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Introduction

Piritrexim (ptx) is a lipophilic folate antimetabolite [1] cur-
rently undergoing clinical trials as an antineoplastic agent
for the treatment of cancer. Several derivatives were synthe-
sized and tested for inhibition of tumour cell growth. It turned

out that small structural changes led to large differences in
biological activity. To better understand the experimental data
classical QSAR, molecular modelling and CoMFA investi-
gations were performed.

Data and Methods

The compounds were tested for anticancer activity at the
NCI. [2] The general framework and the biological activities
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of the homologous derivatives are shown in Figure 1 and
Table 1, respectively, while the structures of the non-homolo-
gous derivatives are depicted in Figure 3. Multiple linear re-
gression analysis was performed with STATISTICA 5.0. and
Molecular modelling investigations with SYBYL 6.3. [3]  The
MM3-force field of ALLINGER as implemented in SYBYL
and the TRIPOS-force field were used for conformational
analysis of the compounds. Charge calculations using the
AM1 Hamiltonian were done with MOPAC as implemented
in SYBYL. The Advanced CoMFA-module of the SYBYL-
program was used for the Comparative Molecular Field
Analysis. Standard settings were applied in the CoMFA analy-
sis [4]: the region extended all molecules by at least 4 Å with
a grid spacing of 2 Å. A Csp3 probe with +1 charge and cutoff
values of 30 kcal/mol for both fields with smooth transition
were used. The minimum sigma was set to 0.2 kcal/mol. The
predictivity of the models was estimated by cross-validation
with the leave-one-out method.

comp log  1/GI50 Me 5 Me 7 OMe 2' OMe 3' OMe 4' OMe 5'

 ptx 6.38 1 0 1 0 0 1

 p2 5.05 0 1 1 0 0 1

 p3 4.02 0 1 0 1 1 1

 p4 5.38 0 0 1 0 1 0

 p6 5.54 1 1 1 0 0 1

 p7 4.93 0 0 1 1 1 0

 p9 5.71 0 0 1 0 0 1

 p10 5.10 0 0 1 1 0 0

Table 1. Biological activities and substitution patterns for
the homologous set of piritrexim derivatives. A one denotes
the presence of the particular substituent and a zero R = H.

GI50 = growth inhibition by 50 % of cancer cell lines , Me =
methyl group, OMe = methoxy group.
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Figure 1. General framework of the homologous ptx
derivatives

Figure 2. Ramachandran-plot of the conformational energy
as function of the two rotatable bonds connecting the 5-
deazapterin and the benzene ring with all other rotatable
bonds being optimized. Contour maps derived from MM3-
calculations are shown on top and those from the Systematic
Search method are depicted on bottom. Derivatives p2 (a),
p9 (b) and ptx (c). The contour lines are drawn with equal
spacing of 1 kcal/mol at one to four kcal above the global
minimum in green, white, yellow, and red, respectively.
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Figure 2c.Figure 2b.

analysis no. Parameter Fit cross-validation

Me5 Me7 OMe2'OMe3' OMe4'OMe5' r 2 Q2 SDEP onc

PLS-analysis without compound p3 (n=7)

1 0.56 0.74 0.42 0.14 0.26 0.99 0.90 0.22 3

2 * * * * 0.98 0.89 0.23 3

3 * * * * 0.99 0.83 0.29 3

4 * * * 0.93 0.60 0.45 3

PLS-analysis with compound p3 (n=8)

5 0.39 0.57 0.19 0.34 0.13 0.15 1.00 0.92 0.36 5

6 * * * * * 0.99 0.84 0.42 4

7 * * * * * 0.99 0.92 0.30 4

8 * * * * * 0.99 0.89 0.30 3

9 * * * * * 0.93 0.47 0.59 2

10 * * * * 0.97 0.78 0.49 4

11 * * * * 0.95 0.78 0.38 2

12 * * * * 0.99 0.96 0.18 3

Table 2. Effect of parameter elimination on predictivity of
the PLS model. The normalized coefficients of the parameters
are shown for the starting analysis. Retained parameters are

marked by an asterik while empty fields represent eliminated
ones.
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Results and Discussion

