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Abstract—Comparative molecular field analysis (CoMFA) and comparative molecular similarity indices analysis (CoMSIA) were
performed on tetrahydrofuroyl-l-phenylalanine derivatives as VLA-4 antagonists. The best CoMFA and CoMSIA models that
were generated using atom based alignment from a training set of twenty five tetrahydrofuroyl-l-phenylalanine derivatives, are six-
component models with good statistics; CoMFA: r2cv=0.366, r2=0.983, s=0.099, F=172.661 and PRESS=4.435; CoMSIA:
r2cv=0.528, r2=0.995, s=0.054, F=577.87 and PRESS=3.563. Both of these 3-D-QSAR models were validated using a test set of
eleven compounds, whose predicted pIC50 values fall within one log unit of the actual pIC50. The contour diagrams obtained for the
various CoMFA and CoMSIA field contributions can be mapped back onto structural features to explain the activity trends of the
molecules analysed. Based on the spatial arrangement of the various field contributions, novel molecules with improved activity can
be designed.
# 2003 Elsevier Ltd. All rights reserved.
Introduction

VLA-4 (a4b1; ‘Very Late Antigen-40) is a heterodimeric
cell-surface protein expressed in high levels on all
lymphocytes except platelets.1 VLA-4 binds to an alter-
natively spliced segment (CS-1) of fibronectin (FN) on
the extracellular matrix and to vascular cell adhesion
molecule-1 (VCAM-1) on the endothelium. Both CS-1
and VCAM-1 are expressed in inflammed tissues and
actively participate in physiologic and pathologic
responses in inflammatory and autoimmune diseases.
The binding of VLA-4 to VCAM-1 leads to lymphocyte
infiltration to extra cellular tissues. Antibodies against
VLA-4 have been demonstrated to block lymphocyte
infiltration and prevent tissue damage in animal models
of inflammatory diseases such as asthma,2 multiple
sclerosis,3 rheumatoid arthritis4 and inflammatory
bowel disease5 and are in advanced stages of clinical
trials.6 The search for orally active VLA-4 antagonists
has resulted in many potential new chemical entities
(NCEs) and many of them are in advanced stages7 of
clinical trials; however it is surprising that the appli-
cation of computer aided drug design (CADD) methods
for the design of novel VLA-4 antagonists has received
very little attention except for few scattered reports.8

This paper describes the application of two three
dimensional quantitative structure activity relationship
(3-D-QSAR) methods, comparative molecular field ana-
lysis (CoMFA)9 and comparative molecular similarity
indices analysis (CoMSIA)10,11 of tetrahydrofuroyl-l-
phenylalanine derivatives as VLA-4 antagonists12 and
significantly it is first of this type for this class of VLA-4
antagonists. The present study is aimed to gain insights
into steric, electrostatic, hydrophobic and hydrogen-
bonding properties, their influence on activity and to
derive 3-D-QSAR models for design and prediction of
the activities of new derivatives for this class of
antagonists.
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Results and Discussion

CoMFA and CoMSIA methods were employed for
deriving 3-D-QSAR models for the training set of 25
Tetrahydrofuroyl-l-phenylalanine derivatives12 (Table
1) keeping in vitro activity pIC50 as a dependent vari-
able. The conformations of the molecules used in the
1 1 3.9
study were generated by systematic search method. The
relative alignments of the molecules were then carried
out using three techniques, namely atom based fit (RMS
fitting),13 database alignment13,14 and multifit13 meth-
ods. The 3-D-QSAR models were validated using a test
set (Table 2) of 11 compounds, which were not included
in the development of the models. Results of the Partial
0
S. No.
 Code
 R
 R
 IC50 (nM)
16 20 4.09
H
 Me
2
 3
 OCH3
 0.48
3
 4
 OCH3
 0.7
4
 5
 OCH3
 1.15
5
 7
 OCH3
 2.12
6
 8
 OCH3
 255
7
 9
 OCH3
 0.7
8
 11
 OCH3
 0.62
9
 13
 OCH3
 9.18
10
 14
 OCH3
 16.3
11
 15
 H
 2.2
12
 16
 H
 1.8
13
 17
 H
 4.3
14
 18
 H
 5.31
15
 19
 H
 3.62
S. No.
 Code
 R
 R0
 IC50 (nM)
H

17
 23
 H
 4.62
18
 25
 OCH3
 0.47
19
 26
 OCH3
 0.23
20
 27
 OCH3
 0.92
21
 28
 OCH3
 1.48
22
 31
 H
 0.54
23
 32
 H
 0.59
24
 35
 OCH3
 0.67
25
 37
 OCH3
 0.31
Table 1. Structures and biological activities of the molecules used in the training set
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2 6 1.56
Least Squares (PLS) analysis are shown in Table 3a
and b.

