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Abstract: Guanidinothiazolecarboxamides (GTCs) are a class of anti-tumor agents
supposed to exert their anti-tumor activity through intercalation. The intercalation
of GTCs with DNA duplex tetramer d(GCTA) was investigated  using molecular
mechanics methods. The results showed that GTCs intercalate favourably at the
CG/TA step. Two quantitative structure activity relationships (QSAR) for 5 and 6
substituted GTCs were obtained using theoretically calculated molecular descriptors.
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INTRODUCTION

Cancer is one of the most formidable diseases in the world. Lung cancer, in particular,
has increased rapidly in incidence, due in part to the long-term effects of air pollution,
especially that from tobacco. All structure-activity relationships made so far on
anti-tumor drugs have primarily established that the main cellular target of these
drugs is DNA. The anti-tumor drugs that directly bind with DNA and stop its
proliferation mainly involve three types of binding®: 1) covalent bond formation 2)
intercalation and 3) non-intercalation groove binding.

Guanidinothiazolecarboxamides (GTCs), (Figure 1), are a novel class of
anti-tumor agents found to be systemically active against experimental pulmonary
metastases 3LL Lewis Lung Carcinoma.?® The GTCs are supposed to exert their
anti-tumor effects through intercalation.! It has been generally observed that fused
ring aromatic compounds bind most strongly to DNA as an intercalation complex .4*

The widely studied intercalators are the derivatives of 9—ani1inoavcridine,‘9-b
aminoacridine and the analogues of anthracycline.® There are no detailed
experimental or theoretical results available in literature on the favourable binding
.sites of GTCs to DNA. The major objectives of this research project are 1) to find
favourable binding sites of GTC to DNA and 2) to explore whether there exists a
cortelation between biological activity of GTCs and their calculated ele¢tronic and
structural properties. The concept of quantitative structure activity relationship
(QSAR) is to transform searches for compounds with desired properties using
chemical intuition and experience into a mathematically quantified and
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-computerised form. The importance of this later objective is that once a correlation
between structure and activity is found, any number of compounds, including those
not yet synthesized, can be readily screened on the computer in order to select .
structures with the desired properties. It is then possible to select the most promising
compounds to synthesize and test in the laboratory.

To obtain a significant correlation, it is crucial that appropriate descriptors
be employed, whether they are theoretical, empirical or derived from readily available
experimental characteristics of the structure. Many descriptors reflect simple
molecular properties and can thus provide insight into the physicochemical nature
of the activity under consideration. Recent progress in computer hardware and the
development of efficient algorithms have assisted the routine development of
molecular quantum mechanical calculations. New semi-empirical methods supply
realistic quantum chemical molecular properties in a relatively short computational
time frame using even a personal computer. Quantum chemical calculations are
thus an attractive source of new molecular descriptors, which can, in principle,
express. all of the electronic and geometric properties of molecules and their
interactions. The quantum chemical descriptors have been correlated with biological
activities such as enzyme inhibition activity, hallucinogenic activity, etc.”? In using
theoretically based descriptors with a series of related compounds, the computational
error is considered to be approximately constant throughout the series. A basic
weakness of theoretical descriptors is the failure to directly address the bulk effects.™

In this study, semi-empirical quantum chemical and molecular mechanics
methods were used to obtain molecular descriptors of free drug molecules. The
favourable intercalating sites for drug molecules were 1nvest1gated by using the
molecular mechanics methods.

METHODS AND MATERIALS
Computational Methods

Calculation of Malecular Descriptors: Initial atomic coordinates of all GTC molecules
investigated in this study were obtained from the X-ray crystal structure of 5F-
GTC.? All structures were first energy minimised in the gas phase within molecular
mechanics (MM) using the MMX force field"’ and the resulting structures were
further optimised by the semi-empirical quantum chemical method PM3. The
calculations were performed using PCMODEL" and MOPAC version 5 software

" packages. Finally, the gas phase optimised structures were re-optimised in the
aqueous phase with the PM3 method using the AMSOL package. LogP (partition
coefficient between octanol and water) was calculated by the Crippen’s
fragmentation® usmg the CHEMDRAW?!® program.
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Intercalation of GTC with DNA: In order to determine the favourable intercalating
site for GTC, three DNA base steps CG/TA, GC/CG and TA/AT ‘were considered.
GTC was intercalated using the PCMODEL software into DNA tetramer d(GCTA),
having the above base steps. The DNA tetramer was constructed using the X-ray

crystal structure of d(CGCTAGCG),."”® The intercalated GTC-DNA complexes, DNA -

tetramer and GTCs were energy minimised using the MMX force field. The binding
energy (BE) of the GTC-DNA complex was calculated using the following equation.
BE = E;ronma ' Eona - Epna

where E_, is the energy of the DNA fragment, E;qc is the energy of GTC and
Eropna 1S the energy of the GTC-DNA complex.