Classical QSAR-analysis

As a first attempt the Free-Wilson-method [5] was applied to
a homologous training set of eight derivatives. Because there
is only one compound  (p3)  without a methoxy group in
position 2' (singularity in data) separate analyses with and
without p3 were performed. Depending on the data set cho-
sen MLR led to different equations and significant param-
eters (data not shown) and seems to be not suitable for these
data. Therefore the data were analyzed with PLS leading to
highly predictive models in case of both data sets. A main

problem of a PLS-analysis is the interpretation of the result
in structural terms. In order to derive a better interpretable
model “non important” parameters were eliminated based
on their normalized contribution to the PLS model. The re-
sults show that the normalized coefficient is only  partly suit-
able for elimination of parameters. In case of the model with
seven compounds the elimination of the least contributing
parameter only very slightly decreased predictivity (Table 2,
eq. 1 and 2). Whereas for the model derived from eight com-
pounds the picture changed, though no high intercorrelations
between the parameters are present. Here three parameters
have similar contributions and the predictivity remained con-
stant or dropped considerably  depending on the eliminated
parameter (Table 2, eq. 5 to 8). Overall the parameter selec-
tion procedure yielded an improvement in predictivity and
led to a model consistent with the one derived for seven com-
pounds (Table 2, compare  eq. 2 and 12).

Also a genetic algorithm  [6, 7] (GA) was used for pa-
rameter selection.  This GA performes a MLR, but the crite-
rion to select the parameters is their predictive power and
not the fitting ability as in classical MLR. The  GA auto-
matically found the same parameter combination as obtained
from the optimal PLS-analysis after manual selection of pa-
rameters (Table 3). Therefore, the combination of a genetic
algorithm with either MLR or PLS seems promising.

Conformational Analysis

The results of a conformational analysis carried out with the
TRIPOS- and MM3-force fields are shown in Figure 2  for
three derivatives having the same pattern of substitution on
the phenyl group, but differing in substitution in position 5
and 7 of the 5-deazapterine ring.

Table 3. Selected parameters and predictive power of the
models found by the genetic algorithm.

Parameter Fit Pred

Me5 Me7 OMe 3' OMe 4' OMe 5' r2 Q2

without compound p3 (n=7)

* * * * 0.99 0.84

* * * 0.93 0.66

with compound p3 (n=8)

* * * 0.95 0.84

* * * * * 1.00 0.85

* * * * 0.99 0.95
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Figure 3. Structures of the non homo-
logous derivatives used to test the
predictivity of the CoMFA models
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In both force fields the bound conformation from the X-
ray structure of the ptx-enzyme complex [8,9] is not the
energetical minimum, but the energy difference is small for
derivatives without a methyl group in position 7 (ptx and
p2). A methyl group in position 5 of the pteridine ring addi-
tionally  restricts the conformational flexibility and favours
conformations close to the X-ray structure. If a methyl group
in position 7 (p9) is present the bound conformation becomes
energetically unfavourable.

CoMFA [4]

For the conformations that correspond to the bound confor-
mation in accordance with the crystal structure, charges were

calculated with the AM1 hamiltonian. To align the compounds
two strategies were used: an atom based “database-alignment”
and the superimposition of the steric and electrostatic fields
“field fit”. Both schedules led to very similar orientations,
differing only sligthly in the overlap of the common sub-
structure.

The comparison of the Q2 values (Table 4) shows that the
field fit alignment is superior for structures optimized with
the TRIPOS force field, while for structures optimized with
the MM3 force field only negligible differences in the pre-
dictive power are observed between the two alignment sched-
ules. The CoMFA contour maps for the field fit alignments
are given in Figures 4 and 5 for the TRIPOS and MM3 force
field, respectively.