CoMFA 3-D-QSAR models

Three CoMFA models using atom-based, database and
multifit alignments were developed. The cross-validated
r2 for atom-based and multifit alignments are similar
(0.366 and 0.340), while it is slightly higher (0.410) in
case of database alignment. The non-cross-validated r2

with six components in case of atom based and database
alignments are 0.983 and 0.992, while it is 0.951 in case
of multifit alignments with five components. The Pre-
dictive Residual Sum of Squares (PRESS) values of
atom-based and multifit alignments are 4.43 and 4.59,
respectively, while in case of database alignment it is
slightly higher 5.309. Though the cross validated r2 is
better in case of database alignment than the other two
alignment methods, the PRESS value is higher in case of
database alignment method. This further supports the
finding of Golbraikh et al.15 that cross validated r2 is
not the actual indicator of external predictivity of the
3-D-QSAR models. The internal consistency of the
model obtained from database alignment appears bet-
ter, compared to the models obtained from the other
two methods. However, the external consistency is bet-
ter in case of models obtained from atom-based and
multifit alignment methods. The steric and electrostatic
field contributions of all the three models are similar.
Based on the above-mentioned observations it was dif-
ficult to choose the model for further analysis; so all the
three models were analysed. The actual and predicted
pIC50 values of the training set are shown in Table 4.

The CoMFA steric and electrostatic field contour plots
obtained from atom-based alignment is shown in Fig-
ures 1 and 2. The green regions indicate areas where
steric bulk enhances biological activity, whereas the
yellow contours indicate regions where steric bulk is
detrimental to biological activity. Blue coloured regions
indicate areas where electropositive groups enhance
biological activity, while red regions represent areas
where electronegative groups enhance activity. The
higher activity of compound 3 as compared to 1, 4, and
5 is due to the fact the n-butyl group of 3 occupies space
in green contours. The higher activity of 7 as compared
to 8 is due to the fact that the OH group of 8 occupies
yellow contours. The N,N-dimethyl group of compound
14 occupies position in yellow contour and hence exhi-
bits lower activity than corresponding 13. Red contours
enclose part of phenyl ring of 15, 16, 17, 18, 19, 20, 23,
25, 26, 27 and 28 the negative charge on phenyl ring of
these compounds might have contributed to these con-
tours. Compounds 17, 19 and 20 with substituents F,
Cl, Br have higher activity than 18 with CF3 substitu-
tion because the former groups fit into the red contours
while the later group protrudes out of the red contour
and touches the blue contour (electropositive region).
Because of electronegative groups present at the 3 posi-
tion of the phenyl ring, compounds 25, 26 and 27 have
higher activity as compared to 3, 5 disubstituted com-
pounds 23 and 28; this can be attributed to the fact that
the substituents at the 5th position occupy blue con-
tours (electropositive region). The higher activity of 16
as compared to 15 is due to the t-butyl group of 16 that
occupies blue contour. The difference in the activity of
compounds 31, 32 and 37 is due to the relative positioning
of piperidine, morpholine and 2-methyl thiazole rings in
green contours. The methyl group of 37 completely occu-
pies green contours while the piperidine and morpholine
rings of 31 and 32 partly cover the green contours.

The contours and the orientation of the molecules inside
the contours in case of database and multifit alignments
are similar to that of atom based alignment except that
a small green contour is present in the 6-position of ring
B in case of database alignment.
Table 2. Structures and biological activities of the molecules used in

the test set

S. No. Code R R0 IC (nM)
50
1
 2
 OCH3
 CH3
 0.34
OCH3
3
 10
 OCH3
 0.35
4
 12
 OCH3
 15.5
5
 21
 H
 4.65
6
 22
 H
 6.18
7
 24
 OCH3
 0.55
8
 30
 H
 4.06
9
 33
 H
 1.33
10
 34
 H
 23.15
11
 36
 OCH3
 0.42
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CoMSIA 3-D-QSAR models

CoMSIA is a relatively new alternative molecular field
analysis method to CoMFA. It is believed to be less
affected by changes in molecular alignment and pro-
vides more smooth and interpretable contour maps as a
result of employing Gaussian type distance dependence
with the molecular similarity indices it uses.10 Further-
more, in addition to the steric and electrostatic fields of
CoMFA, CoMSIA defines explicit hydrophobic and
hydrogen bond donor and acceptor descriptor fields. In
most instances CoMSIA performs similar16,17 to
Table 3.

