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Abstract—Three-dimensional quantitative structure—activity relationship (3D-QSAR) using CoMFA and CoMSIA techniques was
applied to evaluate 56 pyrimidine nucleosides as substrates of human thymidine kinase 1 (hTK1), 27 of them containing a carborane
substituent either at the 3-, 5-, or 3’-position of the 2’-deoxyuridine scaffold. This is the first report describing 3D-QSAR studies of
compounds containing boron atoms. Both CoMFA and CoMSIA models were derived from a training set of 47 molecules and the
predictive capacity of the CoMSIA model was successfully validated by accurately calculating known phosphorylation rates of both
boronated and non-boron hTK1 substrates that were not included in the training set. The optimal CoMSIA model provided the
following values: ¢* 0.622, r* 0.983, 5 0.165, and F 187.5. Contour maps obtained from the CoMSIA model were in agreement with

the experimentally determined biological data.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Boron neutron capture therapy (BNCT) is a binary sys-
tem for the treatment of cancer. In order for this therapy
to be effective, the targeted cancer cells must attain a suf-
ficient concentration of '°B, a stable isotope that makes
up approximately 20% of natural elemental boron. At
the time of treatment, this localized boron content is
activated by a suitable flux of low energy thermal neu-
trons. The nuclear reaction ['°B(n, o)’ Li] that is initiated
by neutron capture 1elds hi _}gh linear energy transfer
(LET) particles, *H 3 and *ions. These particles
have a range of 9 pm and 5 pm, respectively, in biolog-
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boranyl thymidine analogues; hTK1, human thymidine kinase 1; Thd,
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ical tissue and can cause cell death primarily by inflicting
DNA damage. However, the damage is largely restricted
to the tumor because of the limited range of these parti-
cles. Provided that '°B is selectively taken up by the
tumor, the amount of this nuclide required to sustain
lethal tumor cell damage has been calculated to be in
the range of 15-30 pg per gram of tumor, assuming a
homogeneous distribution throughout all intra- and
extracellular compartments.’?> Of gnvotal importance
for BNCT is the development of '°B delivery systems
that selectively target tumor cells. In recent years, our
group has developed 3-carboranyl thymidine analogues
(3CTAs), a novel class of nucleoside analogue prodrugs,
for the treatment of cancer by BNCT.?® The biochem-
ical basis for the tumor cell selectivity of 3CTAs appears
to be their capacity to function as substrates for human
thymidine kinase 1 (hTKI1), a deoxynucleoside kinase
that is widely expressed only in proliferating cells'’
and that presumably causes selective intracellular
entrapment of 3CTAs in tumor cells by 5'-
monophosphorylation.*¢

Recently, crystal structures of hTK1,'"!? Ureaplasma
urealyticum TK (UuTK),'>!3 and Clostridium acetobu-
tylicum TK (CaTK) [PDB ID: 1XX6] were determined
and are now available for computational structure-
based design of improved 3CTAs. Computational stud-
ies carried out in our laboratories,> however, indicated
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that binding of thymidine (Thd) and adenosine triphos-
phate (ATP) in TKs may be associated with a conforma-
tional change from an open unoccupied form, over a
partially closed form involving Thd or ATP binding,
to a closed form binding both Thd and ATP. This type
of conformational changes in nucleoside kinases has
been identified as a major obstacle in the structure-based
in silico design of novel agents.'* Most commercial in
silico software packages do not provide default parame-
ter for calculations involving molecules with hexavalent
boron atoms in cage structures, and therefore, only very
rudimentary structure-based strategies for the in silico
design of carborane containing agents have been devel-
oped in recent years.'>2? This could limit the applica-
tion of structure-based design of novel 3CTAs because
these in silico techniques are probably inadequate for
sophisticated computational molecular dynamic studies
of different stages of binding of 3CTAs to various
dynamically changing hTK1 conformers.

