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MX and its analogs are synthesized and modeled by quantitative structure activity relationship (QSAR) study
including comparative molecular field analysis (CoMFA). As aresult, factors affecting this class of compounds
have been found to be steric and electrostatic effects. Because hologram quantitative structure activity
relationship (HQSAR) technique is based on the 2-dimensional descriptors, this is free of ambiguity of
conformational selection and molecular alignment. [n this study we tried to include all the data available from
the literature, and modeled with the HQSAR technique. Among the parameters atfecting fragmentation,
connectivity was the most important one for the whole compounds, giving good statistics. Considering
additional parameters such as bond specification only slightly improved the model. Therefore connectivity has
been found to be the most appropriate to explain the mutagenicity for this class of compounds.
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Introduction

Chlotine bleaching disinlects our drinking water by
reducing the water-mediated discasces. Flowever, some of the
bi-products caused by this disinfection process are highly
mutagenic.! Although how MX is produced in water is not
clearly understood,”* MX is a potent mutagen ever tested in
Anmes test with test strain TA100.” The mutagenicity of MX
has been reported 3430-13800 induced reversants per
nanomole in the Ames assay without 89 mix, This unusual
high mutagenicity attracted considerable attention from
many researchers,"” Until recently, MX was assumed 1o
pose little carcinogenic risk due to its low exposure, high
reactivity and short residence time.,'' But rceent identi-
tication of DNA adducts'" and evidence of carcinogenicity
along the gastro-intestinal lining in rodents following MX
exposure has heightened concern tor this class of chemicals.
MX can alter the metabolic pathway when it is administered
in rats in high dosage.'" It is also found to induce apoptosis
of HI.-60 cells.”” A relatively large number of MX analogs
have been synthesized,'*'” tested for mutagenicity," ™" sub-
ject to many experimental studies. As a result, the resultant
MX analogs show wide range of mutagenicity.”' ™" They are
maodeled by structure-activity relationship methods. ™" In
spite of this multitude of studies, basic questions concerning
the nature of the reactive species and the mechanism of
interaction of these compounds with DNA to produce their
remarkable mutagenic potency in SAL TAI0Q remain
unresolved. MX exists as an equilibrium mixture of both
ring and open form in water as shown in Figure 1. The
relative  concentration of ring and open form depends
heavily on the pH of the solution.™ 1f the aqueous solution is
highly acidic, the ring form is dominant species. At pH 5.3
the ratio of ring form and open form is 1 : 1. The relative
concentration of open form becomes high as the solution
gets more basic. This is a fast equilibrium process.™ To
study factors affecting the mutagenicity, there have been a
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Figure 1. Two torms of Mutagen X in equilibrium.

few quantitative structure activity relationship (QSAR) studies.
The structural and electronic properties were calculated
using the semi-empirical AMI (Austin Model 1) method.
The lowest unoccupied frontier orbital (1.UMO) was found
1o be important by using this quantum mechanical method. %
This may imply that MX acts as an electron acceptor. [n
particular, LUMQO electron density and partial charge of the
C3 were correlated with mutagenicity. Electron density near
C3 also showed negative linear dependency by NMR study.
Comparative molecular field analysis (CoMTFA) results
indicated that the steric properties of MX analogs with their
electron-accepting ability, explain their mutagenic activity
almost completely.”” However, these studies are based on a
few reports and some of the structurally relevant compounds
were never considered for QSAR studies. In this study, we
tried to include all the data available from the literature and
summarized in Table 1. At a glance, as the degree of halogen
substitution increases, the mutagenicity also increases.