(a) Summary of CoMFA results
Fieldsa
 Atom based alignment
 Data base alignment
 Multifit
r2b
 0.983
 0.992
 0.951
Nc
 6
 6
 5

r2cv

d
 0.366
 0.410
 0.340
SEEe
 0.099
 0.070
 0.163

F-Valuef
 172.661
 352.21
 73.688

Field contributiong
 0.577 (S), 0.423 (E)
 0.518(S), 0.482 (E)
 0.599 (S), 0.401(E)

PRESSh
 4.435
 5.309
 4.595

r2pred
 �0.00874
 �0.2076
 �0.0451
(b) Summary of CoMSIA results
Fieldsa
 Atom based Alignment
S, E
 S, E, H
 S, E, A
 S, E, D
 S, E, H, A
 S, E, H, D
 ALL
r2 b
 0.81
 0.817
 0.963
 0.981
 0.991
 0.993
 0.995
N c
 2
 3
 4
 5
 6
 6
 6

r2cv

d
 0.38
 0.446
 0.472
 0.475
 0.474
 0.518
 0.528
SEE e
 0.299
 0.301
 0.138
 0.102
 0.074
 0.064
 0.054

F-Value f
 47.01
 31.18
 131.34
 197.01
 315.08
 412.81
 577.87
Field
 0.16,
 0.17,
 0.22,
 0.12,
 0.15,
 0.12, 0.27,

contribution g
 0.29,
 0.47,
 0.43,
 0.57,
 0.33,
 0.38,
 0.25, 0.24,
0.71
 0.37
 0.39
 0.23
 0.27,
 0.31,
 0.12

0.29
 0.15
PRESS h
 3.985
 3.637
 5.3247
 4.236
 4.992
 4.03
 3.563

r2pred
 0.0936
 0.173
 �0.211
 0.365
 �0.135
 0.0833
 0.189
Database alignment

r2 b
 0.862
 0.817
 0.971
 0.985
 0.985
 0.991
 0.996
N c
 3
 3
 4
 5
 5
 6
 6

r2cv

d
 0.345
 0.422
 0.418
 0.468
 0.432
 0.461
 0.496
SEE e
 0.261
 0.3
 0.123
 0.09
 0.091
 0.071
 0.05

F-Value f
 43.66
 31.2
 165.82
 253.58
 246.58
 338.31
 677.83

Field contribution g
 0.28,
 0.16,
 0.18,
 0.23,
 0.12,
 0.16,
 0.12, 0.25,
0.72
 0.44,
 0.41,
 0.55,
 0.29,
 0.34,
 0.27, 0.23,

0.40
 0.41
 0.23
 0.30,
 0.34,
 0.13
0.29
 0.16
PRESS h
 5.385
 3.877
 5.669
 4.366
 5.709
 4.429
 3.684

r2pred
 �0.225
 0.118
 �0.289
 0.007
 �0.298
 �0.007
 0.162
Multifit

r2 b
 0.735
 0.79
 0.984
 0.994
 0.977
 0.994
 0.992
N c
 2
 3
 5
 6
 5
 6
 6

r2cv

d
 0.374
 0.404
 0.505
 0.542
 0.459
 0.516
 0.516
SEE e
 0.353
 0.322
 0.044
 0.058
 0.111
 0.06
 0.07

F-Value f
 30.55
 26.34
 227.93
 505.9
 164.374
 483.45
 351.89

Field contribution g
 0.27,
 0.16,
 0.16, 0.45,
 0.19,
 0.12,
 0.14,
 0.11, 0.29,
0.73
 0.48,
 0.38
 0.56, 0.25
 0.32,
 0.37,
 0.25, 0.22,

