminogen Agitor Inhibitors Journal of Medicinal Chemistry, 2006, Vol. 49, No. 485

Ser190, and red contours were observed near Arg217, Cys220yellow contours are observed surrounding the methylamino
GIn192, Val4l and Cys42 residues of uPA (Figure 4d). group and in the vicinity of 7-H of naphthamidine of compound
Thiophene-2-carboxamidinesThe CoMFA steric and elec- 210 COMFA contour map superimposed on the uPA active site
trostatic contour plots for 4-arylthiazolylthiophene-2-carboxa- (Figure S8a) displayed sterically forbidden yellow regions
midines are shown in the Figures 6a and 6b, respectively, with around the methylamino group in the vicinity of the Cys42-
the active molecule (compouri®5). In the COMFA steric maps ~ Cys58 disulfide bridge, Val41, Asp60A and another contour in
(Figure 6a), the large green contours near the 5-SMe of the vicinity of 7-H near GIn192. Compounds with 7-OMe
thiophene, the small contour at the C-5 substitution of thiazole extending into the yellow region near GIn192 displayed less
and contours surrounding the phenyl ring indicate a region of activity (compoundsl95-200). Similarly, steric substituents
optimum steric tolerance. Compounds with 5-Me and 5-Et extending into yellow contours around methylamino also
substitutions retained the activity (compoufds 112, 125and displayed decreased activity (compourddd, 175 187—194).
126), whereas unsubstituted or substitution with bulkier groups COMFA electrostatic contour plots displayed a positively
yielded a decrease in activity (compouridk? and 124), thus charged favored large blue contour at the upper surface of
supporting the significance of 5-SMe in uPA inhibitory activity. naphthamidine and small contours near the pyrimidine ring and
Compoundl46 with steric substitution of 5-Me extending into  methylamine of compoun#@10. Negative charged favored red
the small green contour at C-5 exhibited better activity than contours were observed near pyrimidine ring, embedded in
compound147 with a 5-phenyl group. The 2-aminoaryl sub- 6-carbonylamide linkage and in the vicinity of 3-H of the phenyl.
stituents occupying the large sterically favored green contour The CoMSIA steric contour maps were almost similar to
extending from 5-SMe displayed better activity (compouBitis CoMFA, while the CoMSIA electrostatic contour plot portrays
84, 102-104, 107 and 112 than the unsubstituted counterpart blue contours in the vicinity of upper surface of naphthamidine
compound’5. The improved activity of biaryl substituents may and red contour embedded in the phenyl ring (Figure S8b).
be due to their steric flexibility. Improved activity by bulkier =~ CoMSIA hydrophobic, H-bond field contour maps are displaced
groups at C-3 phenyl (compound87—139, 161, 162 165 in Figures 8e-e. The CoMSIA hydrophobic contour map
can be anticipated by the presence of a sterically favored greendisplays favorable yellow contours embedded in the upper
contour in the vicinity of 3-methylphenyl protons. The CoMFA  surface of pyrimidine, near C-2 of naphthamidine and the phenyl
steric map (Figure 6a) displayed sterically disfavored yellow ring of compoun®10 where increased hydrophobic interactions
contours surrounding the green polyhedra placed near 5-SMesupport biological activity, while the unfavorable white contours
(compoundsl18 119and120), carboxamidine, 5-substituents  in the vicinity of C-8 naphthamidine near C-3 phenyl suggests
of thiazole (piperazinyl derivatives compoun@i$3 and 115) that hydrophilic groups in these regions may favor activity.
and near the 4-phenyl ring (compou@8l) that suggest that  Yellow regions at the upper surface of the pyrimidine occupied
steric bulk at these regions may not favor activity. The CoMFA the lipophilic SP subsite, while the yellow contour near the
contour plot superimposed on the uPA active site (Figure 6¢) phenyl ring may haver-stacking interactions with imidazole
showed a sterically favored green region near 5-SMe in the of His57 and van der Waals interactions with the side chain of
vicinity of Ser195, small contours surrounding the phenyl ring Val4l, Cys42-Cys58 disulfide ring. The unfavorable white
in the SP pocket and another near His57. Yellow regions contours in the vicinity of naphthamidine observed in the vicinity
surrounding green polyhedra were observed near Ser214,0f GIn192 (S1 pocket). The CoMSIA H-bond donor map
Val213, the side chain of His99 and Cys42. Another yellow displayed a favorable large cyan contour observed near 8-NH,
contour near carboxamidine was observed near Asp189, whilewhereas purple contours were observed near amide NH, C-3
contours near 5-substituents were placed in the vicinity of phenyl substitutions. An H-bond favored region was observed
Gly193, Asp195. A sterically forbidden yellow contour near in the vicinity of GIn192 in the S1 subsite, and disfavored
the phenyl ring was placed near Serl46 in thg packet. regions were observed near the carbonyl of Ser214 and Cys58,