The mutagenicity of MX is the average value of 9
different studies. All the activity values are within the order
of magnitude (3430-13800). Thus the average value is
considered as highly reliable. The whole set comprises of 37
compounds. The range of activity is fairly well spread for
any particular family as well as for the whole set. All the
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Figure 2. Three MX families.

compounds have unsaturated acidic moiety as the core
structure. This structural resemblance may imply that these
compounds induce mutagenicity with the same mechanism.
At a glance, as the degree of chlorine or bromine substitution
increases, the mutagenicity also increases. The compounds
collected from the various reports’'™ are categorized into
three groups as shown in Figure 2. Compounds in standard
family (S) contain the structure of S5-hydroxy-2(5H)-
furanone. These compounds are capable of inter-conversion
between hydroxyl ring form and aldehyde open form like
MX. If an analog has a ring form and does not have 5-
hydroxyl group. then it cannot be converted into corre-
sponding open form. Therefore it belongs to ring family (R).
On the other hand. if an MX analog is an open form and
does not have aldehyde group, then it cannot be closed into
corresponding ring form, belonging to open family (O). This
open family has never been explicitly included in the
previous QSAR studies. 'l'o use data in Table 1 for modeling.
the compounds which belong to standard family must be
represented either SR or SO form (Figure 2).

Methods

Quantitative structure-activity relationships {QSARs) are
important tools to understand why the active compounds
exhibit certain biochemical activities. 'T'he challenge now is
to improve the accuracy and predictability of QSAR model
by taking into account the structural and physicochemical
features of the concerned compounds. One of the most
widely wused tools in 3D QSAR study is comparative
molecular filed analysis (CoMFA).***! CoMFA is based on
the assumption that changes in the biological activity
correlate with changes in the steric and electrostatic fields of
molecules. However, it requires some knowledge or
hypothesis regarding the functionally active conformations
of the molecules and molecular superposition as a
prerequisite for structural alignment. Moreover, care must be
taken in constructing molecular alignments because slight

Table 1. The Mutagenicity of MX analogs
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X Y Z  In{TA100) N
Standard Fanuly
ST(MX) CHCl; Cl OH 8.62 9
$2 (BMX2) CHBr: Cl OH 8.61 1
S3 (BMX3) CHBr: Br OH 6.41 2
S4 (CMCF) CH.CI Cl OH 6.37 5
S5 (BMBF) CH:Br Br OH 6.04 1
S6 (MCA) Cl Cl OH 1.87 o
S7(MBA) Br Br OH 1.71 1
S8 CH.CI H OH .35 3
S9 (MBF) CH:x Br OH 0.41 1
S10 (MCF} CH:x Cl OH 0.21 4
S11 H Cl OH -1.61 1
S12 (MF) CH:x H OH -3.51 2
Ring Family
R1 CIBr Cl OCH; 8.65 1
R2 CHCl Cl OCH; 8.65 1
R3 CIBr Cl 11 5.20 1
R4 CIBr B3r Il 4.86 1
R5 (RMX) CHCl- Cl 11 4.54 6
R6 Cl1-Br 13r 11 2.1 1
R7 CHACI Cl 11 1.70 4
R8 CHACI 13r 11 1.37 1
R9 CLI-Br Cl 11 1.37 1
R10 Cl Cl OCH; 0.99 1
R11 Cll; Cl OCsL 5 0.74 1
R12 Br 13r 11 0.17 1
R13 | Cl OC:; -0.22 1
R14 Cll; Cl l -0.78 2
R15 Cl Cl 1] —0.62 2
R16 CIHLCI I I -1.39 3¢
R17 CHCl- 1] 11 -2.41 2°
Open Family
Ol (BA-4) CHClz Cl CHCl: 7.11 |
02 (BA-3) CH:C1 Cl CHCl: 548 |
03 {ox-mCMF) CH:C1 H COOH 0.47 |
04 (ox-CMCT) CH:(C1 Cl COOH  -0.92 2
05 (BA-1) CH:(C1 H CHCl:  -1.20 |
06 (BA-2) CHClz H CHCl:  -1.20 |
07 (ox-MCT?} CH; Cl COOH  -1.27 |
08 (ox-MCA) Cl Cl COOH  -2.12 |