0.36
 0.28,
 0.30,
 0.13
0.28
 0.19

PRESS h
 4.528
 3.108
 5.179
 4.212
 5.016
 3.821
 3.682

r2pred
 �0.0299
 0.2931
 �0.178
 0.0419
 �0.1408
 0.1309
 0.1625
aComparative molecular field analysis (CoMFA) and comparative molecular similarity indices analysis (CoMSIA) with different field combinations
like steric (S), electrostatic (E), hydrophobic (H), donor (D), and acceptor (A) fields.
bNon cross-validated correlation coefficient.
cOptimum number of components obtained form cross-validated PLS analysis and same used in final non-cross-validated analysis.
dCross-validated correlation coefficient.
eStandard error of estimate.
fF-test value.
gField contributions: Steric and electrostatic fields from CoMFA. Steric, electrostatic, hydrophobic, donor and acceptor fields from CoMSIA.
hPredictive residual sum of squares of the training set.
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CoMFA with regard to predictive ability, sometimes
slightly better,10 or slightly worse18 than CoMFA.

PLS analyses of CoMSIA models obtained from three
different alignments are shown in Table 3b. There is lit-
tle to choose between the different alignments and the
various models in each case, based on the combination
of descriptors used (Table 3b). In the case of atom-
based and database alignment methods, the model that
included all the descriptors turns out to be the best. In
contrast, for the multifit alignment method, models that
did not include the hydrogen bond acceptor fields per-
formed better. The steric, electrostatic, hydrophobic,
H-bond donor and acceptor field contributions for all
the three alignment methods are similar. The cross-vali-
dated r2 for all the three models obtained from atom
based, database and multifit alignments are 0.528, 0.496
and 0.516, respectively. The external predictivity of the
models obtained from atom based alignment, database
alignment and multifit are very similar, PRESS value of
3.56, 3.68 and 3.68, respectively. The actual and predicted
pIC50 values of the training set are shown in Table 5.

The CoMSIA steric and electrostatic contour plots
obtained from atom-based alignment are shown in
Figures 3 and 4 respectively. The green regions indi-
cate areas where steric bulk enhances biological
activity, whereas the yellow contours indicate regions
where steric bulk is detrimental to biological activity.
Blue coloured regions indicate areas where electro-
positive groups enhance biological activity, while red
regions represent areas where electronegative groups
enhance activity. The hydrophobic, hydrogen bond
donor and acceptor contours are displayed in Figures 5–
7, respectively. The hydrophobic fields (Yellow, hydro-
phobic group favoured; White, hydrophobic dis-
favoured), H-bond donor (Cyan, favoured; purple,
disfavoured) and the H-bond acceptor (Magenta,
favoured; Red, disfavoured) fields indicate areas around
the molecules where changes either increase or decrease
activity.
Table 4. Actual and predicted pIC50 of training set molecules from CoMFA
Code
 Actual
 Atom based alignment
 Database alignment
 Multifit
Predicted
 Residual
 Predicted
 Residual
 Predicted
 Residual
1
 8.409
 8.492
 �0.083
 8.519
 �0.110
 8.434
 �0.025