The CoMFA electrostatic contour plots (Figure 6b) connote His57 carboxylate. The H-bond acceptor map showed favorable
blue contours near carboxamidine, the 5-substituent of thiazole magenta contours near the pyrimidine ring and 8-NH naphtha-
and at the lower surface of thiophene and thiazole of compound midine. Conversely, the unfavorable red contours were observed
165and suggest that positively charged groups in these regionsnear 2-carboxamidine, in the vicinity of amide carbonyl and
may favor activity. Partial positive charges associated with phenyl ring of compoun@10. Magenta regions observed near
hydrogen atoms bound to carbon can be correlated with the Cys191, GIn192 and red contours near Gly216, Arg217, in the
lipophilic interactions. Conversely, negative charge favored vicinity of GIn192, Ser195, Cys42 and Val4l. Itis evident from
regions are portrayed by the red contours near 2-H of the phenylthe literature that amide NH is involved in a water-mediated
ring (compoundd40and142) and near the blue contour placed H-bond to Ser214, the amide carbonyl seem to interact with
at the lower surface of the thiazole. A blue contour near the GIn192 which in turn is H-bonded through its amide carbonyl
carboxamidine was observed in the S1 pocket (Asp189 andto Lys143, and the aminomethyl forms a salt bridge interaction
Ser190). The other blue contours at the lower surface of with Asp60A carbonate and the charged amino gréfip.
thiophene and the 5-substituent of thiazole was observed in the  1-Isoquinolinylguanidine. The graphical representation for
vicinity of Gly193, Asp194 and His57, respectively. A red the CoMFA model superimposed on uPA active sites and
contour near 2-H of the phenyl ring was placed in the vicinity CoMSIA model from steric and electrostatic fields with refer-
of the carbonyl of Asp194 and Gly193 (Figure 6c). ence compound®37 is depicted in Figures 10a and S9a,b,
2-Naphthamidines.Figures 8a and 8b provide the graphical respectively. The CoMFA steric contour map displayed sterically
representation for COMFA and Figure S8b for COMSIA models unfavorable yellow contours engulfing the 7-phenyl and near
of 2-naphthamidines using steric and electrostatic fields with 4-Cl of isoquinolinylguanidine. The electrostatic contour map
the active molecule (compour2d ). The CoMFA steric contour ~ showed prominent large blue contours near the upper surface
plot shows a large green polyhedron embedded in the pyrimidine of the guanidine moiety and small red contours near the carboxyl
ring wherein high steric tolerance at C-8 of naphthamidine may group, suggesting that the increase in activity may be due to
enhance the activity. Conversely, large sterically unfavorable the presence of an electron rich substitutent group (compounds
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237, 238). The SP subsite of the enzyme was occupied by a dine in the S1 pocket signifies the importance of the basic
sterically disfavored yellow region engulfing the 7-phenyl, functional groups in affinity of the these inhibitors toward uPA.
restricting the larger substituents at this position, and another The S8 pocket at the proximity of the primary S1 site is
yellow contour near 4-Cl was placed near Serl95. A blue composed of a Cys191-Cys220 disulfide bridge, residues
polyhedron was observed in the vicinity of the main chain atoms Gly218, Ser146 and the side chain of Lys143. Molecular
of Arg217, Gly219 at the rim of the S1 site, and the red contours superimposition of data set on uPA active sites revealed that
were placed near Lys143, Cys91. The CoMSIA steric contour the 3-vinylbenzoic acid substituent of 2-pyridinylguanidines,
map displayed sterically unfavorable yellow contours engulfing 5-substituents of 4-(thiazol-2-yl)-thiophene-2-carboxamidines,
the 7-phenyl similar to CoMFA. The electrostatic contour map 8-substituents of 2-naphthamidines, and the 7-substituent of
showed large blue contours embedded in the 5-H of isoquinoline 1-isoquinolinylguanidines occupy the Slpocket of uPA.
ring and near the 4-H of 7-phenyl ring, suggesting that low 2-Pyridinylguanidines and 1-isoquinolinylguanidines showed
electron density substituents at these positions may enhanceclose similarity in their structures. 3-Vinyl-linked substituents
activity; conversely, red contours near the 7-phenyl ring suggestof 2-pyridinylguanidines and the 7-substituent of 1-isoquinoli-
that high electron density substituents may favor activity. nylguanidines occupied the BIpocket, while C-5 and C-4
Figure 10b depicts the COMSIA hydrophobic, H-bond donor Substituents of 2-pyridinylguanidines and 1-isoquinolinylguani-
and acceptor field contour maps superimposed on the uPA activedines directed toward catalytic Ser195. The 3D QSAR models
site. The CoMSIA hydrophobic contour map displayed a deve!oped for bo.th series showed comparable contours char-
disfavored large white contour in the vicinity of the 5,6-H of acterized by sterically favored green contours surrounded by

