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Abstract

Cancer chemotherapy is often associated with serious adverse side effects. This is due to
the lack of selectivity of drugs towards cancer cells. The need for selectivity led to the
development of the targeted therapy approaches. Targeted therapy aims to selectively target
cancer cells, however, drug resistance arising from heterogeneity of the tumor is an issue.
To counter heterogeneity, molecules that could target multiple cancer pathways are
considered promising. Several small molecules are actively being explored in cancer
research for their therapeutic potential. Natural compounds are of great interest in cancer

drug development due to their molecular rigidity and drug-like properties.

Cancer drug development is associated with high failure rates during clinical trials due to
the lack of efficacy of the drug candidates. This could be overcome by proper elucidation
of molecular mechanism of action of drug candidates during preclinical trials. Drug activity
also depends on permeability of the active compounds through biological barriers like cell
membranes. This study presents mechanistic insights into different modes of selectivity by
focusing on bioactivity and permeability of few select natural compounds that are already

reported for their anticancer properties.

In silico molecular modeling methods have been used to study the bioactivity and
permeability of the chosen compounds. Molecular mechanisms underlying the anticancer
activities of natural compounds fucoxanthin, withaferin A and caffeic acid phenethyl ester
have been interpreted from protein-ligand docking and molecular dynamics simulation
studies. The results suggested that fucoxanthin, withaferin A and caffeic acid phenethyl
ester can cause p53 activation in cancer cells leading to apoptosis. Molecular dynamics

simulations with umbrella sampling protocol were performed using lipid bilayer models to



explore the effect of phosphatidylserine exposure in cancer cells on the membrane
permeation of natural compounds withaferin A, withanone, caffeic acid phenethyl ester and
artepillin C. The results indicated that the exposure of phosphatidylserines in cancer cell
membranes facilitated the permeation of withaferin A, withanone, caffeic acid phenethyl
ester through a cancer cell membrane compared to a normal cell membrane. The presented
data demonstrated the potential of drug-membrane interactions in rendering selectivity to
drugs. An atomistic model of stratum corneum lipid matrix of skin for transdermal
permeation studies of small molecules has been developed and validated with experimental
data from literature. In summary, this thesis sheds light into specific molecular-level
mechanisms underlying bioactivity and permeability using in silico modeling techniques
that will aid in advancing the studied natural compounds as cancer drugs and develop new

compounds for selective targeting of cancer.

Vi



AT

X T TR ST TR Ut gt § e B § | I8 R ISRt o uid gansi

T TIATHEAT T FHT & HROT € | TIATHEAT i ATTIRAT 3 Aferd Fiehedt usiadt & e

1 Uik foram | aifera FRfre &1 SRwa R ARt 1 giHer ®9 § wfea AT 8, =T,
SR I AT § I B ATl <al e U He5 ¢ | OTHaT i e B 6 Y,
TR AT ol AT e aTel STU[3TT ol SITRITSTe HIAT ST & | SheR S9eT § SRl R

&HAT o [T 5 SIS U3 1 Alohd T T TAT TR ST &I © | AR IRt 3eh T0Taeh

FHORAT SR TAT-SIAT O o O] 6 AT o [oehrd H 9gd @ @d ¢ |

FR T T 2a1 SRTEAR] sl THTIRIINGT hl ST o 0T AeT+eh TU&T0T o S 3o [ohetdl

T F 1Y ST g1 & | MiFA-Iohet TAeTT % S gaT IHCARI ol HRATS o A0 o o
I TETRLOT | T X TohAT ST Rl © | AT TITTae hiTRiehT fareet! S itk amensti o Jres
Y iR ATl AT qrRIrRrEr I oft R FRAl © | I8 ASIE B el W AIRTeh, ST gee