3
 9.319
 9.331
 �0.012
 9.229
 0.090
 9.123
 0.196

4
 9.155
 9.153
 0.002
 9.117
 0.038
 9.166
 �0.011

5
 8.939
 8.934
 0.005
 8.947
 �0.008
 9.064
 �0.125

7
 8.674
 8.598
 0.076
 8.674
 0.000
 8.79
 �0.116

8
 6.594
 6.634
 �0.041
 6.59
 0.003
 6.742
 �0.149

9
 9.155
 8.947
 0.208
 9.174
 �0.019
 8.715
 0.440

11
 9.208
 9.104
 0.104
 9.212
 �0.004
 9.117
 0.091

13
 8.037
 8.03
 0.007
 8.013
 0.024
 7.823
 0.214

14
 7.788
 7.879
 �0.091
 7.820
 �0.032
 7.633
 0.155

15
 8.658
 8.597
 0.061
 8.615
 0.043
 8.662
 �0.004

16
 8.745
 8.711
 0.034
 8.696
 0.049
 8.729
 0.016

17
 8.367
 8.394
 �0.027
 8.440
 �0.073
 8.478
 �0.111

18
 8.275
 8.276
 �0.001
 8.252
 0.023
 8.437
 �0.162

19
 8.441
 8.453
 �0.012
 8.400
 0.041
 8.58
 �0.139

20
 8.388
 8.442
 �0.054
 8.346
 0.042
 8.501
 �0.113

23
 8.335
 8.16
 0.175
 8.348
 �0.013
 8.319
 0.016

25
 9.328
 9.355
 �0.027
 9.345
 �0.017
 9.409
 �0.081

26
 9.638
 9.562
 0.076
 9.583
 0.055
 9.549
 0.089

27
 9.036
 9.129
 �0.093
 9.018
 0.018
 9.199
 �0.163

28
 8.830
 8.891
 �0.061
 8.877
 �0.047
 8.785
 0.045

31
 9.268
 9.256
 0.012
 9.276
 �0.008
 9.217
 0.051

32
 9.229
 9.244
 �0.015
 9.260
 �0.031
 9.184
 0.045

35
 9.174
 9.372
 �0.198
 9.147
 0.027
 9.337
 �0.163

37
 9.509
 9.553
 �0.044
 9.599
 �0.090
 9.504
 0.005
Figure 1. CoMFA stdev*coeff. steric contour plots; green contours
indicate regions where bulky groups increase activity, whereas yellow
contours indicate regions where bulky groups decrease activity.
Figure 2. CoMFA stdev*coeff. electrostatic contour plot; blue con-
tour indicate regions where positive groups increase activity, whereas
red contours indicate regions where negative charge increases activity.
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Small green and red contours are present near the
60-position of the B ring; the methoxy group present in
compounds 3, 4, 5, 7, 8, 11, 14, 25, 26, 27, 28, 35 and 37
might have contributed to these contours. Higher activ-
ity of 3 is due to the fact that it occupies green contours
while in 4 and 5, it occupies space in yellow contours.
The N,N dimethyl group of compound 14 occupies
position in yellow contour and hence exhibits lower
activity than corresponding 13. The phenyl and t-butyl
phenyl substituent of compound 15 and 16 are sand-
withched between the green and yellow contours, in
addition the t-butyl substituent of 16 occupies position
in blue contour and hence exhibits better activity than
15. Substituent at the 3 position of the phenyl ring of R1

as in compound 26 and 27 occupies space in green con-
tours and hence exhibits higher activity as compared to
the unsubstituted R1, compound 15. The lower activity
of compound 23 and 28 (disubstituted) as compared to
monosubstituted 26 and 27 is because substitution at the
5-position occupies space in yellow contour (sterically
unfavourable region) while substituents at 3 position
occupies space in green contours. The higher activity of
31, 32, and 37 may be because their morpholine, piper-
idine and substitituted thiazole occupies space in green
Table 5. Actual and Predicted pIC50 of training set molecules in CoMSIA
Code
 Actual
 Atom based alignment
 Database alignment
 Multifit
Predicted
 Residual
 Predicted
 Residual
 Predicted
 Residual
1
 8.409
 8.519
 �0.110
 8.503
 �0.094
 8.55
 �0.14