Sce reference |1 for the data in this table. Words in parcnthesis are
commun names. X. Y and Z are substituents for MX analogs (Figure 2).
In(TA100) is the natural log for experimental values {rev/inm in Ames
test). N is the number of reports that bave mutagenicity data. When there
are more than two reports. atter the logarithms have been taken. the
values are averaged. and the resultant values are listed in this table. a)
The masimum valve is more (than ene order ol magnitude larger than the
minimum value, b) One of the reports indicates that the compound is not
mutagenic and Jogarithms are taken for remaining valuc. For S3. the
reported values are 4.68 and 7.71. For $6. (he average without maximum
and minimuam values is 1.41 {standard deviation is [.24.),

differences in alignment can lead to wide variation in the
resultant CoMFA model. In addition, this alignment process
is very time consuming. In the study of MX and its analogs,
CoMFA has been used as a tool, but the structures included
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Table 2. HQSAR results for various sets and methods
Data Set q r Ave® ¢ r Ave q r Ave ¢ r Ave q r Ave
A B C H A B
SR 0.812 0918 (.78 0.911 0967 0900 0935 0981 0943 * * * 0799 0911 0733
Y 0,784 0893 0.725 0915 0968 0902 093 0981 0941 * * * 0.797 0906 0722
R 0.889 0993 0.839 0916 098¢ 0899 0897 0993 0882 0236 05342 0226 (.83 0980 0824
o 0840 0994  0.716 0360 0784 0493 0872 0996 0821 * * * 0.780° 0991 0710
RO (0.822 0961 0.78) 0872 0978 0845 0913 0981 0878 * * * 0833 0934 0793
R, SR 0.865 0937 0.853 0903 0929 0895 0903 0968 0882 0.102 0344 0088 (.838 0939 0837
0,50 0,342 0868 0473 0708 0868 0670 0788 0918 0.761 * * * 0.698 0939  0.604
R, SR.O 0821 0899 (.799 0837 0891 0848 0.881 0.965 0860 0.079 G.195 0074 0833 0920 0808
R SO.0 0732 088 0676 0798 0907 0774 0831 0939 0831 0033 0298 0011 0732 0898 0713
AC AH B, C B.H C,H
SR 0785 0875 0721 0921 0992 0816 0952 098] 0943 * * * * * *
SO 0764 0861 0688 0831 0982 0763 0952 0980 0938 * * * * * *
R 08% 0989 0847 0793 0972 0743 00906 0985 0888 0211 0542 0192 0271 0565 0202
o 0882 0995 0824 0534 0879 0412 0870 0997 0839 * * * * * *
R O 0907 0989 0821 0808 091 0760 0916 0988 0901 0099 0416 008 0.158 0489 0.107
R, SR 0834 0951 0842 088l 092 0833 089 0965 0877 0101 0340 0062 0106 0355 0.082
0, S0 0.680 0905 0630 0645 0934 0533 0764 0897 0742 * * * * * *
R, SR, O 0882 096 0824 0840 0932 0800 0901 0971 0869 0132 0238 0100 0099 0369 0076
R, S0, O 0767 0931 0723 0753 029219 0705 0837 0933 08l6e 0037 0326 0017 0125 0327 0036
A,BC A,BH A CH B, C,H A B, CH
SR 0801 0888 0715 083 09% 0783 0839 0980 0.76l * * * 0.808 0988 0.768
SO 0792 0878 069 0883 099 0777 0835 0999 0777 * * * 088 099 0781
R 0.888 0988 0833 0844 0970 0775 0861 0987 0762 0259 0517 0203 0835 0972 0767
o 0881 0995 0819 0683 0987 0382 0798 0994 0711 * * * 0821 0995 0751
R O 0889 0987 0841 0833 0937 0798 0874 0984 0804 0124 0483 0103 0887 0981 (.833
R, SR 0837 0935 0836 0882 090 0830 0875 0963 0839 0094 0312 0072 089% 0966 0.848
0. S0 0668 0921 0647 0697 0934 0637 0748 0927 0.660 * * * 0698 0925 0659
R, SR, O 0833 097 0820 0872 09%4 0817 0873 0958 0826 0113 0228 0084 0895 0968 (.855
R, S0, O 0778 0937 0734 0750 0932 0697 07% 0950 069 0094 0353 0054 0767 0937 0701

Data sets (SR: Standard fanuly of ring form. SO: Standard family of open form. R: ring fanuly. O: open family, R.SR: nng family and standard family
of ring form. etc.), Statistical parameters (q°; crossvalidation bv LOO procedure. 1 correlation, Ave: average value of Ensemble ¢°). Fragment
Options (A: atom intormation is considered. B: bond information, C: connectivity, H: Hydrogen. A,B: atom infarmation and bond infarmation, etc.). *
means that data with no signiticant model, i.e.. g is less than zero. Fingerprints were generated far all substructures between 4 and 7 atoms in size far all

molecules.

