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ABSTRACT KEYWORDS
Epithelial ovarian cancer isalethal and most common malignancy of the Ovarian carci noma;
female enital area. Although advanced-stage ovarian cancer isresponsive Chlorambucil;
to multiple cytotoxic drugs, less that 25 % of these patients are alive and Anti cancer;
disease free after five yearsof diagnosis. Thisclinical reality justifiesthe Multivariate.

origin and examination of new drug designs. Thiswork presents nitrogen
mustard alkylating agents devel oped from an optimized molecular model -
ing analysis of chlorambucil. Thirteen analogs of chlorambucil are se-
lected to introduce potential anticancer agents that have pharmaceutical
properties advantageousfor clinical application. Important molecular prop-
ertiessuchasLog P, polar surface area, formulawei ght, molecular volume,
and violations of the Rule of 5 were determined. For all agents the polar
surface arearanged from 23.547 A%to 86.788 A2 No agent showed viola-
tions of the Rule of 5 or had greater than 11 rotatable bonds. Therewasa
wide variance in Log P values which ranged from -0.908 to 4.958. Many
agents showed a numerically low polar surface area suitable for blood-
brain barrierpenetration (< 90 A?%), but not accompanied by a supporting
value of Log P. Thebroad rangein Log Pvalues may enhance the efficacy
of these agents for application because of diverse lipid by-layer perme-
ation. With the alkylating nitrogen mustard group these agents possesses
an aromatic ring and either an amide or carboxyl substituent. Molecular
properties were analyzed by multivariate methods such as cluster analy-
sis, K-meanscluster analysis, discriminant analysis, and ANOSIM (analy-
sisof similarity) which revealed underlying subtleand clinically important
rel ationships among these analogs. Multiple regression analysis produced
amathematical expression relating various molecular propertiesand use-
ful in predicting additional novel drug designs analogous to this series.
© 2008 Trade Sciencelnc. -INDIA

INTRODUCTION cureisachievedin only 5 percent of cases. Survival of

epithdid ovarian cancer isdirectly corrd ated tothestage

Ovarian cancer isnot widespread butisthedead-  of thediseasd”. Theabsenceof symptomsduring early-
liest of al femaecancers. Inthemost advanced stage  stagel and Il isrelated to the high mortality rate¥. Al-
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though advanced-stage ovarian cancer isresponsiveto
multiple cytotoxic drugs, lessthan 25 % of these pa-
tientsarediveand diseasefreefiveyearsafter diagno-
sigll. Causesof thislow surviva gtatisticisthought to
be primarily dueto drug resistance™. Thisfact pro-
videssuitablejudtificationto pursuedesign of nove drug
designs. Singleagentsfound activein ovarian cancer
treatment include akylating agents (chlorambucil,
me phaan, cyd phos-mamide), platinum compounds(ie.
cisplatin), anthracyclines(ie. doxorubicin), methotrex-
ate, 5-fluorouracil, and taxanes¥.

Chlorambucil isabifunctional akylating chemo-
therapy drug used in the treat-ment of ovarian cancer,
leukemia, breast cancer, and variousautoimmunedis-
eases?. Analkylating agent is capable of replacinga
hydrogen atomwithandkyl group a physiologica con-
ditionsof 37°C and pH 7.413. At physiologica pH the
relaiveratesof nucleophilic substitution arein order of
thiolate>ami no>phosphate>carboxylates¥. Chloram-
bucil actively bindsto DNA aswell asRNA[?, Studies
on DNA have shown that nitrogen mustardsfind the
followingorder intermsof reactivity: N-7 of guanine>N-
3 of adenine>N-1 of adenine>N-1 of cytosine (dthough
phosphate groups, N-3 of cytosine, and O-6 of gua-
ninecan beakylated)®. Chlorambucil caninduce DNA
intrastrand or interstrand cross-linking by either S 1 or
S, 2typereactions?. Thedifferencesin effectiveness
of akylating agentsisconsdered to bedueto variance
in pharmaceutical factors, membranetransport prop-
erties lipid solubility, detoxification mechaniams, ability
to penetrate the blood-brain barrier, and enzymaticre-
pair of akylated DNAE!. Thesefindingsfurther sub-
Santiatethelegitimacy of devel oping new drugsfor tregt-
ment.