3
 9.319
 9.229
 0.090
 9.222
 0.097
 9.19
 0.13

4
 9.155
 9.117
 0.038
 9.111
 0.044
 9.105
 0.045

5
 8.939
 8.947
 �0.008
 8.956
 �0.017
 8.923
 0.017

7
 8.674
 8.674
 0.000
 8.684
 �0.010
 8.69
 �0.02

8
 6.594
 6.59
 0.003
 6.595
 �0.002
 6.607
 �0.017

9
 9.155
 9.174
 �0.019
 9.172
 �0.017
 9.151
 �0.001

11
 9.208
 9.212
 �0.004
 9.200
 0.008
 9.203
 0.007

13
 8.037
 8.013
 0.024
 8.026
 0.011
 7.992
 0.048

14
 7.788
 7.82
 �0.032
 7.807
 �0.019
 7.85
 �0.06

15
 8.658
 8.615
 0.043
 8.636
 0.022
 8.653
 0.007

16
 8.745
 8.696
 0.049
 8.716
 0.029
 8.735
 0.005

17
 8.367
 8.44
 �0.073
 8.426
 �0.059
 8.383
 �0.013

18
 8.275
 8.252
 0.023
 8.259
 0.016
 8.266
 0.004

19
 8.441
 8.4
 0.041
 8.379
 0.062
 8.364
 0.076

20
 8.388
 8.346
 0.042
 8.336
 0.052
 8.342
 0.048

23
 8.335
 8.348
 �0.013
 8.355
 �0.020
 8.307
 0.033

25
 9.328
 9.345
 �0.017
 9.324
 0.004
 9.33
 0.000

26
 9.638
 9.583
 0.055
 9.607
 0.031
 9.57
 0.07

27
 9.036
 9.018
 0.018
 9.018
 0.018
 8.956
 0.084

28
 8.830
 8.877
 �0.047
 8.868
 �0.038
 8.894
 �0.064

31
 9.268
 9.276
 �0.008
 9.272
 �0.004
 9.319
 �0.049

32
 9.229
 9.26
 �0.031
 9.268
 �0.039
 9.28
 �0.05

35
 9.174
 9.147
 0.027
 9.161
 0.013
 9.241
 �0.071

37
 9.509
 9.599
 �0.090
 9.596
 �0.087
 9.594
 �0.084
Figure 3. CoMSIA stdev*coeff. steric contour plots; green contours
indicate regions where bulky groups increase activity, whereas yellow
contours indicate regions where bulky group decrease activity.
Figure 4. CoMSIA stdev*coeff. electrostatic contour plot; blue con-
tour indicate regions where positive groups increase activity, whereas
red contours indicate regions where negative charge increases activity.
Figure 5. CoMSIA stdev*coeff. hydrophobic contour plots; yellow
contours indicate regions where hydrophobic groups increases activity,
whereas white contours indicates regions where hydrophobic group
decreases activity.
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contours. The OH group (R1) of 8 occupies position
near purple contour (donor, unfavourable) and hence
exhibits lesser activity. The relatively lower activity of 9
as compared to 11 can be ascribed by the observation
that the OCH3 group of 9 touches the red contour
(H-bond acceptor, unfavourable) while in case of 11
OCH3 is near to red contour. The N,N-dimethyl group
of 13 is near to red contour (H-bond acceptor, unfa-
vourable) while it occupies red contour in case of 14 and
hence 14 shows less activity than 13. The CO substituent
at the R1 position in compounds 31, 32 and 35 occupies
space in magenta contours (H-bond acceptor favour-
able) and, in the case of 37, the N of the thiazole ring
occupies magenta contours and hence these contours
exhibit higher activity.
The contours and the orientation of the molecules inside
the contours in case of database and multifit alignments
are similar to that of atom based alignment except that
no small contour is present at the 6-position of ring B in
case of database alignment.

The predictive power of each of the 3-D-QSAR models
was evaluated by predicting the pIC50 of test set of 11
Tetrahydrofuroyl-l-phenylalanine derivatives. In
almost all the cases, the predictive values fall close to the
actual pIC50 values, deviating by not more than 1 loga-
rithmic unit (Tables 6 and 7).

Based on the PLS statistics of both CoMFA (Table 3a)
and CoMSIA (Table 3b) 3-D-QSAR models, it is clear
Figure 6. CoMSIA stdev*coeff H-bond donor plots: cyan contours
indicate regions where H-bond donor group increases activity,
whereas purple contours indicate regions where H-bond donor group
decreases activity.
Figure 7. CoMSIA stdev*coeff H-bond acceptor plots: magenta con-
tours indicate regions where H-bond acceptor group increases activity,
whereas red contours indicate regions where H-bond acceptor group
decreases activity.
Table 7. Actual and predicted pIC50 of test set molecules in CoMSIA
Code
 Actual
 Atom based alignment
 Database alignment
 Multifit
Predicted
 Residual
 Predicted
 Residual
 Predicted
 Residual
2
 9.469
 8.857
 0.611
 8.825
 0.644
 8.850
 0.619

6
 8.807
 8.739
 0.068
 8.752
 0.055
 8.666
 0.141

10
 9.456
 8.874
 0.582
 8.898
 0.558
 8.936
 0.520

12
 7.810
 8.830
 �1.021
 8.793
 �0.983
 8.869
 �1.059

21
 8.333
 8.536
 �0.204
 8.588
 �0.255
 8.462
 �0.129

22
 8.209
 8.652
 �0.443
 8.695
 �0.486
 8.665
 �0.456

24
 9.260
 8.797
 0.463
 8.718
 0.541
 8.655
 0.604

30
 8.392
 9.363
 �0.971
 9.382
 �0.990
 9.321
 �0.930

33
 8.876
 9.395
 �0.519
 9.421
 �0.545
 9.417
 �0.541

34
 7.635
 8.783
 �1.147
 8.924
 �1.288
 8.664
 �1.028

36
 9.376
 9.564
 �0.188
 9.034
 0.342
 9.002
 0.374
Table 6. Actual and predicted pIC50 of test set molecules in CoMFA
Code
 Actual
 Atom based alignment
 Database alignment
 Multifit
Predicted
 Residual
 Predicted
 Residual
 Predicted
 Residual
2
 9.469
 8.696
 0.772
 8.793
 0.675
 8.642
 0.826

