O6pa3zar 4.

®dakynreT dapMaleyTcKu YHUBEP3UTET V¥V BEOTPAOY
01 6poj 2257/1-1 Behy Hayununx ob1acTu MeJUIMHCKUX HAyKa
(Bpoj 3axTeBa) (Ha3ug Beha HayuHe 06acTi KOMe ce 3axTeB ynyhyje)
10.09.2026. S3AXTEB
(Matym)

3a JaBame carjacHOCTHU Ha OJJIYKE O yCBajamy u3BelTaja Komucuje 3a oneny
JOKTOPCKE JUCepTalMje U O UMEHOBalbY KOMHUCH]E 3a 010paHy

Monumo na, cxomHo wiany 47. cr. 5. tau. 4. Craryra Yuusepsurera y beorpany ("I'macuuk Yuusepsurer", 6poj 186/15-
npeuninhienu Teket u 189/16), nate carnacHOCT Ha OTYKY O yCBajamy u3Belnraja KoMmucuje 3a olieHy JTOKTOPCKE JHcepTalyje:

KAHJMJAT MUJIAH (JOBUIIA) JOBAHOBWh

(¥Me, UMe jeTHOT O/l POAUTEbA U IIPE3NUME)

CTYACHT NOKTOPCKUX cTyauja Ha ctyaujckom nporpamy JJOKTOPCKE AKAJEMCKE CTYAUJE, PAPMAINIEYTCKE HAVYKE,
OAPMAIIEVTCKA XEMHUJA

MIPHjaBHO je JOKTOPCKY AUCEPTAIN]y 110l HA3HBOM:

~XeMUHPOPMATHYKA AHAJIN3A, AN3AjH M HCIIUTUBAILE HHXUONTOPA JUNNIHNX U MPOTENH KMHA3a KA0 MOTEHIMjaJTHO
HOBHX AHTHHEOIJIACTHKA

13 Hay4YHe 00IacTu: OPAPMALEYTCKA XEMMJA

Vuusepsurer je mana 11.10.2022.romuue cBojum akrtoM mox Op. 02-01 6poj 61206-3695/2-22 nao carmacHOCT Ha

TIPEIJIOT TeME JOKTOPCKE AUCEpTaIlje Koja je riacuia:

nXCMI/ng_)ODMaTI/l‘lKa aHAJIM3a, IW3ajH U NCIHTHBAH€ HHXHOUTOpA JIMIIW/IHUX U IIPOTEHMH KMHA3a Kao
MOTEHIMjAJTHO HOBUX AHTHHEOILJIACTHKA*

Hme u mpe3nMe MeHTOopA - 1. p cu. Karapmna Hwukomwuh, pemoBHu mnpodecop, YruBep3urer y beorpagy —
dapmarieyrcku dakyarer (Yxa Hayana obmact: dapMarieyTcKka-MeIUIIMHCKA XeMHja
U CTPYKTYpHA aHJIn3a)
2. Hp cu. Munkuna LlpeBap, Banpemnu mpodecop, YHuBep3urer y beorpamy —
Qapmareyrcku ¢akyrer (Yrka HaydHa obiact : PapMareyTcka-MeANIIMHCKA XEMHja U
CTPYKTYpHA aHIH3a)

KoMucuja 3a oLieHy JOKTOPCKE AUCEpTallje HMEHOBaHa je Ha cexuunu onpxkanoj 18.06.2026.ronuHe

OIITYKOM (paKyinTera mosu op. 01 6p.1458/2 , y cacTaBy:
Nwme u mpe3ume wiaHa 3Bambe Hay4YHa 00JIacT YcranoBa y K0j0j
KOMHCH]e je 3amociieH

1. Hp cu. Bpanka MBkoBuh, Baupeauu npodecop, Yuusepsurer vy beorpagy - @apmaueyrcku dakyarer (Yxa
HayyHa oOyiact: Papmarieyrcka-MeUIMHCKA XEMH]A M CTPYKTYPHA aHIIN3a), IPEACENHUK

2. Jp cu. Mapa Anekcuh, pegoan npodecop, YHupepsureT y beorpaay - @apmaneyrcku daxyarer (Vka HaydHa

o0xact: Pusnuka xemuja)

3. Jp cu. Crasuna Ospauuh, Banpennu npodecop, YHuepsuter y Beorpany - @apmaneyrcku daxynrer (Yxka

HaydHa o0acrt: qDaDMaHeVTCKa-MeHI/IHI/IHCKa XeMHia " CTPYKTYpPHA aHJ'II/I3a)

4, JIp cu. Mapuja HonoBuh Hukonuh, BUIIM HAYYHH capaJHUK, YHuBep3uTeT v beorpany - @apMaleyTcku

daxynrer (Yxa HayuHa obsact: @apmarmja —Papmanieyrcka xemMuja)

5. JIp cu. BpanucnaB CrankoBuh, BHUIIM HAYYHH CcapajHUK, YHHUBep3uTer vy beorpany — MHCTUTYT 3a

HyKJIeapHe Hayke ..Buaua® (V>ka Hayuna obinact: Pusnyka xeMuja)

Hanmomena: ykonuko je unan Komucuje y neH3uju HaBeCTH aTyM NEH3NOHHCAHA.