A comparison of the contour maps with the results of the
classical statistical analysis reveals similarities and differ-
ences. The positive and negative contribution of a methyl
group in position 5 and 7, respectively,  are clearly reflected
by the green and yellow regions surrounding the substitu-
ents. However, the detrimental contribution of methoxy
groups in position 3' and 4' are not reflected in the CoMFA
maps. Instead a positive contribution to activity by an elec-
tronegative group in position 5' is indicated by the red con-
toured region.

Figure 4. CoMFA model derived from the homologous
derivatives using conformations obtained with the Tripos force
field after field fit alignment.
The steric field is shown in green and yellow. Higher activity
is favoured by bulky substituents near green and no or smaller
substituents near yellow. The electrostatic field is shown in
blue and red. Activity is increased by more positive charge
near blue and more negative charge near red.
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Table 4. Summary of the predictivity of the different CoMFA
models

n force field alignment r2 Q2 s SDEP onc

 8 TP DB 0.996 0.55 0.07 0.70 4

 8 TP FF 0.998 0.74 0.06 0.66 5

 8 MM DB 0.998 0.73 0.05 0.54 4

 8 MM FF 0.999 0.72 0.04 0.68 5

10 TP DB 0.961 0.62 0.15 0.47 3

10 TP FF 0.996 0.76 0.06 0.46 5

10 MM DB 0.998 0.69 0.04 0.52 5

10 MM FF 0.998 0.71 0.04 0.50 5

Figure 5. CoMFA model derived from the homologous
derivatives using conformations obtained with the MM3 force
field after field fit alignment. For designation of the coloured
regions see Figure 4.
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 The predictive power of the CoMFA-models was tested
with four additional non homologous compounds which are
depicted in Figure 3.

The models can predict the activity of p8 and p11, but
not of p1 and p5 (Figure 6). Therefore p8 and p11 were in-
cluded in the CoMFA data set. The derived CoMFA-models
for the Tripos and the MM3 force field using the field fit
alignment are shown in Figures 7 and 8, respectively.

The contour maps of the models derived for 8 and 10
derivatives are similar, indicating the stability of the derived
model. The fact that the CoMFA model derived from the
homologous set of compounds cannot predict the activities
of compounds p1 and p5 can be understood as they represent
structural singularities within the data set. Compound p1 is
structurally different and bears an ethylene instead of a meth-
ylene bridge, thus the benzene ring occupies space outside
the volume of all other derivatives not covered by the CoMFA

Figure 6. Activity prediction for non homologous derivatives.

Figure 7. CoMFA model derived from the conformations
obtained with the Tripos force field after field fit alignment.
For designation of the coloured regions see Figure 4.
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model. Compound p5 has no 2,4-diamino-partial-structure
but a 2-keto moiety instead. It might bind to the enzyme in a
different way, as observed in the example of dihydrofolate
and methotrexate. To improve the derived CoMFA model data
on more structurally divers derivatives are needed.

Conclusion

The 2D-QSAR analysis using either PLS or a GA yielded
equations with very high cross-validated predictivity. In case
of PLS a parameter selection further improved the results.
The genetic algorithm gave nearly identical results and per-
formed the parameter selection automatically. A CoMFA
model was developed that could also correctly predict the
activity of two non-homologous derivatives.

Acknowledgment: We thank the Fonds der Chemischen
Industrie for financial support.

Figure 8. CoMFA model derived from the conformations ob-
tained with the MM3 force field after field fit alignment. For
designation of the coloured regions see Figure 4.

Abbreviations

CoMFA Comparative Molecular Field Analysis
MLR Multiple Linear Regression
PLS Partial Least Squares
onc optimal number of components
SDEP standard error of prediction
r2 explained variance
Q2 explained variance by cross-validation
s standard error of estimate
F ratio of explained variance / unexplained variance
DB database-alignment
FF field-fit-alignment
n number of compounds
TP systematic search with the Tripos force field with-

out electrostatics
MM molecular mechanics optimization with the  MM3

force field  and the dihedral-driver-option
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