Multiple linear regression analysis
A QSAR generally takes the form of a linear equation
Biological Activity = C P, + C.P, + C.P, + .......... +C P + Constant

Where the parameters P, through P_ are computed for each molecule in the
series and coefficients C, through C_ are calculated by fitting variations in the
~ parameters and the biological activity using multiple linear regressions.

RESULTS

The wireframe model of the energy minimised structure of 5F-GTC in the gas phase
using the PM3 method is shown in Figure 1. The calculated gas phase and aqueous
phase molecular properties of 5 and 6 substituted GTCs using the PM3 and MM
methods are given in Tables 1 and 2 respectively. Energies of the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) are
very popular quantum chemical descriptors. In Tables1 and 2, the ionisation energy
‘(IE) is calculated as the negative value of the energy of the HOMO. The polarity of
a molecule is well known to be important for various physicochemical properties.
The most obvious and most often used quantity to describe the polarity is the dipole
moment of the molecule. The total dipole moment given in Tables 1 and 2, however,
reflects only the global polarity of a molecule. Formation of an intra-molecular
hydrogen bond between N19 and H29 atoms was observed in the PM3 optimised
structures. The intra-molecular hydrogen bond distance, N19-H29 for 5 and 6
substituted GTCs is given in Table 1. Since the intra-molecular hydrogen bond
‘stabilises the molecule, we have considered thls hydrogen bond distance as a
descriptor in QSAR analysis.
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Table 1: Calculated gas phase molecular properties of 5 and 6-substituted
. GTCs

Substitute HF* IE E, ot DM!  BEc  N19-H29f
H ‘ 77.501  8.8323 -1.14285 4.478 -20.427 2.301
6NO, 68.889 9.19877  -1.58966 9.29 -24.296 2.312
6Cl 71.127 8.81791 -1.19482 4709  -25.251 1.981
6F ' v35>.169 8.90049 -1.17719 5.528 -22.811 1.959
6CN 113.072 9.07093 -1.32352 6.96 . -25.113 1.995
6CH, - 68.158 8.71981 112994  4.39 -23.897 2.3
6C(Me), 54.564 8.75473 -1.13105 4.124 -27.541 1.975
6CH(Me), 59.679 8.7606 -1.09833 4.63 -25.897 1.955
6(CH),Me 58.367 8.72227 -1.12942 4417  -27.189 2.3
60CH, 40.695 8.82623 -1.07413 3.608  -22.711 2.292
60CH,Me 35.554 8.56368 -1.12076 5207  -23.518 1973
60(CH,,Me 24901 -  8.56608 -1.12116 5.187 -24.924 1.973
6SCH, ~  77.687  8.36986 ~ -1.16525 6.039 -25.434 2.302
6CH,CH, 63.656 8.76854 -1.13713 - ; -
H ’ 77.501 8.8323 -1.14285 4478 20427  2.301
5F 34.943 8.92754 -1.17969 4.161 -22.562 1.961
5NO, 69.432 9.14921 -1.38451 5.914 -24.347 2.311
50CHMe, 29.369 8.7678 ~  -1.11614 . 5.294 -19.36  1.953
5Ph 101.884 8.74029 - -1.15321 4.315 -15.187 1.976
50H 33.219 8.79874 -1.10775 3.799  -27.949 1959
5SCH, 78.513 8.506 -1.11925 3.423 - -
50CH,Me 34453  8.76 -1.11244 5.718 - -

* heat of formation in kcal, ® ionisation energy in eV, © energy of lowest unoccupied molecular orbital in
eV, ¢ dipole moment in debye, ¢ binding energy in kcal/mol, { intramolecular hydrogen bond distance
between N19 and H29 in A : .
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Figure 1: The gas phase energy minimised structure of 5F-GTC using the
PM3 semi-empirical method.
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Table 2: Calculated aqueous phase molecular properties of 5 and 6 substituted
GTCs