JlaTym craBibama u3Bemraja Komucuje u gokropeke aucepranuje Ha ysua jasaoctu: 09.07.2026.roauHe.

HacraBHo-HayuHO Behe dakynrera ycBojuio je m3Bemraj Komucuje 3a oneHy JOKTOpPCKE QUcCepTalje HACEAHHUIM OIP>KAaHO]

JaHa 10.09.2026.roauue

Komucuja 3a onbpaHy JOKTOpPCKE QUCEpTalje MMEHOBaHa je Ha cenuuuu oxpxkanoj_ 18.06.2026.romune

omnykom (akysrrera noa 6p. 01 6poj 1458/2, y cacrasy:

Nwme u pe3ume diaHa 3BabE Hay4YHa 00JIacT YcraHoBa y K0j0j
KOMHCH]e je 3arocieH

1. [p cu. bpanka Uskosuh, Baupenuu npodecop, YHausepsurer v beorpaay - @apmareyrcku dakyinrer (Yka HayyHa
obnacrt: @apMalieyrcka-MeIUIIMHCKA XEMHU]A U CTPYKTYPHA aHJIN3A), IIPEICETHUK

2. Jp cu. Mapa Anekcuh, penosau npodecop, YHusepsurer v beorpaay - @apmaneyrcku dakyiarer (Yka HayyHa
obsnacrt: duznuka xemuja)

3. p ci. Cnasuna Ospaunh, Baupennu npodecop, YHusepsurer v beorpaay - @apmaneyrcku daxyarer (Yrxka HaydHa
obnacr: @apmalieyrcka-MeqUIIMHCKA XEMHU]A U CTPYKTYPHA aHIn3a)

4. p cu. Mapuja IHonosuh Hukonuh, BUILIKM Hay4yHU capaJHUK, YHHUBEp3UTeT v beorpaay - @apManeyrcku dhakyiarer

(Y>xa HayyHa obnact: @apmanmja —Papmalieyrcka Xemuja)

5. Hp cu. bpanucnap CrankoBuh, BHIIM HAayYHU capajHUK, YHuBep3UTeT y beorpagy — MHCTHUTYT 3a HyKieapHe
Hayke ,,Buaua“ (Vxka HaydyHa obnact: ®usnyka xemuja)

Hanmomena: ykonuko je unan Komucuje y neH3uju HaBeCTH JaTyM MEH3UOHHCAbA.

JEKAH ®AKVIJITETA

Onnyka HacraBHo-HayuHOT Beha 0 ycBajamy m3BemTaja Komucuje 3a oneHy JOKTOPCKE AHCEpTaIlHje

IIpunosu: 1. . )
U OayKa o MMeHoBamy Komucuje 3a onOpaHy IOKTOpCKe AHCEpTaIyje

2. WM3Bemraj Komucuje o olieHu JOKTOPCKE TUCEpTaLUje

3. Tlpumen6e Ha usBeniTaj Komucuje o omeHu H0KTOpCKe mucepranuje (yKOIUKO UX je OHUi0) u
Mulbeke Komucuje o mpumendama

Hanomena: dakynTer q0cTaB/ba YHUBEP3UTETY 3aXTEB Ca MPUIIO3NMA y €EKTPOHCKO] (OPMH H Y jeTHOM MUCAHOM HPHMEPKY
3aapXuBy YHUBEpP3UTETA



YHUBEP3UTET V BEOI'PALTY
OAPMALEYTCKU ®AKVIITET
11000 - BEOI'PAL

V. Bojoae Creme 450.

01. 6poj 2257/1

10.09.2026. roaune

Ha ocnoBy wrana 28. Craryra u mpemiora Komucuje 3a MOCIEIUIUIOMCKE CTyIHje —
NoKTOpcke crynuje, HacraBHo-Haydno Behe YHuBepsutera y beorpamy — ®dapmarneyrckor
¢dakynrera Ha cemauiy oapxkanoj 10.09.2026.romune, noHENO je