in the previous studies only covers ring fanuly and nng form
of standard family. This might come from the ambiguity of
conformation selection and alignment. /.e.. if open family is
included in the data set. it will be more arbitrary to align
them. On the other hand. hologram QSAR (HQSAR). a
newly developed QSAR technique. relates biological activity
to structural fragments. HOQSAR eliminates the need for
generation of 3D structures. putative binding conformations
and molecular alignments. For standard family. we do not
know either ring form or open form is responsible for the
mutagenicity. Therefore we need to consider both cases of
standard family. As explained previously. standard family of
ring form is amnotated SR. and of open form. SO. We also
considered the various combinations of three families. For
example. R. SR in Table 2 means that the data set is a union
of ring family and standard family of open form. Naturally

when we consider the three families altogether. the combi-
nation can be either R. SR. O or R. §O. O. Fingerprints
were generated for all substructures between 4 and 7 atoms
in size for all molecules. The substructure fingerprints were
then hashed into hologram bins with lengths of 33. 39. 61.
71, 97. 151, 199, 275, 307. 353. 401. 997. These prime
numbers were chosen to minimize the fragment collision
problem. For each hologram length. various combinations of
fragment distinction parameters and fragment generation
parameter were considered and the results are listed in Table
2. Each molecule in the dataset is broken down into
structural fragments. The parameters of the fragments are
then hashed into Molecular Hologram. Unique fragments
are always hashed into the same bin. Atom distinction
parameter provides the ability to distinguish between frag-
ments based on differences in their elemental types. f.e.. NHa
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(ammomna), PH; (phosphine) and CH: (methyl group) are
distinguished upon fragmentation. Bond distinction param-
eter provides the ability to distinguish between fragments
based on differences in their bond tvpes. fe. C-C-H (in
ethane). C=C-H (in eth¥lene). Connection parameter allows
the holograms to retain information about the hybridization
states of the atoms in the fragiments, 7.e.. in ethvlene glvcol
{(OHCH:CH-OH) the two carbons are sp3 hybndized. while
i acetic acid (CH:C(=O)OH) the first carbon 1s sp3
hybridized and the second is sp2 hybndized. The connection
flag therefore allows hybndization information to be
included in the hologram. Hydrogen parameter provides the
ability to distinguish between fragments based on whether or
not hvdrogen atoms are included. 7e.. CsHs (benzene) and
CsHsN (pyridine) are 1dentical if hvdrogen atoms and atom
distinctions are ignored. Fragment distinction parameters
comprise of information on atoms (A). bonds (B). and
comnections (C). In generating fragments. both cases of
hydrogen (H) atom mclusion and exclusion were studied.
For each hologram length, there could be a model. The
collection of these models compnses the ensemble. For
statistical parameter. q° (crossvalidation by leave-one-out
procedure). -, Ave (average value of the ensemble ql) were
considered. The symbol * was used when the best value of
q" was less than zero for the ensemble. Thus the symbol *
umphes no significant model was found for the entire
hologram lengths used.

Results and Discussion

All the models contaming svmbol * have the parameter H.
without parameter A. This implies that we need to consider
atom specification if we mclude hvdrogen for fragment
generation. This may come from the fact that the halogen
atom substitution effects cannot be seen from the resultant
fragments. If A is used along with H. the statistical param-
eters indicate reasonable models (qﬁ: 0.53-0.92). Among the
four parameters (A. B. C. H). when considered alone, C
gave the best results (q°: 0.85-0.95). Therefore. connectivity
is the most important factor. Adding parameter B gives only
small improvement over some datasets. As previously nofed.
standard family can exist either ring or open form. All the
individual families gave good statistical parameters. Because
we don't know which form really represents standard family.