Another major problem for BNCT drug discovery
processes is the lack of databases with biological and
structural information of boron-containing agents that
would allow the ligand-based in silico design of BNCT
agents.”> In recent years, however, several 3CTA li-
braries have been prepared and were evaluated in phos-
phoryl transfer assays (PTAs) with recombinant hTK1
in order to obtain phosphorylation rates (PRs), a mea-
sure for the substrate characteristics of 3CTAs.382425

In the present study, these PRs have been compiled into
a database, which was then used for the development of
innovative three-dimensional quantitative structure—
activity relationship (3D-QSAR)-based in silico tech-
niques,”® 33 including comparative molecular field
analysis (CoMFA) and comparative molecular similari-
ty indices analysis (CoMSIA). These should be suitable
for the ligand-based design of 3CTAs with improved
biological properties. However, the general 3D-QSAR
concept developed in this paper should also be applica-
ble for the in silico design of a wide variety of other bor-
on-containing pharmaceuticals.

2. Results and discussion

The training set for COMFA and CoMSIA contained 47
compounds. The logarithms of the ‘relative’ hTK1 PRs
of compounds 1-47 (Tables 1 and 2) were used as the
dependent variable in the 3D-QSAR analyses. High
PRs are indicative of good hTK1 substrate characteris-
tics, while low PRs are indicative of poor hTKI1 sub-
strate characteristics. They are currently the only
biological data available for a large number of hTKI1
substrates, have been used previously by us in similar
3D-QSAR studies,>* and were all obtained by Eriksson
and coworkers applying the same experimental
protocol. 3243940

2.1. CoMFA results

The statistical data obtained from the standard CoMFA
model constructed with steric and electrostatic fields are

depicted in Table 3. The optimal number of components
(6) was determined using the SAMPLS analysis imple-
mented in Sybyl 7.1 with a leave-one-out (LOO) cross-
validated ¢* of 0.576. A non-cross-validated correlation
coefficient (%) of 0.922 was obtained for this model. Pre-
dictions for the log(PR)s with residuals less than 0.4 log
unit for 8 holdout test compounds out of 9 were ob-
tained. However, in the training set the calculated
APR values for compound 7 and endogenous hTK1 sub-
strates, dUrd (10) and Thd (13), were significantly high-
er (>50), while the APR values for compounds 2 and 26
were 109.0 and 244.0, respectively (see supplementary
data). This model also failed to predict the poor hTK1
substrate characteristics of 27 and produced more than
50% deviation in the prediction of the PR values of 24
and 36 of the test set (Table 5). Based on the quality
of the predicted data for both the training set and the
test set, COMFA was not further pursued for the charac-
terization of the library of hTK1 substrates.

A crucial factor for the success of a CoOMFA modeling is
correct structural alignment. The optimal CoMFA
alignment of a ligand is widely assumed to be its exper-
imental receptor-bound conformation.>* As already indi-
cated in Section 2.3, the energy-minimized ribose
portion of thymidine (13) was used for structural align-
ment of compounds 1-56 (Table 1). However, the
extreme heterogeneity among carboranyl and other
N3-substituentes in the majority of compounds in our
library made an appropriate alignment of this structural
component impossible. Also, alignment of molecules
1-56 using the coordinates of the ribose moiety of
thymidine triphosphate (TTP) bound to the active site
of the hTKI1 crystal structure (PDB ID#1W4R)!!
caused even further deterioration of the CoMFA model
(data not shown). The obtained results clearly indicate
that alignment-dependent CoMFA is not suitable for
the evaluation of a compound library encompassing a
large number of molecules with a highly diverse N3 sub-
stitution pattern. Klebe et al.?> reported that CoMSIA
produced significantly better results than alignment-sen-
sitive CoMFA for their studies with inhibitors of the
benzamidine type with respect to their binding affinities
toward thrombin, trypsin, and factor Xa. Similar obser-
vation have also been reported by Sutherland et al.>¢ for
their QSAR studies on acetylcholineesterase (AchE)
inhibitors, benzodiazepine (BZR) receptor binding,
and cyclooxygenase-2 (COX2) inhibitors.