ONJYKY

IMPUXBATA CE no3utuBan u3Bemnitaj Komucuje 3a oreny u o0paHy 3aBpIiieHe JOKTOPCKE
nucepranuje, kKaHaugata — Mmar.gapmanuje JoanoBuh J. Mwujana 1oJ HaclOBOM:
»XeMUH(OPMATHYKA AHAJIN3A, TN3AjH U HICTUTHBAK€ HHXUOUTOPA JTUNUAHUX U IPOTEUH
KMHA3a Kao0 NMOTEHIHjaJIHO HOBHUX aHTHHeomJacTuka“ u ynyhyje Behy mayunux oGmactu
MEIMIIMHCKUX HayKa Ha yCBajame, a Mo J0OWjeHO] MHCaHO] carjlaCHOCTH 0J00paBa jaBHA
onbpana npen Komucujom y cacrany:

1.

Hp cu. bpanka HBxoBuh, Banpeanu npodecop, YHuBep3urer y beorpany -
®dapmarneyrckn  gakynrer (Yka HaydHa ooOmact: Dapmareyrcka-MeTullnHCKa
XeMHja U CTPYKTYpHA aHJIN3a), MPECEIHUK

Hp cu. Mapa Anekcuh, pemoBHu mnpodecop, YuuBepsuter y beorpamy -
®dapmarneyrcku dakynTeT (Yrka HaydHa oOmact: OuU3nvKa XeMuja)

Hp cu. CnaBuna Ouspaunh, Banpeanu npodecop, YHuBepsurer y beorpany -
®dapmaneyrcku  gakynrer (Yxka HaydHa oOmact: dapmaieyrcka-MeIuIIMHCKA
XeMHja U CTPYKTYpHA aHJIN3a)

Hp cu. Mapuja IlomoBuh Hukonuh, BUIIM HayYHH CcapajHUK, YHHBEP3UTET Y
beorpany - ®apmaneyrcku dakynrer (Yxka HaydyHa ooOsmact: Papmarmja —
dapmareyrcka Xemuja)

Hp cu. bpanucnaB CrankoBuh, BUIIM HAydHH CapaJHHUK, YHHUBEP3UTET Y
beorpany — MHCcTHTYT 32 HyKJIIeapHe Hayke ,,Bunya® (Vrka HaydHa obnact: Ousnuka
XeMHuja)

VYuusepsureT je gana 11.10.2022.roxune cBojum akrom 6p.: 02-01 6p: 61206-3695/2-22 nao
CarJacHOCT Ha MPEUIOT TeMe JOKTOPCKE JMCEepTaIlHje.

Kanmunar mar. ¢gapm. Mwunan JoBaHoBuh, o0jaBHO je pe3ynTaTe H3 OBE JIOKTOPCKE
JHcepTalyje y ABa paga kareropuje M21 y mehynapoaaum yaconucuma ca CLU nucre:

1. Jovanovi¢, M.; Nikoli¢, K ; éarapic', M.; Aleksi¢, M.M. Electrochemical and

Theoretical Study on Interaction between Erlotinib and DNA. J. Pharm. Biomed. Anal.
2023, 234, 115560, doi:10.1016/j.jpba.2023.115560.

IF2021 = 3,571; Chemistry, Analytical (24/87); M21

Jovanovi¢, M.; Radan, M.; Carapié, M.; Filipovi¢, N.; Nikoli¢, K.; Crevar, M.
Application of Parallel Artificial Membrane Permeability Assay Technique and



Chemometric Modeling for Blood-Brain Barrier Permeability Prediction of Protein
Kinase Inhibitors. Future Med. Chem. 2024, 16, 873-885, doi:10.4155/fmc-2023-0390.
IF2022 = 4,2; Chemistry, Medicinal (16/63); M21

OmnyKy NOCTaBHTH: KaHIUAATy, YHUBEP3UTETY, WIAHOBUMA KOMHCH]E, JCKaHY, CEKpeTrapy,
MpoJeKaHy 3a MocienuIuioMcke cryauje, OpceKky 3a HacTaBy M CTYACHTCKA IIHTamba,
menTopuma (IIpod. ap Karapuna Huxosmh u Ipod. np Munkuna Lpesap), Oaceky 3a npaBHe
M OMNIITE TOCJIOBE, TOCIOBHOM CEKpeTapy, npeaceanuky Kommucuje 3a mocienuIuioMcke
cryauje — nokropeke cryauje (IIpod. ap brubana Antonujeuh) u apxusHw.