6
 8.807
 9.072
 �0.265
 9.369
 �0.562
 8.847
 �0.040

10
 9.456
 8.629
 0.827
 8.728
 0.728
 8.885
 0.571

12
 7.810
 8.379
 �0.569
 8.749
 �0.939
 8.395
 �0.586

21
 8.333
 9.050
 �0.717
 9.229
 �0.897
 9.265
 �0.933

22
 8.209
 8.639
 �0.430
 8.897
 �0.688
 8.922
 �0.713

24
 9.260
 8.747
 0.513
 8.629
 0.630
 8.794
 0.466

30
 8.392
 9.246
 �0.854
 8.871
 �0.480
 9.112
 �0.720

33
 8.876
 9.259
 �0.383
 9.283
 �0.407
 9.032
 �0.156

34
 7.635
 8.635
 �1.000
 8.660
 �1.024
 8.603
 �0.968

36
 9.376
 9.591
 0.215
 9.549
 0.173
 9.426
 �0.05
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that CoMSIA is better than CoMFA; this is further
validated by the residual values of the test set (Tables 6
and 7). Figures 8–10 represent graphs of the actual
versus predicted pIC50 values of the training and test set
molecules for CoMFA and CoMSIA 3-D-QSAR mod-
els using atom based, database and multifit alignment,
respectively. The superior performance of CoMSIA
relative to CoMFA may be ascribed mainly to the
higher contributions from the hydrophobic, H-bond
donor and acceptor fields to the CoMSIA 3-D-QSAR
models (Table 3b). CoMFA unlike CoMSIA, does not
have explicit hydrophobic and hydrogen bonding
descriptors, which are assumed to be implicitly treated
in the CoMFA steric and electrostatic fields, respec-
tively. Overall, the electrostatic field components made
higher contributions to the CoMSIA 3-D-QSAR mod-
els (Table 3b).
Conclusion

We have developed predictive CoMFA and CoMSIA
3-D-QSAR models for Tetrahydrofuroyl-l-phenyl-
alanine derivatives, and the CoMSIA 3-D-QSAR mod-
els appear better than CoMFA models. The contour
diagrams obtained for the various CoMFA and CoM-
SIA field contributions can be mapped back onto
Figure 9. Graph of actual versis predicted pIC50 of training and test
set molecules for CoMFA and CoMSIA 3-D-QSAR models (database
alignment).
Figure 8. Graph of actual versus predicted pIC50 of training and test
set molecules for CoMFA and CoMSIA 3-D-QSAR models (atom
based alignment).
Figure 10. Graph of actual versus predicted pIC50 of training and test
set molecules for CoMFA and CoMSIA 3-D-QSAR models (multifit).
Figure 11. Template used for molecular alignment. Reference atoms
(in bold face) used in atom based, database and multifit alignment
protocols.
Figure 12. Alignment of the tetrahydrofuroyl-l-phenylalanine deriva-
tives.
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structural features accounting for the activity trends
among the molecules analysed. Based on the spatial
arrangement of the various field contributions, novel
molecules can be designed that may possess improved
activity. The CoMFA and CoMSIA models obtained in
this study are, to our knowledge, the first 3-D-QSAR
studies reported for Tetrahydrofuroyl-l-phenylalanine
derivatives as VLA-4 antagonists.
Methods

Data sets and biological activity

Recently Doherty et al.12 have reported tetrahydrofuroyl-
l-phenylalanine derivatives as potent and specific
antagonists of VLA-4 and they constitute the training and
test sets used in the present study. The IC50 values were
converted to pIC50 according to the formula.

pIC50 ¼ �log IC50

pIC50 values were used as dependent variables in the
CoMFA and CoMSIA analysis. The training set of 25
molecules with structures and their activities are shown
in Table 1. They are selected based on (a) structural
diversity available at the 2-position of tetrahydrofuran
and at the 4-position of phenylalanine moieties and (b)
the biological activities (pIC50) in the range of three log
units. Molecules of the test set were selected similarly.
Thus, the mean of the biological activity (pIC50) of the
chosen training set and test set molecules were 8.740
and 8.799, respectively. The predictive power of the
models was assessed using a test set of 11 compounds
whose structures and activities are shown in Table 2.