2.2. CoMSIA results

Eight models were constructed by varying the steric (S),
electrostatic (E), hydrophobic (H), hydrogen bond do-
nor (D), and hydrogen-bond acceptor (A) descriptor
fields (Table 3). The optimal components of each of
these models were determined by SAMPLS analysis
implemented in Sybyl 7.1 with maximum ¢* values.
The model developed by using only steric and electro-
static fields (SE model) produced a cross-validated ¢*
of 0.341 with 2 latent variables. The corresponding con-
ventional r* value (0.491) was very low. The quality of
the SE model improved by adding H-bond donor/accep-
tor fields. Both the ¢ and r* values increased when these
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Table 1. Non-boronated molecules for COMFA and CoMSIA modeling

Rs Rs
Compound R, R, R; Ry R; PR* log(PR)
1 Me Me H H OH 443 1.65
2 Et Me H H OH 61.4 1.79
3 CH,C=CH Me H H OH 102.1 2.01
4 n-Bu Me H H OH 84.9 1.93
5 CH,Ph Me H H OH 82.3 1.92
6 CH,CHOHCH,OH Me H H OH 27.5 1.44
7 H H H H N3 70.0 1.85
8 H Me H H N3 52.0 1.72
9 H Me H H CH,N; 15.0 1.18
10 H H H H OH 77.0 1.89
11 H Me H F OH 45.0 1.65
12 H Et H H OH 80.0 1.90
13(Thd) H Me H H OH 100.0 2.00
14 H 1 H F OH 42.0 1.62
15 H Br H H OH 80.0 1.90
16 H H H OH OH 1.0 0.00
17 H CH=CHBr H H OH 1.0 0.00
18 H CH,CH,Cl H H OH 5.0 0.70
19 H NH, H H OH 3.0 0.48
20 H H OH H OH 0.1 —1.00
21 H H H H OMe 0.1 —1.00
22 H H H H OEt 0.1 —1.00
23 H H F F OH 0.1 —1.00
24 i-Pr Me H H OH 69.6 1.84
25 H Me H H F 30.0 1.48
26 H F H H OH 95.0 1.98
27 H Me H OH OH 1.0 0.00
28 H Me OH H OH 2.0 0.30
29 H Me =CH, OH 0.1 —1.00

“These atoms were used for the alignment of the molecules. Molecules 18, 24, 27, and 28 were used as test set structures.
2 The values are given in % relative to that of Thd, which is set at 100%. PR values of all the compounds in this table were previously published.**

fields were added. Addition of the H-bond acceptor
ﬁelds (SEA model) to the SE model produced ¢ and
r* values of 0.426 and 0.878, respectively, whereas the
SE model including H-bond donor fields generated ¢°
and 7 values of 0.349 and 0.548, respectively. It was also
observed that the quality of the model slightly improved
when hydrophobic fields were included as one of the
descriptors to the SE model (SEH model). Adding the
hydrophobic field descrlptor to SEA and SED models
showed the same trend by increasing ¢> and > values.
The model wrth the entire set of five descriptors (ALL)
showed a ¢ of 0.518 at 6 components and the corre-
sponding r* was 0.922. The SEDA model gave the
highest cross-validated coefficient ¢* (0.637) with 13
components, thereby indicating the highest predictive
capacity with the lowest SEE (0.145) and the highest
F-test value (206.0). The highest squared correlation
coefficient 1> (0.984) was also obtained for the SEDA
model showing a strong internal consistency, Therefore,
this model was chosen for further analysis.

2.3. Progressive scrambling

The chosen CoMSIA model was further refined and val-
idated by progressive scrambling, which probes the
dependence of the model on chance correlations.?”-3%
The standard method of cross-validation (SAMPLS)
encompasses redundant data sets, which potentially
can overstate ¢° values. Progressive scrambling deter-
mines the sensitivity of the generated PLS model to
small systematic perturbations of the response variables
at a critical level of perturbation. After removal of these
redundancies, the introduced noise in form of small sys-
tematic perturbatlons solidifies the statistics with the re-
sult that ¢” values as low as 0.35 at the critical point are
indicative of the stablhty of the original unperturbed
model. The obtained ¢* values (evaluated at the critical
point) are plotted against the correlation of the original
dependent variables versus the perturbed dependent