Table 3. The Effect of Fragment Length Vanation
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we considered both forms (SR and SO). Both SR and SO
gave highly predictive - and r°. The other datasets such as
R and O also gave reasonable results, with somewhat
smaller values of q and r°. When we combine the two sets,
the values of ¢° went down dramatically with O, SO set.
This 1mplies that the unmion of standard family and open
family 1s less homogeneous than the umion of standard
family and ning family. For the whole set. we have two
possible combinations. and the set of R. SR, O gave better
results than that of R, SO. O m most cases. The best
statistics for R. SR. O is ¢° =090 and I = 0.97 (B and C).
while for R. $O. O ¢° = 085 and r* = 093 (B). It is
mteresting to note that if parameter A 1s considered, the
statistical parameter gets worse i general. In the previous
study of CoMFA. steric parameter was mmportant, which
mplies that bromine substitution should give higher
mutagenicity than chlorine substitution. The substitution is
unportant as reported in previous studies. but the results also
mmplies that the atom specification 1s not so important. In
other words. whether chlonne or bromine is substituted is
not so important. rather the degree of halogen substitution is
mmportant. Fingerprints were generated for all structures
between 4 and 7 atoms n size for all molecules. We have
tried to find a better model by varving the range of fragment
length. We have fully covered the fragment length (2-8),
resulting in 28 combinations. In Table 3, the ¢° and r° values
are listed along with the range of fragment length. We could
not find better model using other fragment length range
rather than default range (4-7). Therefore following dis-
cussion 1s based on default fragment lengths. In Table 4, the
predicted values and crossvalidated predicted values are
listed and compared with observed values. S3 gave the
largest difference not only between observed and predicted
values also between observed and crossvalidated predicted
values. Actually the value of S3 is from two different
studies. When we look into the data carefully. the two values
(rev/nmol) are 2880 and 129. Therefore the two values differ
significantly. If we remove the smaller value based on the
model. then the observed value would be 7.97 which is
closer to the predicted value and crossvalidated predicted
value. If we use this value for S3 instead of the value in table
1. the " = 0.919 and r = 0.980. and ensemble average q°
would be 0.888 which give good statistical parameters. The
contribution to activity of each atom 1n a given molecule in

Short Long 2 3 4 5 6 7 8
2 0.696(00.821)
3 0.737(0.861) 0.738((2.886)
4 0.766(0.903) 0.763(0.910) (.744(0.899)
3 0.839((2.955) 0.863((0.957) 0.878(00.961) 0.884(0.962)
6 0.881((2.961) 0.884((2.962) 0.894(0.966) 0.890¢0.963) 0.891(0.967)
7 0.898((2.971) 0.897(0.97h 0.901(1.971) 0.900¢0.971) 0.889(0.933) 0.893(0.932)
8 0.889((2.93%) 0.888((2.944) 0.889(1).943) 0.890¢0.948) 0.896(0.937) 0.896(0.948) 0.898(0.947)

Fragment length variation was performed on the whole set (R. SR, O) tor the condition that gave the best statistical result (Table 2) The range of
fragment lenoth is from short to long. The best predictive value (¢} for each fragmentation method is listed. Data in the parenthesis are r*.
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Table 4. Residuals for the best model tor the whole set (R, SR, ()