Substitute ~ HFe IE? E o ~ DMé AG®  AGf  AGs
H 84583 890395 -1.40843 0.168 21636 -7.925 -22.478
6NO, 80.052 86913 -1.96046 14.315 -27.24  -4.928 -21.005
6Cl 81586  8.67251 -1.43132  10.985 -22.269  -8.064 -19.874
6F 43.243  8.85686 -1.48393  9.879 -23.724 -8.144 -23.794
6CN 124.399 867571 -1.56658 12.789 -25.608 -6.954 -21.235
6CH, 75.216  8.89917 -1.40201 9.066 -21.456 -7.601  -22

6C(Me),  63.481 | 8.96722  -1.34862 9.953  -24.825 -7.742 -23.649
6CH(Me), 67984 8.96637 -1.35681 9913 -24.883 - -7.911 -24.489
. 6(CH,),Me - 65.129  8.90093  -1.40379 9.148  -21.023 -7.177 -21.438
' 60CH, 45.598 - 8.99654  -1.33209 9.56 -25.486 - -9.471 -« -27.054
60CH,Me 47877 862956 -1.31303 12.835 -26.347  -7.539 -21.563
60(CH,),Me 36.769 8;65395' -1.32651  12.587  -25.48 -7.259  -20.871

6SCH, 90.052  8.66478 -1.51847 11.786 -24.089  -8.748 -20.472
H 84.583 8.904 -1.408 9.606 -21.636 -7.925 -22.478
5F . 44.269  8.88025 -1.48413 1001 -24.981 -8.179 . -23.834
S5NO, 80.162  8.69291 = -1.66349 7.762  -26.572  -4.917 -20.759
50CHMe, 38.185  8.92169 -1.38843 11.34  -25.406 ~ -8.737 -25.328
5Ph © 108.545 8.89206  -1.42395 9.248  -22.277 -8.236 -23.852
50H : 44.203 891 -1.364 10.291 -30.017 -11.18 -30.214
5SCH, 90.219  8.66464 -1.42156 10.213 -23.978  -8.749 -21.021

50CH,Me 43.319  8.89012 -1.3748 9.557 -26.378 -8.806 -26.318

* heat of formation in kcal/mol; ® ionisation energy in eV:; © energy of lowest unoccupied molecular orbital
in eV; ¢ dipole moment in deby; ¢ polarisation free energy of solvation in kcal/mol; f cavity-dispersion-
solvent structure free energy in kcal/mol; ¢ total free energy of solvation in kcal/mol

The binding energies for some 5 and 6 substituted GTCs intercalated into
DNA tetramer d(GCTA)? are tabulated in Table 3. Among the three base pair steps
(GC/CG, CG/TA and TA/AT) investigated in this study, the results showed that GTC
intercalates more favourably at the CG/TA step. The energy minimised structures
of the DNA tetramer d(GCTA), and the 6F-GTC-d(GCTA), complex at the CG/TA
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step using the force field MMX are shown in Figure 2A and 2B respectively. As
suggested by the hydrogen bond distances reported in Table 4, the Watson-Crick
base pairing was maintained upon intercalation. However, because base pairs must
separate vertically to allow intercalation, the sugar-phosphate is destroyed. As seen
in Figure 2B, the average separation in the CG/TA base step was increased from
3.5-3.8 A to 6-8 A. However, the separation of the other two base steps remained
unchanged. The present results showed significant structural changes in the DNA
helical structure upon intercalation of GTCs. The results given in Tables 5 and 6
showed that the torsional angles of the phosphate backbone (a,B,3,¢, § and %) and
sugar (v,v,,v,,v, and v) change significantly. The definition of these torsion angles
is shown in Figure 3. In addition to the observed structural changes in DNA upon
intercalation, a small change in the planarity of the GTC molecule has also been
observed. For example, the dihedral angles C12C11N10C2, N10C2S51C5 and
C2S81C5C6 have been changed from 180° to 175°, 172° and 175° respectively.

Table 3: Binding energies in kcal/mol for 5 and 6 substituted GTC analogues
intercalated into DNA tetramer d(GCTA),

Substitute ‘ ' Base step
CG/TA GC/CG TA/AT

5F -18.7 9.2 7.2
50H -14.4 ' 3.0 - 82
50CH,CH, -12.6 4.5 -3.3
50CH(CH,), -13.9 0.9 :2.8
50(CH,),CH, -20.4 -5.0 -3.7
H 2.8 45 5.5
6F | | 124 14.7 8.4
6CH, -17.2 1.2 ‘11.6
6CH,CH, -11.4 7.2 1.4
60CH, 18 - -16 -39
60CH,CH, -16.6 0.8 3.3
6C(CH,), , 21.1 0.6 -14.1

6CH(CH), = - 21.1 2.8 3.0
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Figure 2: Energy minimised structures using MMX force field. (A) d(GCTA),
and (B) 6F-GTC-d(GCTA), complex. DNA is in wireframe and 6F-GTC is in
ball and stick form. Hydrogen atoms are omitted. :

Table 4: Hydrogen bond distances of GC and AT base pairs in d(GCTA),
and 6F-GTC intercalated into d(GCTA),.