Molecular modelling and alignment

Three-dimensional structure building and molecular
modelling studies were performed using SYBYL 6.813

installed on a Silicon Graphics workstation with
IRIX 6.5 operating system. Energy minimisations
were performed using MMFF9419 force field and
charges with distance dependent dielectric and con-
jugate gradient method with a convergence criterion
of 0.01 kcal/mol.

The most important requirement for 3-D-QSAR tech-
niques (CoMFA and CoMSIA) is that the 3-D struc-
tures of the molecules to be analysed be aligned
according to a suitable conformational template, which
is assumed to adopt a ‘bioactive conformation’. In the
present study, the structural information on these inhi-
bitor-protein complexes is not available; therefore, the
conformation of the molecules was obtained from sys-
tematic conformational search13 procedures. Three dif-
ferent molecular alignment methods were employed in
the present study.

Alignment 1. This method involves atom based fitting
(RMS fitting)13 of the ligands. The compounds were
fitted to the template molecule 26, one of the most
active molecules (Fig. 11) and all the aligned molecules
of the training set are shown in Figure 12.

Alignment 2. The molecules were aligned by database
alignment13,14 method.

Alignment 3. The alignment of the molecules was car-
ried out by flexible fitting (multifit)13 of the atoms of the
ligand to the template molecule 26. This method
involves fitting to the template molecule by applying
force (the default SYBYL spring constant value of 20
kcal/mol was used), followed by minimisation.

CoMFA and CoMSIA 3-D QSAR models

In deriving the CoMFA and CoMSIA descriptor fields
a 3-D cubic lattice with grid spacing of 2.0 Å in x, y and
z directions was created to encompass the aligned
molecules. CoMFA descriptors were calculated using an
sp3 carbon probe atom carrying +1 charge to generate
steric (Lennard–Jones 6–12 potential) field energies and
electrostatic (Coulomb potential) fields with a distance
dependent dielectric at each lattice points. Values of
steric and electrostatic energy were truncated at 30 kcal/
mol. The CoMFA steric and electrostatic fields gener-
ated were scaled by the CoMFA-STD method in
SYBYL.

CoMSIA similarity indices descriptors were derived
according to Klebe et al.10 in the same manner as for the
CoMFA calculations. CoMSIA similarity indices (AF)
for a molecule j with atoms i at a grid point q are cal-
culated by eq 1 as follows:

A
q
F;K jð Þ ¼ �	!probe;k!ike

��;r
iq2 ð1Þ

Five physicochemical properties k (steric, electrostatic,
hydrophobic, hydrogen bond donor, and hydrogen
bond acceptor) were evaluated using the probe atom. A
Gaussian type dielectric dependence was used between
the grid point q and each atom i of the molecule. The
default value of 0.3 was used as the attenuation factor
(a). In CoMSIA, the steric indices are related to the
third power of the atomic radii, the electrostatic
descriptors are derived from partial atomic charges, the
hydrophobic field are derived from atom-based para-
meters,20 and the hydrogen bond donor and acceptor
indices are obtained by a rule-based method derived
from experimental values.21

The CoMFA and CoMSIA descriptors were used as
independent variables, and pIC50 values were used as
dependent variables in partial least square analysis to
derive 3-D-QSAR models using the standard imple-
mentation in the SYBYL package. The predictive value
of the models was evaluated first by leave-one-out
(LOO) cross-validation. The cross-validated r2CV was
calculated using eq 2.

r2CV¼1�½	 Ypredicted�Yobserved

� �2
=

	 Yobserved�Ymeanð Þ
2
� ð2Þ
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where, Ypredicted, Yobserved and Ymean are predicted,
actual and mean values of the target property (pIC50),
respectively. 	(Ypredicted�Yobserved)

2 are the predictive
residual sum of squares (PRESS). The optimum number
of components was chosen which gave less standard error
of prediction and more r2CV. In addition to the r2CV and
number of components, the conventional correlation
coefficient r2 and its standard error were also computed.
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