the isoquinoline ring and the guanidine NH, while favored disfavored yellow contours in the ,B]subsitg, neggtive charged
yellow contours in the vicinity of 4-Cl of the isoquinoliny! favored small red contours near Ser195, lipophilic favored large

suggests that increased hydrophobic interactions disfavor/favorVhite regions extending toward Ser195, and H-bond donor

o : : ; favored cyan contours near guanidine in the S1 subsite of uPA.
activity, respectively. The superimposed map displayed hydro- <" . - ;
phobic disfavored white regions in the S1 pocket (Gly216), in Slmll_arly, 8-substituents of 2-naphtham|d|r_1es occupied f[“é S.l
the vicinity of Cys191, GIn192, Gly193, Asp194, Ser195 and SubSite, where the 3D contour maps displayed steric, high
the favored yellow region near Ser195. The H-bond donor electron density, hydrophobic, lipophilic and H-bond field

. : favored regions.

contour map displayed a favorable cyan contour near the i . . )
guanidine and an unfavorable purple contour surrounding A hydrophobic small dimple (S2 subsite) of uPA defined by
guanidine. The superimposed H-bond contour plot showed &" |m|da;ole side chain of His57 anql Lys92 is re_latlvely small
purple regions near guanidine placed near Asp189, Gly219 in due to His99; hence the hydrophobic contact witstacking
the S1 subsite, and the disfavored large red contour which forms'mera,Ctlons occurs .at the S2 ,SPbS'te- 4-Aryllc.arbonylam|dt.e
a cavity around the 7-phenyl ring was placed at the rim of the substituents of 4-aminoarylguanidines/benzamidines, 2-substit-

S13 subsite (Ser146, Lys143). The electrostatic contour map uents of 4-(thiazol-2-yl)-thiophene-2-carboxamidines and C-7
developed is consisient with the SAR results where methyl substituents of 2-naphthamidines oriented toward the S2 subsite.

substitution at 4-position (compourl?) is tolerated, while Extending out in the oppqsite d_irection f_rom_thg % subsit_e s
halosubstitution (CI or Br) is generally preferred (compounds ;gg.g’tekl)rogg;.nsgdalL?WTpT&(ES'ngEg%temtr? '?hdénﬁog:ogfptgz'
213and214).22 Increase in activity by the low electron density roolve d)(/afinetlj b Vgl41yand t,he C 3421’2 <58 disulfide bond
substituents at the 5-position of isoquinoline can be anticipated 9 y Y Y :

by the presence of a positive charge favorable blue contour. 7-Aryl substituents of 2-naphthamidines may have interactions

This is supported by a decrease in potency by 5-substituentsWIth this subsite due to the 7-carbonylamide linkage. Overall,

(compound15-218). Further, optimum lipophilic substituents the 3D QSAR models developed for various chemical series

- : . h le similarities in the bindi i f UPA.
at C-5, C-6 positions and hydrophobic substituents at the C-4S ?:}VEd comparable simi arltlesdlnft ehblndlng snefszo ! hth
position of isoquinoline may enhance the activity. e contour maps generated for the series of 2-naphtha-