Observ- Predict- eV oV

ed ed Residual predicted residual N
Standard Family
81 (MX) 8.62 833 -0.29 830 -032 9
82 (BMX2) 8.61 833 -0.28 830 =031 1
83 (BMX3) 6.41 833 192 9.05 264 2¢
S4 (CMCF) 6.37 534 -1.03 495 -142 3
S5 (BMBF) 6.04 534 -0.70  3.06 -098 1
S6 (MCA) 1.87 .24 -0.63 1.00 -0.87 &
S7 (MBA) 1.71 .24 -047 1.08 -063 1
S8 1.35 032 -1.03 -074 =209 3
89 (MBF) 0.41 040 -0.01  0.60 019 1
S10 (MCF) 0.21 0.40 0.19  0.68 047 4
s -1.61  -0.96 0.65 012 1.73 1
S12 (MF) =351 =255 096 -1.09 242 2
Ring Family
RI 8.65 8.78 0.13 874 009 1
R2 8.65 8.78 0.13 874 009 1
R3 3.20 429  -091 3.99 =121 1
R4 4.86 429 =057 4.0 -0.76 1
R5 (RMX) 4.54 429  -025 419 -035 6
R6 211 2.14 0.03 212 001 1
R7 1.70 2.14 0.44 220 0350 4
RS 1.37 2.14 0.77 227 050 1
R9 1.37 2.14 0.77 227 050 1
RI10 0.99 .55 056 229 130 1
R11 0.74 036 -0.18  0.27 =047 1
RI2 017  -0.04 =021 =037 -0.74 1
RI13 -0.22  -030 -0.08 -0.98 -0.76 1
R14 -0.78 -1.33  -0.75 -1.79 -101 2
R15 -0.62 -0.04 0.58  0.07 069 2
R16 -1.39  -1.73  -0.14 -1.85 -026 3"
R17 =241 -1.66 075 -1.02 139 2*
Open Family
O1 (BA-4) 7.11 7.20 009 772 061 1
02 (BA-3) 5.48 5.56 0.08 514 -034 1
03 (ox-mCMF) 047 0.53 006 -2.12 =239 1
04 (ox-CMCF) -092 -0.54 0.38  0.53 145 2
05 (BA-1) -1.20 -1.20 0.00 -1.32 -0.12 1
06 (BA-2) -1.20 -L.60 -040 -1.17 003 1
07 (ox-MCF) -127 -1.39 -032 -1.89 -062 1
08 (ox-MCA) 212 236 -024 -141 071 1

N is the number of reports that have mutagenicity data, When there are
more than two reports. atter the logarithms have been taken. the values
are averaged. and the resultant values are listed in this table. “Ihe
maximum value is more than one order larger than the minimum value in
magnitude. *One of the reports indicate that the compound is not
mutagenic and logarithms are taken for remaining value.

the dataset is calculated as follows: The contribution to
activity of each atom in the fragment is taken as the partial
least squares (PLS) coefficient for that fragment divided by
the number of atoms in the fragment. Thus, all atoms are
assumed to contribute equally to the activity of a given

Bull. Korean Chem. Soc. 2005, Vol. 26.No. 1 89

S1 58 8§12

Figure 3. Alomic contributions © mutagenicity: Green color
denotes the greatest contribution on mutagenicity  swhile red
signities least contribution.

fragment. If a fragment is found twice it is counted twice.
The total contribution to activity of a selected atom is
obtained by summation of the individual atomic contri-
butions from the fragments containing that atom.

Using the corrected model, we plot the atom contribution
of S1. 88, and S12 in Figure 3. The green color means high
mutagenicity and yellow means somewhat less high muta-
genicity. Gray color signifies average contribution on muta-
genicity. Red color indicates negative contribution. As the
degree of substitution decreases, the mutagenicity also
decreases {/.¢., the colors of C3, C4, C6 change from green
to gray to red.). This phenomenon was generally found for
the whole set. In particular, halogen substitution on the
particular positions (C3, C4, C6) would increase mutagenicity.

Conclusion

The mutagenicity of MX analogs was previously reported
to negatively correlate with the energy level of LUMO (17
compounds).”” It seems reasonable to consider MX analogs
as electrophiles, thus reacting with electron-rich DNA, then
inducing mutagenesis. Steric factor was the most important
with CoMFA (21 compounds).” The importance of steric
factor might indicate the degree of halogen substitution,
since halogen atoms are much bigger than hydrogen. [n this
work, the most important parameter is connectivity (39
compounds). The degree of halogen substitution must be
related with this connectivity parameter. Although the gener-
ation methods for these descriptors are different (Quantum
mechanical, 3D Lennard Jones potential, 2D connectivity).
they gave reliable statistical parameters. Moreover, physical
origin of these parameters might be the same. That is to say.
as the degree of halogen substitution increases. the connec-
tivity increases (connectivity parameter of HQSAR). the
volume increases (steric factor of CoMFA), the molecule
gets more electronegative (LUMO), and as a result, the
molecules gets more reactive against electron-rich DNA.
Because other descriptors (LUMO energy level and CoMFA
steric field parameter) are conformation dependent, the
connectivity parameter in HQSAR can be used most
conveniently.
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