variables (rﬁy) The effective slope (dg*/ dr ») should
be near unity (0.8-1.2) for a stable model that changes
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Table 2. Carborane-containing molecules for COMFA and CoMSIA modeling
\ﬁk Ry o-Carborane m-Carborane  p-Carborane
S S N N
S Y S om
H H XH, YH, ZH,
Rs Rs
Compound R, R, R; PR? log(PR)
30 H Me XH 8.1 0.91
31 H Me CH,XH 0.8 —0.10
32 H XH OH 0.01 —2.00
33 H XCH,CH(OH)CH,OH OH 0.01 —2.00
34 CH,XH Me OH 10.0 1.00
35 (CH,),XH Me OH 39.0 1.59
36 (CH,);XH Me OH 30.0 1.48
37 (CH,),XH Me OH 13.0 1.11
38 (CH,)sXH Me OH 41.0 1.61
39 (CH,)sXH Me OH 28.0 1.45
40 (CH,),XH Me OH 11.0 1.04
41 (CH,),YNH, Me OH 71.9 1.86
42 (CH»);YNH, Me OH 58.2 1.76
43 (CH,),YNH, Me OH 58.0 1.76
44 (CH,)sYNH, Me OH 45.1 1.65
45 (CH,)sYNH, Me OH 14.2 1.15
46 [(CH,),0](CH,),XH Me OH 39.0 1.59
47 [(CH,),0],(CH,),XH Me OH 38.0 1.58
48 [(CH,),0]5(CH,),XH Me OH 42.0 1.62
49 [(CH,),0]5(CH,),ZH Me OH 40.0 1.60
50 [(CH,),014(CH,),XH Me OH 37.0 1.57
51 (CH,),XCH,CH(OH)CH,OH Me OH 45.0 1.65
52 (CH,);XCH,CH(OH)CH,OH Me OH 40.0 1.60
53 (CH,)4XCH,CH(OH)CH,OH Me OH 21.0 1.32
54 (CH,)sXCH,CH(OH)CH,OH Me OH 41.0 1.61
55 (CH,)XCH,CH(OH)CH,OH Me OH 32.0 1.51
56 (CH,);XCH,CH(OH)CH,OH Me OH 13.0 1.11

#The values are given in % relative to that of Thd, which is set at 100%. PRs of compounds 30-31,% 32-33,% and 34-56° were obtained from the

literature as indicated. Molecules 36, 39, 44, 49, and 54 were used as test set structures.

Table 3. Summary of COMFA and CoMSIA results for various models

CoMFA  CoMSIA CoMSIA CoMSIA CoMSIA CoMSIA CoMSIA CoMSIA CoMSIA CoMSIA
(SE) (SEH) (SEA) (SEHD) (ALL) (SEDA) (SED) (SEHA) (FINAL)

Components: 6 2 2 6 2 6 13 2 6 11
7 0.576 0.341 0.421 0.426 0.404 0.518 0.637 0.349 0. 468 0.622
” 0.922 0.491 0.547 0.878 0.590 0.922 0.988 0.548 0.908 0.983
SEE 0.333 0.814 0.768 0.418 0.731 0.333 0.145 0.767 0.363 0.165
F 79.3 21.2 26.6 48.1 31.7 79.3 206.0 26.7 65.6 187.5
Field contributions(%)
S 0.631 0.409 0.253 0.243 0.175 0.126 0.157 0.262 0.181 0.155
E 0.369 0.591 0.362 0.517 0.259 0.215 0.335 .381 0.317 0.322
H 0.385 0.300 0.242 0.318
D 0.266 0.257 0.340 0.357 0.349
A 0.240 0.161 0.168 0.184 0.174

qz, squared cross-validated coefficient; ",

squared conventional coefficient; SEE, standard error of estimate; F, F-test value; S, E, H, A, D, denote

steric, electrostatic, hydrophobic, as well as hydrogen-bond acceptor and donor fields, respectively; ALL denotes the combination of all fields.

proportionally with small perturbations. Results of the
progressive scrambling applied to the chosen SEDA
model are presented in Table 4. All SEDA models with

components 9-14 showed slopes near unity. However,
based on the highest ¢* (0.386) and the optimal cSDEP
(1.000), the model with 11 components was chosen as
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Table 4. Results of progressive scrambling of CoMSIA models

Components 1 10 11 12 13 14

7 0.364 0.378 0.386 0.385 0.374 0.353
cSDEP 0.989 0.992 1.000 1.015 1.039 1.072
dqz//dr;f},, 0.944 1.001 1.012 0993 0984 1.001

4%, predictivity at the critical point (set to 0.88); cSDEP, standard error
of prediction at the critical point; dg® / dr,, sensitivity to perturbation.

the final CoMSIA model. It is noteworthy that the mod-
el with 12 components produced comparable data for ¢
(0.385) and ¢SDEP (1.015).