Unlike cervica and breast cancer thereispresently
no effectivemethod for screening for ovarian cancer.
Knownrisk factorsinclude, family history, advanced
age, nulliparity, early menarche, and late menopause™.
Chlorambucil has been combined with thiotepaasa
doublealkylator therapy for advanced stage ovarian
cancer’®, Combination chlorambucil and carboplatin
chemotherapy wasfound to bewell tolerated (ie. no
nephrotoxicity and no neurotoxicity) by stage 1C, Il,
[11, and IV patients with ovarian cancer'®, that pro-
longed survivd for patientshaving small volumeresdud
diseasg™. Chlorambucil wasfound beneficid to patients
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having platinum resistant end stage epithdlial ovarian
cancerl, alsowith minimal toxicity asfound in other
studies. Treatment of ovarian carcinomathat isresis-
tant to chlorambucil isparticularly problematic because
theaternative combination therapy utilizing cisplatin,
adriamycin, and cyclphosphamide hasmarked toxicity
that hasinduced drug rel ated patient deathd®. These
findingssuggeststhat drug design utilizing chlorambudil
asaparent modd may yield additiond compoundshav-
ing favorable pharmaceutica properties. Chlorambucil
hasa so been utilized beneficidly in combination with
rituximab to treat ocular adnexal lymphomas?. These
findingsclearly support theendeavor toinvestigate new
drug designsfor thetreatment of ovarian cance.

EXPERIMENTAL

Molecular modeling methodsand determination

Severd software approachesto advanced molecu-
lar modeling were utilized to develop novel molecular
speciesand ogousto chlorambucil. Visudization of two
dimens ond gtructure congtituentswasaccomplished by
Molingpiration (Molinspiration Cheminformatics, Liscie
udolie2, SK-841 04 Bratisava, Slovak Republic) and
Molsoft (Molsoft L.L.C., 3366 North Torrey Pines
Court, Suite 300, La Jolla, CA 92037). Additional
modding support and determination of variousmolecular
propertieswas accomplished by utilizing ChemSketch
(Advanced Chemigry Devel opment, 90 Adda de Street
West, Toronto Ontario, M5H 3V 9 Canada).

Patter n recognition and statistical analysis

Various operationsto achieve pattern recognition
within thenumerica datamatrix of molecular proper-
tieswasaccomplished in addition to descriptive statis-
ticsdetermination. Underlying relationshipsof themo-
lecular propertiesfor all compoundspresentedinthis
work were ascertained using cluster analysisand K -
meanscluster analysis(PAST v. 1.28, copyright Ham-
mer and Harper 1999-2004; KyPlot v. 2.0 beta 15
copyright Koichi Yoshioka1997-2001). Dataandysis
of smilarity, ANOSIM, wasaccomplished by PAST v.
1.28. Differentiation of numerica vauesby groupwas
achieved utilizing discriminant analysiswas done by
PAST v. 1.28. Relationships of causality for various
molecular propertieswasdetermined by path analysis
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utilizing OpenStat 3 v. 3.5.2 (Open Stat 3, copyright
William G Miller March 2004). Multipleregression
anaydsutilizing variouspropertieswas determined by
GraphPad Ingtat v. 3.05 (GraphPad InStat version 3.00
for Windows 95, GraphPad Software, San Diego Cdli-
forniaUSA, Copyright 1992-1998 GraphPad Software
www.graphpad.com). Correlationsof numerica vaues
and descriptive statistics was done by EXCEL
(Microsoft Office Excel 2003, copy right 1985-2003
Microsoft Corporation).

RESULTSAND DISCUSSION

Lessthan 25% of patientsdiagnosed with advance-
stage ovarian cancer arealiveand free of diseasefive
yearslaterly. Acquired andintrinsic drug resistanceis
considered to be primarily responsible for this out-
come¥. Thisstate of affairs supportsthe need to de-
terminenew drug designsfor clinical application. The
development of anal oguesto chlorambucil isthefocus
of thiswork and beginswith known structureand phar-
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maceutica activity of thisbifunctiond dkylating antitu-
mor agent. Thearomatic ring within chlorambucil isa
rigid component of it’soveral molecular structure. Re-
tained inthe anal ogues studied here, thearomatic ring
hasthebifunctiona nitrogen mustard groupin parapo-
sition to aconstituent having either acarboxyl func-
tiond group or aamidegroup. Amidefunctiona groups
aresubject to aslower rate of Phase| hydrolysisthan
that of ester groups*®. Carboxyl groupsundergo Phase
| oxidation at their - and 3-carbon atoms provided
methylene groups are adjacent to thecarboxyl group!©.
Under Phase || metabolism the carboxyl groupsare
conjugated with an amino acid*¥. Thearomatic ring
and bifunctional nitrogen mustard groupisretainedin
all analogues, however the substituent parato thea ky-
lating moiety isatered by rigidity (ie. number of rotat-
ablebonds), size (formulaweight), and atomsfor hy-
drogen bonding (ie. hydrogen bond donator —-NH or —
OH, or acceptor oxygen and nitrogen). In thismanner
theimportant pharmaceutical propertiesof Log P, po-
lar surface area, and molecular volume can be atered
todeterminebeneficia activity for theclinicd trestment
of ovarian carcinoma.