Y 2 3Tk TEFER UI o for R fopn T €, IR Satehaar 3R URITRIET WA shisd

ek AT o [AT9 IRt 8 Tk SAEd TRqd el & |

FIIEA AU AfeorT fafern a1 ITF Fatia AR i Saafradar iR Imdn &

AT e o T TR 72T @ | TeRicren TRl TRIsheRdTem, frerhia U siiR hither ufte feffa

TR o UEFER AT TeEt i Sidf-ied e aTel 0T I hl Me-fofie SieT 31k AToTTaeh

Vil



TTicreierar Rgee e | S Sl T § | qRonEl § g 29 o wpehrediee, uhiea
T 37 hitheh TS TRMHTIRT TReX ek FITIERIsl § p53 THRA0T T RO a1 bl &, 3R S
ISR & Tl 81 fautid U, fFumm, Siee uie fRRiEe ter ofiR snefufer o A
TRIeel TRITIAT W, R RIRERSA H 910 STd RIEhCSTRe TaRUIeR o JHIE &l Tl o

F foru, foifte feora Afe<tt &1 STAW F amuttaes TTieiictar [REereE, ssien Jufer dehHie

& 9 forar T an | afRoTE 3 o o o wiehieeEeuie TadieR 3, i iR Bt
T T H, HER IR fareet & Aread 9 a1, fumeE, Siths ufie frfde tex &

TRTHA I GiAeT UaM @l | UA TSl 7 Sarstl Sl SETHEd UeH A H qdT-fEreet

FIATRAT I &THAT T TG RAT | Bl AU 6 ESHA JIRIAT AEHAH o oIg &= &
WEH A ITUS Aicad 1 Toh AT Hied, Hiied ¥ TINTEF Sl & |y [Fehied 3R J91=

TSR TR ® | 99 H, I A9 FEICYEE ATUITE AISieRT qehriehi 1 SUANT ek SIaamshadl

3R TETRIT i STATed (ARTE AU T o I H WSl STefd 8, ST 3783 {hU T T

TRt T R 18T o €9 H MM FoM U, 3R TR & TS ALAH0T o {70 70 AR

&1 Tt | Heg FOm |

viii



Contents

(O1-] o U1 = -SSR P PR i
ACKNOWIEAGEMENTS ..ot e e re e re e ii
N ] £ - Uo! TSR TORPRN v
£ 1. 1 SOOI vii
(0] 1 1=] o | £SO TSSOSO P PP IX
LEST OF FIQUIES ...ttt Xiii
LIST OF TADIES. ... XVii
LIST OF EQUATIONS ...ttt XiX
List of abbreviations and aCroNYMS ..........ccccciviiiiiieiieie e XXI
IR g oo [T 1 o] o SRS 1
1.1 Cancer chemotherapy: strategies and challenges ...........ccccecevveviveieiiicieece e, 3

1.2 Landscape of cancer drug develoOpmEeNt ..........cocoviiiiirinieeee s 5

1.3 Natural compounds as small molecule therapeutics for cancer..........c.cccccceevenen. 7

1.4 Role of molecular modeling in cancer drug development...........ccccocvvvviviinnennn. 9

1.5 Problem StateMENT .........ccoiiiiiiii e 11

1.6 ReSEarch ODJECTIVES .......cviieieiiee s 13

2. Investigating the molecular mechanism of action of natural compounds.............. 15
2.1 Rationale and Study GESIGN ........cccueiiiiiiieierierie e 17
2.1.1 Natural compounds Of INTEIEST.........ccervirieieieiri e 17

2.1.2  Shortlisted MoleCular targetsS.........cccvvvevieeiieiie s 19

2.1.3 Molecular modeling methods used for studying ligand-target interactions........ 22

2.2 Inhibition of mortalin-p53 complex formation by fucoxanthin........................... 25
N = = Tod (o | {11 T SRR 25