The scatter plot of experimental versus predicted
log(PR)s for the final COMSIA model is presented in
Figure 1. The predicted Alog(PR) for the training set
molecules were within 0.3 log units, except for com-
pounds 11 and 17 (see supplementary data). The predict-
ed Alog(PR) for the test set compounds were also within
0.3 log units, except for the compound 28 (Table 5).
However, the experimentally determined PR of 28 was
2.0, while the predicted PR was 0.10. Thus, the poor
hTK1 substrate characteristic of this compound was still
accurately predicted. Experimental and predicted PRs
for all the compounds are reported in the supplementary
data. PRs were calculated from the log(PR)s in order to
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Figure 1. Experimental versus predicted log(PR)s of compounds in the
training set and the test set for the CoMSIA model.

A. K. Bandyopadhyaya et al. | Bioorg. Med. Chem. 14 (2006) 69246932

better correlate the numbers with the actual experimen-
tal PRs. The scatter plot of experimental versus predict-
ed log(PR)s shows higher linearity for the CoMSIA
model compared to the abandoned CoMFA model. This
result was expected based on the alignment-independent
nature of CoMSIA 333

2.4. CoMSIA contour maps

Figure 2A shows the steric contour maps for the CoM-
SIA with dUrd (10) as a reference structure. A small ste-
rically favorable green contour combined with a
significantly larger yellow contour near C-5 indicates
that substituents at this position should not exceed sig-
nificantly the size of the methyl group in Thd (13). Con-
sequently, compounds 13, 15, and 26 with methyl,
bromo and fluoro substitution at C-5 have PRs higher
than dUrd (10), while compounds with ethyl (12),
bromovinyl (17), chloroethyl (18), and o-carboranyl
(32, 33) substituents at C-5 have lower PRs than 13
(Thd). The 3-benzyl group of 5 and the 3-butyl group
of 4 correspond with the sterically favorable green con-
tour near the N-3 position of the pyrimidine ring imply-
ing that these substitutions are favored compared with
the 3-Me (1), 3-Et (2), and the 3-'Pr (27) groups. The
large yellow contour in the vicinity of the 3’-position
of the deoxyribose sugar suggests that any bulky substi-
tution at this location results in deteriorated PRs as can
be seen by the low PRs of compounds 21, 22, 30, and 31.
A small yellow sterically disfavorable contour is seen at
a distance of approximately four C—C bonds from N-3.
This may indicate that a certain steric orientation of
carboranyl substituents in 3CTAs is important for their
biological activities as demonstrated by the low PRs of
37 and 43, in which cases carborane clusters and yellow
isopleth overlap.

The electrostatic contours Figure 2B generated by CoM-
SIA indicate that small electronegative groups are
favored near C-5 of pyrimidine ring (red contour), as
demonstrated by relatively high PRs for compounds
with fluorine (26) and bromine (15) at this position. A
large blue contour near N-3 indicates that the most
favorable substituent at that position should be a hydro-
gen atom while any other type of substitution may lead
to decreased biological activity. In this context, it should
be noted that the biological activities of 3CTAs are
remarkable, but they do, of course, not compare with
that of endogenous Thd. Blue (two) and red (one) con-

Table 5. Experimental versus predicted PR values of the test set molecules

Compound Experimental data Predicted CoMFA data Predicted CoMSIA data
PR log(PR) log(PR) Calcd PR Alog(PR) APR log(PR) Calcd PR Alog(PR) APR