Thenon-dkylating subgtituent of chlorambucil (com-
pound (1), Figure 1) or (-CH,CH,CH,COOH) was
utilized asthe parent structure for search and predic-
tion of amilar congtructsby utilizing analog search (see
Experimental) followed by property determination.
Compound analogues (2to 14) (Figure 1) are gener-
ated by replacing the substituent found in the paraposi-
tion relativeto the bifunctional alkylating group of
chlorambucil. notably the superseding substituentshave
ether acarboxyl or amidefunctiona group. Theresult-
ing compoundsare showninfigure 1 and expressmo-
lecular propertiessufficiently diverseto permit differ-
entiation by pattern recognition methodsand categori-
zation of expected pharmaceutica activity. The super-
seding moietiesa so bring into thenew structuremethyl
groups, hydroxyl groups, and amine groupsthat well
affect theLogP and polar surfaceareapropertieswhile
retaining the DNA and RNA akylation activity.

Previousstudieshave shownthat structuremodifi-
cationsof drugsare paramount to activity and potency
modificationd?. Variationintheefficacy of alkylating
agentsisthought to result from differencesin pharma
ceutical factordd. There-forethevariation of substitu-

@Wu'c CHEMISTRY co—

ent structurein ana ogues 2to 14 can beassumed to be
largely responsiblefor aterationin molecular proper-
tiesfor thediscussiontofollow.

Molecular properties of compounds(1to 14) pre-
sentedinfigure 1 are ascertained and presented in Teble
1. Pattern recognition methodsand descriptive statiti-
ca analysisof thedatamatrix revealed underlyingin-
ter-relationshipsaswell asbeneficia pharmaceutical
potentia. Of the(14) compounds (inclusveof chloram-
bucil) thehighest correlation ( r>0.9000) occurred be-
tween values of polar surface area(PSA) and number
of -OH and—NH (nOHNH), or formulaweight (FW)
and molecular volume. Other digtinctly correlated prop-
erties (r>0.8000) liesbetween FW and number of ro-
tatablebonds(nRotB), or number of atoms(NATOMYS)
and nRotB. These correlations suggest significant
intrafamily characteristicsinherent to akylating agents
targeting cervical cancer. Interestingly therangeinva-
ues of Log P (range=5.866) and PSA (range=
63.241A2) indicate additional pharmaceutical efficacy
whichwill be discussed now. Previous studies have
determined astrong rel ationship of intestina drug ab-
sorption and values of PSA1213 Essentially drug
structures having a PSA of greater than 140A2were
lessthan 10% absorbed within theintestinal tract*>13,
However thosedrug structures have PSA of lessthan
60A? were found to be greater than 90% absorbed
withintheintestina tracti*®l, acharacteristicinclusive of
compounds (1,2,3,4,5,7,8, and 9). Thisfindingisa
strong beneficia property of these drug designs. No
member of 1to 14 hasaPSA vauegregter than 140A2,
In addition, other work has shown that drugs having
PSA of lessthan 90A2 haveahigh probability of pierc-
ing the blood-brain barrier®, thereby 1 to 14 shows
potentia expression of brain targeting antitumor activ-
ity. Focusing on Log Pvaluesreved sadditional useful
characteristicsfor clinical gpplication.

Drugs having Log P lessthan 0 are amenable to
intravenousinjection (drug 12). Another characteristic
of drugs 1 to 14 hasimportant pharmaceutical ramifi-
cationsand cons deration onthe potentia for thesecon-
structsfor clinica application. All compounds1to 14
havezeroviolationsof theruleof 5. Theruleof 5was
devel oped to assi st the screening of novel drug designs
for potential clinical usage. Thiscriteriastatesthat a
chemical structure hasincreased probability of poor
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TABLE 1
Desriptors
Formula

Compound Log P PSA NnON  Weight nOHNH nATOMS Number violations nRotB Volume
1 Chlorambucil  3.465  40.537 3 304.22 1 19 0 9 268.51
2 4504  40.537 3 346.30 1 22 0 10 318.14
3 2162  46.332 3 275.18 2 17 0 7 238.18
4 2536  32.336 3 289.21 1 18 0 7 255.86
5 2339 23547 3 303.23 0 19 0 7 272.80
6 1171  66.560 4 291.18 3 18 0 7 246.22
7 2912  32.336 3 303.23 1 19 0 8 272.78
8 2950 46.332 3 303.23 2 19 0 9 271.78
9 4,958  40.537 3 360.33 1 23 0 11 33494
10 1956  60.746 4 306.18 2 19 0 8 259.76
11 1.040 80.992 5 322.19 3 20 0 8 267.80
12 -0.908 86.788 5 321.20 4 20 0 8 271.07
13 0.246  64.003 5 349.26 2 22 0 9 305.69
14 0.781  60.755 4 320.22 2 20 0 9 276.56