2.2.2  METhOAOIOGY ....cveeiiiieieee b 26

2.2.3  ReSUItS and DISCUSSION ....vecuveiveivieiesieeieeiesie et e e ste e ste st sae e sre e aesre e 26



2.3 Inhibition of p53-mortalin complex formation by combination of withaferin

A and caffeic acid phenethyl eSter...........cooooiiiiiiiiiii 29
2.3. 1 BaCKGrOUNG .......ccoiiiiiiiiiee s 29
P N |V, 1< 00 To 0] (oo VAR 29
2.3.3  ReSUIS and DISCUSSION .......ecuiiieieieiieiisiisiesiesie sttt 30
2.4 Activation of p53Y22°C mutant by caffeic acid phenethyl ester ...............cco.n..... 33
Ao = T (o] (o {01 3o SRR 33
WS |V, 1= g [0To 0] (oo YA SRR 33
2.4.3  ReSUILS aNd DISCUSSION ....cueiuverierireieie st eee e see e e e ste e te e st e saesreeneenees 35
2.5 Implications of the STUAY .........cciiiiiie e 41
3. Exploring drug-membrane interactions for cancer cell selectivity ......................... 43
3.1 Drug-membrane interaction studies in pharmacology ..........c.cccoooviiniiiiiicnenn, 45
3.2 Molecular modeling of membrane permeability ............ccccoovveiiiiiciieveece e, 46
025 R 12 T-To] o USRS 46
3.2.2  Protocol for membrane permeability studies using umbrella sampling ............. 48
3.3 Altered lipid distribution in cancer cell membranes.............ccccccoveivieieiieieennnn, 50
3.4 Rationale and StUdY AESIGN ........cccueiiiiriieierieriese e 51
3.5 Effect of phosphatidylserine exposure on the permeation of natural
COMPOUNGS ...ttt bbbttt e bbbttt ettt e e e e 52
3.5. 1 BACKGIOUNG ....cviiiiiiiicte ettt 52
3.5.2  MEthOUOIOQY ....veviiiiiiieieete e 54
3.5.3  ReSUItS @Nd dISCUSSION......ccuerviierierieiieiieie sttt 58
3.6 Implications Of the STUAY ........ccceeviiiiiiee e 69
4. Predicting skin permeability of natural compounds using stratum corneum
lPId MAtriX MOEIS......cviiiie e 73
4.1 Transdermal drug delivery fOr CanCer ... 75
4.2 Structure of stratum corneum lipid matrix: literature review..........ccccoceeveenenn. 78
4.3 Molecular modeling of skin permeability ...........cccooiiiiiiiin 79
4.4 Rationale and Study deSIgN .........ccoiviiiiiiiiiiie e 80



4.5 Predicting the skin permeability of natural compounds............ccocvviveveereiiiennnn, 81

4.5.1 BaCKGrOUNG........ccooiiiiiic ettt sttt sresre e renne s 81
4.5.2 MELNOUOIOGY ... e 83
4.5.3 ReSUItS and QiSCUSSION ....ccueeveiiiiiieiiiieiie ettt neenneas 86

4.6 Atomistic model of stratum corneum lipid matrix based on experimental

data for skin permeation STUAIES ..........cccuevveiiiieiiee e 94

0 R = - Tod (o {0 o OSSP SUORRI 94

A Y, =113 ToTo (o] [T | SO ST SUSPSRI 95

4.6.3  ReSUItS and diSCUSSION .....c.veviriiieieiiiieeiese e et eee e 100

4.7 Implications of the STUAY ........coocviiiiii e 110

5. Conclusions and fUtUIe ProSPECES.........cciiiiiieie i 113
] (= =] 002 USRS 121
List of publications from the thesSiS .........ccccveiiiciicic e 145
Curriculum vitae of the aUTNOT ..o 149

Xi



Figure 1.1:
Figure 1.2:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 2.10:

Figure 2.11:
Figure 2.12:

Figure 2.13:

Figure 2.14:

Figure 2.15:

Figure 2.16:

List of figures

Drug development pipeline for CanCer..........coovviiiiieicieie e, 7
Depiction of molecular doCKINg........ccooviiiiiiiiiiie 10
Natural compounds OF INTEIEST .........cccveiiiiieiieie e 18
Schematic representation of p53 signaling pathway .............ccccovevviiieieennenn, 20
Schematic representation showing the role of mortalin in cancer. ............... 22
Interfacial residues of mortalin-p53 iNteraction. ............cccceecevereninienicniennn, 26
Interaction of fucoxanthin at mortalin binding site (323-337) of p53. ......... 27
Stability of the p53-fucoxanthin interaction. .............cccocevviieiieie e, 28