18 5.00 0.70 0.69 4.84 0.01 0.16 0.70 5.06 —0.01 —0.06
24 69.60 1.84 1.54 34.44 0.31 35.16 1.79 61.21 0.06 8.39
27 1.00 0.00 1.31 20.24 —-0.31 -19.24 —0.01 0.98 0. 01 0.02
28 2.00 0.30 0.03 1.06 0.28 0.94 —1.01 0.10 1.31 1.90
36 30.00 1.48 1.83 67.96 —0.36 —38.00 1.55 35. 62 —0.08 —5.62
39 28.00 1.45 1.16 14.28 0.29 13.72 1.17 14.89 0.27 13.11
44 45.10 1.65 1.61 40.47 0.05 4.63 1.72 53.03 —0.07 —7.93
49 40.00 1.60 1.59 38.65 0.02 1.35 1.57 37.40 0.03 2.60
54 41.00 1.61 1.61 40.26 0.01 0.74 1.67 46.63 —0.06 —5.63
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Figure 2. CoMSIA StDev x Coeff contour plots for steric (A), electrostatic (B), H-bond donor (C), and H-bond acceptor (D) fields with 10 (dUrd) as
the reference. (A) Sterically favored and disfavored areas are in green and yellow. (B) Positive charge favored and disfavored areas are in blue and
red. (C) Favored and disfavored H-bond donor regions are in cyan and purple. (D) Favored and disfavored H-bond acceptor regions are in magenta

and red.

tours were observed at a distance of four to six C—C
bonds from the N-3 position. Boron atoms as well as
the carbon atoms of the carborane cage have negative
or close to zero AMI1 charges, and therefore, the carbo-
rane cage as a whole has a slightly electronegative char-
acter. The two blue contours are seen within the
dimensions of the carborane cages of compounds 34,
37, 40, and 53. Thus, they have low PRs as 10.0, 13.0,
11.0, and 21.0, respectively. The red contour coincides
with the carborane cages of 38 and 46, both having high-
er PRs than the former 3CTAs. Among the 3CTAs with
amino-substituted m-carborane (41-45), the analysis of
the contour maps was based on the observation that
the amino group has an electron withdrawing effect on
the entire cage structure increasing its electropositivity
compared with unsubstituted carboranes. This observa-
tion is supported by the AM1 charges of these molecules
as well additional ab initio (3-21 G basis set) calcula-
tions on parental m-carboranyl 3CTAs with unaltered
boron atom types (data not shown). Therefore, in the
case of 43 the blue contour inside the amino carborane
cage corresponds with higher activity compared with
other 3CTAs having a butylene spacer (37, 50, and 53)
The red contour is located outside of the carborane cage
42 in very close proximity to the amino group, indicat-
ing that electronegative substituents are favored at this
position. The presence of a red contour within the ribose
portion indicates the importance of the 2’-deoxy posi-
tion for the activity. A blue contour surrounding the
red contour at the 2’-position covers both the o (ribose)
and B (arabinose) faces of the carbohydrate portion,
which indicates that 2’-hydroxy substitution is detrimen-

tal for any biological activity. This finding is substanti-
ated by low PRs of 11, 14, 16, 20, and 23 in which the
2'-position is substituted with electronegative groups
(fluorine or hydroxyl). In the case of compound 29,
the electron cloud of its olefinic carbons occupies the
space covered by the blue contour hence explaining
the inactivity of this compound. For the 3’-azido com-
pounds 7 and 8 it was observed that the quaternary
nitrogen of the azido group was perfectly aligned with
the small blue contour present in this area. However,
when there was an additional methylene group between
the 3’-carbon and the azido group (compound 9), the
tertiary electronegative nitrogen coincided with the blue
contour explaining its relatively low activity.