PSA= polar surface area(Angstroms?); nOH=number of oxytrogens; nOHNH= number of hydroxyls and amines, NnATOM S= num-
ber of atoms; Number violations=violation of rule of 5; nRotB= number of rotatable bonds; Volume= molecular volume(Angstroms?)
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Figure2: Hierarchical cluster analysisresultsutilizing
completelinkagemethod with standar d Euclidean distance.
Drugs 2 and 9 are clearly distinct from all remaining
drugs. Drug 7 isconsider ed most similar to chlorambucil
(drug 1). Initial super cluster Aisinitially separated in
cluger C and B, whereCisfurther sub-divided intoclus-
ters D and E. Drugs 11,12, and 13 fall into cluster E,
whereascluster D contains1,7,8,10,14,4,5, 3,and 6. Drugs
falling into identical clustersare considered to be most
similar

absorption and permestionif thefollowing parameters
exist™: (1) Therearemorethan 5 hydrogen bond do-
nors, (2) Themolecular weight isgreater than 500; (3)
ThelLogPisgreater than 5; (4) Therearemorethan 10
hydrogen bond acceptors (sum of nitrogens and

oxygens). All structures presented here show zerovio-
lations of therule of 5, indicating that 1 to 14 would
expect to havefavorable permeation following admin-
istrationinvivo.

To determine subtle and underlying rel ationships
withinthedatamatrix of TABLE 1itisappropriateto
gpply variousmultivariate methodsof analyss, that will
determine pattern identification also. Associations by
propertieswill help determineanticipated smilaritiesof
pharmaceutical activity aswell asanaogy inclinical
application. A widdly-used method for pattern recogni-
tioniscluster analysis, which arranges sets of cases
(drugs) into clusterssuch that caseswithinaparticular
cluster aremore similar to each other than casesfound
inother clusterg617, A verticd dendrogramispresented
infigure2 showingresultsof hierarchica divisveclus-
teringusing completelinkage (ie. Distancebetweenclus-
tersisdefined asthe distance between thefarthest pair
of pointswithin any two clusters). Beginning as super
cluster A thedrugs1to 14 arefurther dividedinto clas-
sficationsthat ultimately designates each drug to an-
other that hasthe greatest similarity. Secondary clus-
tersCand B dividedrugs2 and 9fromall theremain-
ing. Formation of tertiary clusters D and E further sepa-
rate drugs 11,12, and 13 from 1(chlorambucil), 7,8,
10,14,4,5,3, and 6. Drug 7 isshown to be highest simi-
larity to chlorambucil whichissupported by compari-
son of (chlorambucil versus7): Log P: 3.465t02.912;
FW: 304.22 t0 303.23; nON: 3to 3; NATOMS: 19to
19. Drugs 11,12, and 13 areamong thehighest infor-
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mula weight, number of atoms, and PSA. By similar
observation drugs 2 and 9 found in secondary cluster B
havesufficient smilarity by propertiestobedistinguished
from theremaining 12 members. By thisapproach it
can bedetermi ned which congtructsmay act ana ogoudy
inpharmaceutica activity.

Discriminant analysis(DA) hasseverd purposes,
including*617: (1) Classify casesinto groups; (2) To
determinetherel ativeimportance of independent vari-
ablesin classifying adependent variable; (3) To test
whether casesare classified as predicted; (4) Deter-
mine an efficaciousway to distinguish between known
groups. Using propertiesof Table 1 the DA result will
show how drugs 1 to 14 are distinguished into two
groupsof highest dissmilarity. Theresultscondudethat
group 1 consstsof 1(chlorambucil), 7,8,9,13, and 14;
whereas group 2 has drugs 2,3,4,5,6,10,11, and 12.
Notably drug 7 is determined to be more similar to
chlorambucil aswasfoundin cluster andysis.