Experimental inputs from DAILAB@AIST: p53 activation by
TUCOXANTNIN ... 28

Experimental inputs from DAILAB@AIST: Combination of

withaferin A and caffeic acid phenethyl ester possesses stronger

cytotoxicity and SEIECLIVILY. .......cccvvvveiiiere e 30
Interaction of withaferin A at mortalin binding site (323-337) of p53

Interaction of caffeic acid phenethyl ester at p53 binding site (323-337)

OF MOMTAIIN ..o 32
Mutation crevice of p53Y22%C MULANE. ..........cevevveveiceeieeee e 34
Redocking of PK7242 t0 p53Y22%C ..., 35

Interaction of caffeic acid phenethyl ester at the mutation crevice of
LT R 1TV 7: o | RO 36

Stability of interaction of caffeic acid phenethyl ester at the mutation

crevice 0f P53Y220C MOIECUIE ........vvecvvceeeeceee s 37
Residues of p53Y22°C interacting with caffeic acid phenethyl ester and
PIT242.....c ettt e et e e e et e e e e e sbaeee e 39
Structural integrity of p53Y22°C upon caffeic acid phenethyl ester
DINGING. ...t 40



Figure 2.17:

Figure 3.1:
Figure 3.2:

Figure 3.3:

Figure 3.4:
Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10:

Figure 3.11:

Figure 4.1:
Figure 4.2:

Figure 4.3:

Xiv

Experimental inputs from DAILAB@AIST: Activation of wild-type

like p53 activity in cell line possessing P53Y22%C ..o 40
Ilustration of altered lipid distribution in cancer cell membranes. .............. 50
Natural compounds taken for membrane permeation studies....................... 54

Built normal and cancer cell membrane models based on

phosphatidylserine exposure after equilibration. .............cccooevveieicivenee, 59
Densities of components of the equilibrated membrane systems.. ............... 60
Area per lipid values of the normal and cancer membrane models.............. 60

Order parameters of hydrophobic tails of phosphatidylcholine and

phosphatidylserine molecules in membrane models............ccccoevvivevvenenne. 61

Potential of mean force curves of withaferin A, withanone, caffeic acid
phenethyl ester and artepillin C calculated after 10, 20, 30 and 40 ns.......... 62

Potential of mean force profiles of withaferin A, withanone, caffeic

acid phenethyl ester and artepillin C in normal and cancer membrane

Snapshots of last frame from umbrella sampling windows showing the
preferred orientations of the compounds withaferin A, withanone,

caffeic acid phenethyl ester and artepillin C in the leaflets of normal

and cancer membrane MOelS ..........cooveiieieiie i 65
Diffusion coefficients of withaferin A, withanone, caffeic acid
phenethyl ester and artepillin C in normal and cancer membrane
MOTEIS ...t 66
Resistivity profiles of withaferin A, withanone, caffeic acid phenethyl
ester and artepillin C in normal and cancer membrane models.................... 67
Natural compounds taken for skin permeation studies ..........c.cccccvvvvevieennnen, 82
Equilibrated lipid bilayer system made of stratum corneum lipids............... 87

Densities of the system components along the direction of the bilayer

(101 (0 1L | IR TR 87



Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4.13:

Figure 4.14:

Potential of mean force profiles of the natural compounds withaferin
A, withanone, caffeic acid phenethyl ester, cucurbitacin B, curcumin,
and resveratrol through the lipid bilayer model made up of stratum
COMMEUM HPIOS .t 88

Snapshots of last frame from umbrella sampling windows showing the
orientations of the compounds withaferin A, withanone and caffeic

acid phenethyl ester at different positions along reaction coordinate............ 90