CoMSIA also revealed that the contributions from H-
bond donor fields (34.9%) and electrostatic fields
(32.2%) are equally important. COMSIA contour maps
for the H-bond donor field are shown in Figure 2C.
The purple contours near the C-5 position of the pyrim-
idine ring indicate that hydrogen-bond donor groups
should not be present near C-5, which explains the very
low activity of compound 19 with amino group at C-5.
Hydrogen-bond donor groups are favored near the 3’-
position emphasizing the importance of an unsubstitut-
ed hydroxyl function at this position. A large favored
cyan isopleth was observed near the hydrogen bound
to N-3, which explains the high activity of Thd (13)
compared with its N-3-substituted analogues. Com-
pound 6, having two OH groups in the close proximity
to the large purple region, has lower activity compared
with other non-boronated N-3-substituted Thds.
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The contribution of the acceptor field (17.4%) is slightly
higher than that of the steric field (15.5%). However, the
combined contribution from both fields is significantly
lower than the combined contribution from electrostatic
and hydrogen-bond donor fields. The CoMSIA contour
map of the H-bond acceptor field Figure 2D revealed
the importance of two carbonyl oxygens at the pyrimi-
dine rings for all molecules, as documented by two large
favored magenta isopleths in their vicinity. Interestingly,
the 3’-OH group is flanked by two red contours. Since
the OH group can act both as a H-bond donor as well
as an acceptor, one of the red contours may indicate in-
creased activity, whereas the second may predict the
opposite. Nevertheless, the activity of the compounds
bearing a hydroxyl group at 3’-position seems to be
mainly governed by electrostatic and H-bond donor
fields. Another favorable magenta region may have been
generated around N-1 indicating the capacity of this
atom to function as a H-bond acceptor.

3. Conclusions

To the best of our knowledge, we have described in this
paper for the first time the use of standard computation-
al 3D-QSAR techniques for boron-containing com-
pounds. The derived CoMSIA model showed
predictive capabilities and a high level of internal consis-
tency. Contour maps obtained from CoMSIA model
correlated with the experimentally developed SAR.
With some additional refinement, the obtained model
may be utilized for the development of improved 3CTAs
for BNCT. X-ray crystal structures of hTK1 have be-
come available in recent years.'!'> However, routine
structure-based computational design techniques that
allow calculations with molecules containing hexavalent
boron atoms and that account for conformational
changes of nucleoside kinases are not yet available. Such
techniques could lead to an effective in silico structure-
based design of 3CTAs with superior biological proper-
ties than those of the currently available library. Until
this time, the novel boron-specific 3D-QSAR analysis
described in this paper provides a useful alternative for
the in silico design of carborane containing agents in
general and of novel improved 3CTAs in particular.

4. Materials and methods
4.1. Biological data

The PRs of hTK1 substrates 1-56 (Tables 1 and 2) were
reported previously>?+3%40 and are expressed relative to
the PR value of the endogenous hTK1 substrate Thd.
All compounds are derivatives of Thd or dUrd in B-D-
configuration with the base in anti conformation.

4.2. Molecular modeling

Three-dimensional QSAR studies were carried out on a
SGI O, workstation using Sybyl 7.1 molecular modeling
software (Tripos Inc., St. Louis, MO). Although the ‘B’
atom type is recognized by the 7.1 release of Sybyl, ener-

gy minimization of carborane-containing compounds,
containing hexavalent boron atoms, cannot be per-
formed using the Tripos Force Field implemented in
Sybyl 7.1 with the hardware system indicated above.!'*!¢
Therefore, the energy minimizations of compounds 1-56
were initially performed with a Dell Inspiron 4100 using
Hyperchem release 7.5 (Hypercube, Inc., Gainesville,
FL) according to the following protocol: (1) The struc-
tures of o0-, m-, and p-carborane were pre-minimized

using the semi-empirical AM1 method to an energy gra-
dient of 0.005kcalmol 'A~" as described previous-
ly.!>16 (2) A structure of Thd was pre-minimized using
the MMplus module to an energy gradient of
0.005 kcalmol ' A~!. (3) Non-boronated structures (1—
29) were constructed from the pre-minimized Thd. (4)
Carboranyl nucleosides (30-56) were constructed by
adding appropriate spacer units between pre-minimized
Thd and the pre-minimized carboranes. (5) Molecules 1-
56 were minimized by the MMplus method using Polak-
Ribiere algorrthm until an energy gradient of
0.03 kecalmol ' A~! was reached. (6) Atomic point
charges were calculated using the semi-empirical AMI1
method.