. . . . midines were superimposed on the active sites of other serine
Comparison of 3D QSAR Models in Subsites of Serine  ,y0560g trypsir?(loSFi)), thrombin (103g) and fXa (1lge). The
Proteases_Trypsm-hke serine proteases are gharacterlzed by CoMFA steric and electrostatic maps superimposed on uPA and
the presence of amino acid residues at position 190 at the Slyye serine proteases are displayed in Figure S10, whereas
subsite. uPA, trypsin and tryptase possess a serine residuego)s|a hydrophobic and H-bond maps are depicted in Figures
whereas tPA, thrombin and factor Xa possesses an alaninesiy ang S12, respectively. Subtle differences in amino acid
residue at 190. Ser190 forms an additional H-bond with S1- resiques in the binding pockets of serine proteases and their
bound amidine inhibitors, which impart an increased affinity jnteractions with inhibitors may be crucial in achieving selectiv-
of amidine inhibitors toward uPA over that of alanine counter- ity. The prime-side protein binding pocket of uPA showed
parts. The proteaseamidine complexes showed significant  sterically disfavored yellow contours in the vicinity of Val41
differences in relative orientation of bound inhibitors, their and near Asp60A, Tyr60B, a positive charge favored blue
degree of planarity, depths in the S1 pocket, variability in their contour, a hydrophobic favored yellow contours near Val41 and
relative positions, conformation of Asp189 and its position and H-bond acceptor disfavored red contours near Val41 favoring
H-bonding interactions of the water cobound at?$1The S1 hydrophobic and van der Waals interactions. Val41 of uPA is
site of uPA is composed of a Cys191-Cys220 disulfide bridge substituted by aromatic Phe41 in trypsin and fXa and by Leu41
and main chain atoms of Ser214, Cys220, GIn192, side chainsin thrombin; thus increased hydrophobic interactions are
of Val213, Asp189, Serl190, Serl95 and Gly218; hence both preferred for improved activity of trypsin and fXa. H-bond donor
hydrophobic and hydrophilic contacts occur at S1. The selectiv- disfavored purple contours and hydrophobic favored yellow
ity of indole/benzoimidazole-2-carboxamidines toward uPA was contours observed in the small hydrophobic dimple (S2 subsite)
achieved by introduction of the halo substituent near 2-car- of uPA favored hydrophobic interactions, whereas the large S2
boxamidine, which displaces the watétPresence of H-bond  subsite in other serine proteases is accessible for hydrophobic
favorable contours (cyan/magenta) near guanidine/carboxami-interactions due to substitution of His99 by Leu99. In th¢ S1
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pocket, Asn143 substitutes Lys143 in trypsin, thrombin and fXa, and Dr. Santosh Kulkarni for useful suggestions. B.A.B. is
and Ser146 is replaced with Glu146 in thrombin, which may thankful to Human Resource Development Group, Council for
be responsible for different binding affinities. The increased Scientific and Industrial Research, New Delhi, India, for the
affinity for trypsin in the direct linked 8-substituted naphtha- award of Senior Research Fellowship [8/470(1)/2001-EMR-I].
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fonylpyrazole (compoun@00) and ethylthiofuran (compound  New Delhi, India, for the financial support [File No. 8018/RDII/
204 may be due to the interactions with Asnl143. Steric, BOR/TAP (397)/99-2000].

lipophilic, negative charged, H-bond field favored contours were

observed in the $il pocket. Overall the superimposed maps Supporting Information Available: Structures and biological
displayed some degree of variation in their placement in the activity of the data sets are described in Tables-S8, and the

enzymes active sites. views of the aligned molecules by the atom-based rms method
superimposed on crystal structures are depicted in Figure$51
Conclusions CoMFA steric and electrostatic STDDEV*COEFF contour plots

superimposed on uPA active sites for 2-pyridinylguanidines,
4-aminoarylguanidines/benzamidines and 2-naphthamidines are
displayed in Figures S6a, S7 and S8a, respectively. COMSIA steric

3D QSAR studies yielded stable and statistically significant
predictive models indicated by the moderate to high cross-

correlation coefficients. A high bootstrapped/alue and a small and electrostatic STDDEV*COEFE contour plots for 2-pyridi-

standard deviation indicatg that a si_milar relationship exists in nylguanidines, 2-naphthamidines and 1-isoquinolinylguanidines are
all compounds of the series used in the study. The COMFA gisplayed in Figures S6b,c, S8 and S9a,b, respectively. STDDEV*-
models ggnerated from the atom-based rms fit method exhlpltgdCOEFF contour plots for 2-naphthamidines superimposed on
comparatively better models than the rmsd-based database fittingrypsin, thrombin and fXa are displayed in Figures Si6a
method. The CoMFA steric and electrostatic field contributions (CoMFA steric and electrostatic), S2a (CoMSIA hydrophobic)
in all chemical series revealed relatively higher contributions and Sllac (CoMSIA H-bond fields). This material is available
of steric fields. Further, inclusion of an additional descriptor, free of charge via the Internet at http://pubs.acs.org.
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