Base pair H bond?* H bond distance/ A
d(GCTA), Intercalated
d(GCTA),
GC . N,-O, 3.09 2.84
N-N, 3.02 2.81
O,-N, 291 _ 2.85
CG . N,-O, | 2.86 S 2.79
N-N, 3.09 2.77
O,N, 3.15 2.83
TA N,-N, 2.90 2.73
N,-O, 3.13 2.85
N,-N, 3.17 2.76
NG-O; 3:28 2.84

®* Atom numbering schéme for GC and AT base pairs is shown in Figure 3
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Figure 3: Atomic numbering schemes for DNA base pairs (GC and AT) and
phosphate sugar backbone.

Table 5: Phosphate backbone torsion angles in degrees of d(GCTA), and
6F-GTC intercalated into d(GCTA),.

Base step Torsion angles® in degrees
5->3
Strand 1 o B y ) € g X
d(GCTA), GC -78.2 176.5 63.1 934 -1754 -82.9 -138.4
CT -68.1 179.8 59.7 162.2 -985 1699 -89.0
TA -66.9 158.7 376 1474 - - -79.1
Intercalated GC -62.6 164.9 61.7 99.4 -1534 -104.6 138.6
d(GCTA), CT -78.8 -157.3 55.8 1‘26.6 -82.1 1549 -63.5
TA -81.9 120 . 57.2 132.0 - - -
Strand 2
d(GCTA), TA -74.6 146.3 486 1426 -160.4 -110.5 -92.3
AC -52.7 146.5 449 1406 -117.1 1747 -82.6
GC . -65.0 1386 48.9 130.8 -108.0 - -
Intercalated TA -69.0 1228 56.0 127.0 -157.5 -123.0 -75.6
d(GCTA), AC -60.1  175.6 616 1404 -63.7 1346 -745

GC -100.1 1479 56.0 116.1 -134.6 - -

* The phosphate backbone torsion angles are defined below using the atom labels and numbering scheme
shown in Figure 3. o - 0,-P-O,"-C/, § - P-0,/-C/-C,y - 05'-C,-C,-C/, § - C/-C,-C,-0,', € - C,-C,-0,-P, {
- C,-0,-P-Oy, x- 0,-C,"-N,-C, (purines), O,'-C,-N,-C, (pyrimidines) ’
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Table 6: Sugar torsion anglés in degrees of d(GCTA), and 6F-GTC
intercalated into d(GCTA), )

Base step Torsion angles® in degrees
533
Strand 1 \'A v, Vy A Vo
d(GCTA), GC 7.2 10.9 -25.2 30.8 -24.0
CT '37.0 -38.8 28.2 53 - -19.9
TA 24.3 -33.5 30.5 ~-15.5 -6.0
Intercalated GC 246 -2.6 -20.2 37.2 -38.9
d(GCTA), CT 424 -27.7 4.5 23.3 -41.4
TA 41.1 -28.8 8.1 18.4 -37.8
_ Strand 2 7 ‘
d(GCTA), TA 275  -32.7 27.2 -10.3 . -10.7
AC 44.6 -36.6 14.8 14.3 -37.8
GC 39.8 -34.5 16.3 8.9 -30.9
Intercalated TA 38.6 -25.4 4.8 20.2 -37.2
d(GCTA), AC 45.5 -35.5 15.6 - 134 -37.5
GC 37.8 -19.3 5.1 55.7 -43.1
®The sugar torsion angles are defined below .using the atom labels and numbering scheme shown in
Figure 3.v, - 0,-C,-C,-C,, v, - C,-C,-C,-C,’, v, - C,-C,-C,-0,", v, - C;-C,-0,-C,\, v, - C,-0,-C,'-C;
0.45
§ 04 - .._0((}11))&{’ & -C(CH,),
& 035 1 -a N
S 031 * *-No,
S
g 0.25 -
® 02 o’ o cHccHy),
T 0.15 A o
3 01 B * <(CH,),CH,
?} 4 -ocH ol :
0.05 4 3 o -OCH,CH,
0 —r = P . T r .
0 v 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 ‘
o N cjbservedbg[lOO/(lOO-ILS)] '