Subsequent to this protocol, the energy-minimized
structures with AM1 charges were saved as Sybyl-read-
able mol2 files and imported into Sybyl. The atom type
assignments were then changed to the Sybyl compatible
format by using the Built/Edit option. In addition to
problems with the energy minimization of carborane-
containing compounds, the generation of hydrophobic
descriptors for COMSIA studies (Section 4.5) with com-
pounds containing a ‘B’ atom type was also not possible
with Sybyl 7.1. Therefore, all compounds were specifi-
cally formatted for the CoMFA and CoMSIA studies
by changing the ‘B’ atom type to ‘C.3’ as described
previously by us for the preparation of carboranyl
estradiol derivatives in structure-based computational
studies.!>16

4.3. Alignment rules and 3D molecular database

A database was created with all energy-minimized mol-
ecules, which were aligned using the ‘align database’ op-
tion of Sybyl using Thd (13, Table 1) as the template.
The atoms used for the alignments are indicated by
asterisks in the drawing of the generalized molecule in
Table 1. The molecules were aligned based on the
assumption that they all interact with the substrate-
binding site of h'TK1 in the same manner.

4.4. CoMFA

The aligned molecules were placed in a three-dimension-
al grid (2 A spacing) automatically generated by Sybyl
extending 4 A beyond the volumes of all investigated
molecules on all axes. For CoMFA, Lennard-Jones
potentials and Coulomb potentials were employed to
calculate the CoMFA steric and electrostatic interaction
fields, respectively At each grid point the steric- and
electrostatic energies were measured for each molecule
using the default probe atom, sp> carbon, with a charge
of +1. The default cutoff values for steric and electro-
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static energies were both set to 30 kcalmol_; and the
dielectric field was distance dependent. CoMFA uses
partial least squares (PLS) to predict activity of the mol-
ecules from the energy values at the grid points.

4.5. CoMSIA

The molecular alignment was placed in a three-dimen-
sional grid (2 A spacing) as described for the CoMFA.
CoMSIA differs from CoMFA in the implementation
of the descriptor fields. It calculates steric and electro-
static fields in addition to hydrophobic, hydrogen-bond
donor and hydrogen-bond acceptor fields, and uses
Gaussian equations for the field calculations. In the
CoMSIA, the following standard parameters for the
probe atom were used: a radius of 1 A, a charge of
+1, hydrophobicity of +1, and hydrogen-bond donor
or acceptor properties of +1. A default value of 0.3
was used as the attenuation factor, a. Five columns were
created with steric, electrostatic, hydrophobic, and
hydrogen bond donor and acceptor descriptors.

4.6. Design of the training and the test sets

The prediction of biological data based on statistical
methods depends on a proper design of the training
set and the test set. The structure and all relevant prop-
erties of the compounds in the test set should be similar
to those in the training set. Structures having similar
molecular geometries and functionalities are expected
to have similarities in their relevant properties. The
training set of both CoOMFA and CoMSIA models con-
sisted of the same 47 molecules. Nine molecules were
intuitively chosen as the test set in both models. Several
molecules in Tables 1 and 2 have similar structural fea-
tures. In order to achieve maximum compatibilities be-
tween the training set and the test set molecules,
selection criteria for the latter were representative struc-
tural features (e.g., 5-substituted deoxyuridines, non-
boronated N3-substituted Thd, 3-CTAs with single
substitution at carborane cluster, and 3CTAs with sub-
stitution at both carbons of the carborane cluster). In
addition test set molecules with moderately high to very
low PR values were selected.

4.7. PLS analysis and validations

The CoMFA and CoMSIA descriptors were used as
independent variables and log(PR)s were used as the
dependent variables in the partial least square (PLS)
regression analyses to derive 3D-QSAR models. The
PLS analysis was carried out using the cross-validated
‘Leave-One-Out’ option and SAMPLS (SAMple dis-
tance PLS) to determine the optimum number of com-
ponents used in the final non-cross-validated analysis.
The number of components used was not larger than
1/3 of the number of rows in the training set. The opti-
mum number of components produces the smallest root
mean predictive sum of squared errors, which corre-
sponds to the highest cross-validated coefficient (¢%).
Non-cross-validated analyses were then performed using
the optimum number of components. Further, the pro-
gressive scrambling technique was invoked to eliminate

any redundancies in the descriptor data set and the final
CoMSIA model was developed based on the optimized
number of components.
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