Snapshots of last frame from umbrella sampling windows showing the
orientations of the compounds cucurbitacin B, curcumin and

resveratrol at different positions along reaction coordinate.......................... 91

Diffusion coefficients of the natural compounds withaferin A,
withanone, caffeic acid phenethyl ester, cucurbitacin B, curcumin, and

resveratrol through stratum corneum bilayer model ............cccccooeiviinene. 92

Schematic representation of the built model of stratum corneum lipid

0 UL ) TR 95

Properties of the built model of stratum corneum lipid matrix during

PrOTUCTION FUN ...ttt et be e e e sre s 100

Angle distributions between the two tails of ceramide NP and ceramide
AP MOIBCUIES ...t 101

Built model of stratum corneum lipid matrix. Snapshot of the built
model during production simulation and densities of the all the lipid
molecules and water molecules in the system along the direction of the

DIHlaYer NOrMAL. .......cc.oii e 101

Comparison of neutron scattering length density profiles with

eXPerimental data..........cccveeiieiiiiie e 103

Density of the components of the model systems along ‘z’ upon

NYAFALION. ... 105

Potential of mean force profiles and diffusion coefficients of water,

benzene and estradiol through the built model.. ............c.coooeiiiiiiiiien, 106

XV



Figure 4.15: Snapshots from simulation trajectories showing the localization of

PErMEAtioN ENNANCETS. .....ccvveieiieciece et nnees 108

Figure 4.16: Densities of system components after equilibrating with permeation
BNNANCETS ...t 109

Figure 4.17: Properties of the stratum corneum lipid matrix systems equilibrated

With permeation €NNANCETS........ccviiveiieie e 110

XVi



List of tables

Table 2.1: Docking scores and binding free energies of binding of caffeic acid
phenethyl ester and PK7242 at p53722%C mutation Crevice...........cocvvevevvneee. 37

Table 3.1: The distribution of phosphatidylcholine and phosphatidylserine

molecules in the leaflets of cancer and normal membrane models.................. 54
Table 3.2: Calculated permeability coefficients of the drug molecules ...........cccceeveneee. 68

Table 4.1: Permeability coefficients of the studied anticancer compounds calculated

using bilayer model of stratum corneum lipids.........ccccccvvveviiieiiece e 93

Table 4.2: Permeability coefficients of water, benzene and estradiol calculated
using the built model of stratum corneum lipid matrix compared with

eXPErimental ValUBS ... 107

Xvii



Equation 2.1:
Equation 3.1:
Equation 3.2:
Equation 3.3:
Equation 3.4:
Equation 3.5:

Equation 4.1:

List of equations

Binding fre€ ENEIQY ..oovoieeieciee e s 25
Flux or rate of permeation of a solute across a membrane.............c...c.c...... 45
Homogeneous solubility-diffusion model ..............cccoveviiiiiiinic e 46
Inhomogeneous solubility-diffusion model............cccccoovviieiieiieiiciece, 47
Lipid tail order Parameter..........occoveeieieiene e 48
Diffusion COBTFICIENTS .......vevieiiei e s 49
Free energy of transfer of permeants from water to lipid...............c............ 98

XiX



List of abbreviations and acronyms

ARC
CAPE
CucB

DAILAB@AIST

MD simulation
PC

PDB

PE

PMF

POPC

POPS

PS

RMSD

SM

SMD simulation
WHAM

Wi-A

Wi-N

Artepillin C
Caffeic Acid Phenethyl Ester
Cucurbitacin B

DBT-AIST International Laboratory for Advanced
Biomedicine, National Institute of Advanced Industrial Science
and Technology, Tsukuba, Ibaraki, Japan

Molecular Dynamics simulation
Phosphatidylcholine

Protein Data Bank

Phosphatidylethanolamine

Potential of Mean Force
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
Phosphatidylserine

Root-mean-square deviations

Sphingomyelin

Steered Molecular Dynamics simulation
Weighted Histogram Analysis Method
Withaferin A

Withanone

XXi