Figure 4: QSAR correlation using equatmn 1 with thlrteen 6- substltuted
GTC analogues o :
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Figure 5: QSAR correlation using equation 2 with eight 5-substituted GTC
analogues

Table 7: Calculated and observed efficacy for thirteen 6-substituted GTC
analogues

log [100/(100-ILS)]*®

Compound Substitute VE imo LogP | observed® calculated
1 6NO, -0.62907 -0.71 - 0.3161 0.356437
2 6Cl -0.83695 0.55 | 0.3768 0.248189
3 6F o -0.84948 0.15 ‘ 0.2132 0.166932

4 6CN -0.75556 0.03 0.3279 7 0.286374
5 6CH, -0.885 0.48 0.2027 - 0.166442
6 6C(Me), -0.88413 1.7 0.4089 0.359266
7 6CH(Me), - -0.91047 1.23 0.208 ~0.246694
8 6(CH,),Me -0.88541 132  0.105 0.297725
9 60(CH,), -0.89193 1.11 0.387 - 0.25515
10 6SCH, -0.85818 0.44 0.128 0.199647
11 H -0.87501 0 ~ 0.0706 0.1058
12 60CH, -0.93099 0.13 0.0339 0.002966
13 60CH,Me -0.89225 0.21 0.0269 0.113378

*taken from reference 2

Initially, numerous sets of regression analyses were performed on the singly
substituted GTC analogues using theoretically calculated parameters. In all
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regression analyses, the probit transformation®® of biological response (ILS) defined
as log [100/(100-ILS)] has been used as the dependent variable. For example, an
analysis using thirteen 6-substituted GTC analogues, see Table 7, resulted in -
equation (1)

log[100/(100-ILS)] = 1.472(1/E

LUMO

) +0.157log P + 1.394......cooevrnnnn, (1)

where 57% of the variance (R?=0.57) in the survival data was accounted for
by an equation incorporating the energy of the lowest unoccupied molecular orbital
E, yumo and the partition coefficient between octanol and water Log P. Figure 4 shows.

the correlation graphically of the observed versus calculated log [100/(100 ILS)]*
values for 6-substituted analogues.

A regression analysis on the set of 5-substituted GTC analogues (Table 8)

incorporating 1/E,,, and Log P led to equation 2 that accounted for less of the

HOMO

log[100/((100-ILS)] = 57(VE )+ 0.02log P + 6.65.......ccccouiriiniinnnnn. (2)

variance (i.e., R?2=0.52) in the observed efficacy data. Figure 5 shows the correlation
between the observed and calculated log [100/(100-ILS)]*° values.

Table 8: Calculated and observed efficacy for eight 5-substituted GTC
analogues.

Compound Substitute 1/E Log P log [100/(100-ILS)]*®

HOMO

observed® calculated
1 5F -0.11201 0.15 0.4895 _ 0.264249
2 5NO, -0.1093 -0.71 0.3665 0.399012
3 50CHMe, -0.11405 - 0.43 0.1135 0.154376
4 5Ph | -0.11441 1.67 0.0862 0.162766
5 50H -0.11365 -0.39 0.0458 0.158162
6 5SCH3 -0.11756 | 0.44 0.0044 -0.0456
7 50CH,Me -0.11416 0.21 0.2518 0.143463
8

H ' -0.11322 0 0.0706 ©0.19187

*taken from reference 2

DISCUSSION

In the present study, the interaction of GTCs with the double strand DNA sequence
d(GCTA)* has been investigated by using the molecular mechanics method. 'The
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“results showed that the GTCs intercalate favourably at the CG/TA step of the duplex
DNA tetramer. The significant distortions in the double strand structure of the
DNA were observed upon intercalation of GTCs. The results also revealed that-the
planarity of the GTC was also distorted upon the intercalation.

We have demonstrated that the molecular descriptors derived from the
quantum chemical and molecular mechanics methods can be used to develop
quantitative structure-activity relationships for anti-tumor active GTCs. Two
independent QSARSs were obtained for 5 and 6 substituted GTC analogues. However,
further in\}estigations are required to improve theoretical QSARs obtained in this
study and to develop theoretical QSAR for substituted GTC analogues regardless of
their substitution position. '
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data from a few weakly active analogues.

20 | Cramer R. D., in Advanced Reviews in Medicinal Chemistry (1976) vol I,
p 305, Clarke, F. H. ed., Academic Press, New York
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