Hierarchica andysisdoesnot requirethe determi-
nation of number of fina clustersprevenient. Whereas
non-hierarchical cluster analysisrequiresadetermined
number of clustersprior to arrangement of caseswithin
those clusters. K-meanscluster analysisissuch anon-
hierarchical cluster analysisthat will beappliedtore-
solve precisedifferentiation of cases(drugs) into clus-
tersof highest amilarity. Aninitia determination having
threefina clustersyielded thefollowingresults: (Clus-
ter 1) Drug 2, 9, 13; (Cluster 2) Drug 1,3,4,5,6,7,8,10;
(Clugter 3) Drug 11,12,14. Further refinement of andyd's
for increaseresol ution wasdoneintofour dusters, yid d-
ingthefollowingresults: (Cluster 1) Drug2,9,13; (Clus-
ter 2) Drug 1,3,4,5,7,8; (Cluster 3) Drug 11, 12; (Cluster
4) Drug 6, 10, 14. Thesefindingsindicate analogous
conclusionstothat of cluster andysisand DA whereas
groupingsof drugsarethought to have congruent phar-
maceutical activity. Notably drug 7 isconsidered most
gmilartochlorambudl by K-meansduster andyss(four
cluster resolution). Inaddition, to pattern recognition
withinthe datamatrix vauesit ispossibleto evduate
theover-al similarity of thecasesviaall propertiessi-
multaneously by applying Anaysis of Similarity or
ANOSIM. This test compares distances between
groupswith distanceswithin groupsthemselves. A
largepositivevaueof R upto 1.0000 Sgnifiesdissimi-
larity between cases. ANOSIM was gppliedtothedata
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meatrix of TABLE 1 andyielded aresult an R of 0.1336.
Thislow valueof Rindicatesall cases(drugs) aresub-
gantidly smilar to each other. Thisresult obtained after
consderation of dl numerica vauesinclusvey. Appli-
cation of PathAnaysis(PA) wasaccomplished hereto
discern therelationship of severd highly important pa-
rametersthat sgnificantly influence pharmaceuticd ac-
tivity. Theinfluenceof Log P, PSA, nON, and nOHNH
onvauesof formulaweight inclusive of 1 through 14
can beascertained by PA and yiel ding path coefficients
that function the same as andardized regression coef-
ficients'®, To producetheformulaweightsof al drugs
the four properties above have the following path
coefficients(correlations), respectively: 1.231, -0.098,
1.657, and -0.322. Therefore Log P and number of
oxygensand nitrogens (NON) havethe greatest affect
onformulawe ght. A finding useful indesigning drugsof
similar make-upas1to 14.

Toassst further design of drugsaikethecases1to
14 amultipleregression anaysisof Table 1 yieldsa
meathematical agorithm which can beutilizedto predict
numerica vauesof propertiesfor hypothetica andogs.
Thefollowing regression equation was obtained for
determination of formulaweight (FW) utilizing Log P,
PSA, nON, nOHNH, nRotB, and volume (Vol): FW =
49.412+0.3607(Log P)+0.6090(PSA)+3.912
(nON)+6.632 (NOHNH)+0.0295(nRotB)+0.8330
(Vol). Vaue of R indicates this model accounts for
99.97% of variance. Based on thestandardized regres-
sion coefficients of themodel the propertiesof PSA,
nNON, nOHNH, and volume present the greatest con-
tributionto themode, an important observation when
predicting formulaweight of ana ogous constructs.

Affectsinduced by variation on any combination of
these propertiesontheoverd| suitability of aproposed
drug construct can be determined.

CONCLUSION

Thirteen novel drug designsweredeveloped here
by extensive examination of themagjor non-alkylating
substituent of chlorambucil and generating afamily of
Isogteres. Isogteric substitution within the chlorambucil
parent structure generated 13 and ogsthat showed fa
vorable pharmaceutical propertiessuch aszeroviola-
tions of the Ruleof 5. These constructs aretherefore
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predicted to have effective absorbance and perme-
ation. All constructs 1 to 14 possess PSA vauesindi-
cating likelihood of penetrating theblood-brain barrier
for activity against brain tumors. Constructs1, 2, 3, 4,
5, 7, 8, and 9 have PSA of less than 60A2 with an
expected intestinal absorbance of greater than 90%.
Extensive andysisby pattern recognition methodsiden-
tified underlying relationships of these analogs to
chlorambucil. Hierarchicd duster andyssand K-means
cluster analysisindicated clearly that drugs2and 9 are
highly distinct from chlorambucil, but drug 7 isstrongly
amilar. ANOSIM andys srecognized significant Smi-
larity among 1 to 14 when al molecular propertiesare
examined smultaneoudly. Thiswork showsdistinctly
theefficacy of isosteric substitution on theparent frame
structure of chlorambucil to generateauseful library of
potential anticancer drugsfor theclinical treatment of
ovarian cancer.
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