MPEJCETHUK
HACTABHO-HAYYHOT BERA
®APMALEYTCKOT
®AKYJITETA

IIpo¢. ip Harama borasan
Cranojesuh



HACTABHO-HAYYHOM BERY
VHUBEP3UTETA V BEOI'PAJLY — PAPMAIIEYTCKOI' ®PAKVJIITETA

KOMMCHJIN 3A TIOCJEJUIIIOMCKE CTYJAUJE — TOKTOPCKE AKAJIEMCKE
CTYJIUJE

MPEJMET: U3BEILITAJ KOMUCHJE 3A OLEHY W O/IGPAHY 3ABPIHIEHE
JIOKTOPCKE JUCEPTAIINJE

Onmykom Hacrasro-nayunor Beha Yuusepsutera y beorpajy — dapmarieyTckor (hakynrera,
6poj 01.6p.1458/2, noweroj Ha cenuuy opKanoj 18.6.2026. rojuue, uMeHopaHa je Komucuja
3a olleHy M 010paHy 3aBplICHE JOKTOPCKE JMcepTaluje KaHamlara Munana J. Joanosuha,
marucrpa dapmanuje, noj HasuoM ,,XeMUH(OPMATHUKA aHANN3A, JM3ajH U UCIIMTHBAILS
WHXHONUTOpA JMTIMAHMX M MIPOTEMH KMHA3a Ko MOTEHLMJamHO HOBUX aHTHHEOTIIacTHKa ™, Y
cnenehem cacrasy:

. Jlp cii. bpanka Mekoenh, saupeann npodecop, Yiusepsuter y beorpay — Mdapmariey TCKH
daxynrer (yka Hayuyna obnact: PapmareyTcka MEMIMHCKA xemuja) (TTpeacennnk Komucuje)

2. Jlp cu. Mapa Ausiexenh, penoshn npodecop, YHHBEP3UTET y beorpany — MapMaleyTcKu
dakynTer (yiKka Hayuna obnact: DU3nUKa Xemuja)

3. JIp cu. Cnapuia Ossaunh, BaHpeHN Npodecop, YHUBEP3UTET Y Beorpany — ®MapmalieyTCku

(paxynrer (yxa HayuHa obnact: ®apmarneyTcka MEIUIMHCKA XeMuja)

\
4. Jlp cu. Mapwuja IMornosuh Hukomvh, BUIuM HayuHW CapajHuk, Vuusep3urer y beorpany —

dapmarieyTekH pakyarer (yxa nayuna obnact: @apmanuja - PapmateyTeka Xemuja)

5. JIp cu. bpanucnas Crankopuh, BHIIM Hay4HW CapajHWK, YHUBEPINTET Y beorpany —
MHCTHTYT 3a HyKJleapHe Hayke ,Bunua” (yxa nayuna obnact: Gusmika xemuja)

MeHTopy JIOKTOpCKe jauceprauuje cy ap cu. Karapuna Hukonuh, penoBan mnpodecop,
Vhueepauter y Beorpany — ®apmaneytcku dakyinrer (yxka HaydHa oOnacr: dapmareyTcka
MEJMIMHCKa XeMuja) ¥ p cit. Munkuua Llpesap, Bampejnn mpogecop, YHUBEP3UTET y
Beorpajy — ®apmateyTckn (axynrer (yxa HayuHa 0071acr: dapmalieyTcka MEAMIMHCKA
xemuja)

Komucuja y HaBeIcHOM cacTaBy Mperjiejiania je J0KTopeKy aucepTanujy u cadunnia Mspewraj
y cksiajty ca wianom 23. IpaBuiHuKa 0 JJOKTOPCKHM aKaJeMCKIM cTyiMjama YHUBEp3uTeTa y
Beorpany — ®apmatieyTekor dakyiTera Koju nogrock HacrasHo-Hayunom sehy.



1. OCHOBHH IMOJAIIN O KAHJIUJIATY U JJOKTOPCKOJ JIUCEPTALIUIHA
Kananaar: Munan J. Josanosuh

TpenyTHo cTpy4HO/aKaaemMeKo 3Batbe Kannara: Marucrap dapmatmje

Yeranosa: Yuusepsurer y beorpany — ®apmareyTcku (akynTet

Hacnos aokropeke jucepraumje: ,XemuH(pOpMaTHUKa aHaqn3a, JM3ajH W HUCIUTHBAIbE
WHXHOMTOpA JIMIMIHKUX U NIPOTENH KMHA3a KO MOTEHIIHjaIHO HOBUX aHTHHEOTLIACTHKA

Hayuna obnact: @apmannja
Yika nayuna obmact: dapmarieyTcka MeAMIMHCKA XeMUja

Jocrasibena enexrponcka Bepsuja jmcepraumje campku 223 crpane. OCHOBHM TeKCT
AWcepTalyje OpraHu30BaH je y cemaM mnoraaBma: 1. Yeom, 2. Llue ucTpaxkusarba, 3.
Excniepumentainu neo, 4. Pesynraru u auckycuja, 5. 3akmyvak, 6. Jinreparypa u 7. [Tpunozu.
[pema Hymepannju y rexery, aucepranmja cajpxu 48 cnvka/rpadukuxX npukasa, 24 tadene
1 520 Gubnuorpadcknx jeauHuia.

Ha nouerky jucepranmje nanase ce nacnosHe crpane Ha CPIICKOM M €HITIECKOM je3HKY, IOIaln
0 MEHTOpUMa 1 YjlaHoBuMa Komucuje, 3aXBallHULIA, CAKETAK HA CPIICKOM H SHITIECKOM Je3HKY,
nmcra ckpaheHyua u caipikaj, 10K ce y 3aBpUIHOM Aely Hanase npuinosu, Guorpaduja ayTtopa
W M3jaBe KaHauaata O ayTopCTBY, MCTOBETHOCTH INTAMMAHE M €JIEKTPOHCKE BepaHje |
Kopuithery JI0KTopeKe Aucepratmje.



2. MIPEJAMET U IIMJbEBU JJIOKTOPCKE JHCEPTAIIMJE

[Ipesmer AOKTOpPCKE AMCEpTALMje je MHTErpHCaHO eKCIEPUMEHTAIHO U XeMHH(OPMATHUKO
HCTIMTHBAME OfabpaHuX MHXHOWTOpA JIMNMIHMX M HPOTEMH KHMHa3a, Kao M CTPYKTYpHO
CPOJIHUX je[Mbetba, ¢a LNibeM DOosber pasymeBarba IbUXOBUX MOJICKYICKHX ocobuHa, oqHOCa
CTPYKTYpPE M AKTUBHOCTH, K0 ¥ Pa3sIHUMTHX (hapMaKOKHHETUIKHX H TOKCUKOTIOIIKHIX ocobuHa.
Werpaxkurarme oGyxBara IpoLeHy aciBHE NepMeabuIHOCTH MHXHOUTOPA KNHA3a KPO3 MOJEH
KPBHO-MOJK/iaHe Gapujepe, ENCKTPOXEMHUJCKY KapakTepu3allujy epJoTUHHOa M HBEroBOr
notenuujana 3a uHtepakunjy ca JIHK, xao w panuoHamiu [M3ajH HOBMX [MOTEHLM]jaTHO
cenekTHBHMX uHxuOuTopa PI3Ka wuzodopme (eurn. phosphatidylinositol 3-kinase alpha
isoform) npumenom caspemennx CADD (eurn. Computer-Aided Drug Design) MeToza.

OcHOBHHM LMJb JOKTOPCKE JuUcepTardje Mo je jia ce Kpo3 MOBE3MBambe CKCICPUMEHTAIHUX
TexHMKa M padyHapckmx Metoa ae(uHuury CTPYKTYpHH (hakTopu KOjU yTHYY Ha
nepMeabuIHOCT, peloKe NoHawamwe, noreduujan unrepakuuje ca JIHK, axtusHocT #
CeNIeKTHBHOCT KMHA3HMX MHxuOMTOpa. Ha Taj nauun aucepraumja oGjeaumyje aHanusy seh
[MO3HATHX [MPEJCTABHAKA IM/bAaHE AHTUTYMOPCKE Tepanuje M JM3ajH HOBHX jelMHbCHba
yemepennx ka PI3Ka Kao peleBaHTHOM LM/BHOM MeCTy JejcTsa y pa3Bojy HOBHUX
aHTUHEOIJIACTHKA,

Crieundu4Hn UMIbEBH UCTPasKHBatba 00yXBaTalu Cy:

. HCTIIUTUBAILE [ACMBHE nepMeadMIHOCTH  o7a0paHnuX  KMHA3HUX UHXUOHUTOpa W
EKCIIEPUMEHTAITHUX CTPYKTYPHO CPOJHKX je/IMIbeba Kpo3 in vilro MOJE] KpBHO-MOXKaHe
Gapujepe npumenom PAMPA (ewr. Parallel Artificial Membrane Permeability Assay) Tecta;

¢ dopmupaibe, nopehemwe, sainzaunjy u untepnperaunjy QSPR (enrn. Quantitative
Structure-Property Relationship) monena 3a npeasuhatse nepmeabuiHocTy, y3 npumeny MLR
(enrnn. Multiple Linear Regression), ANN (enrn. Artificial Neural Network) m SVR (eurn.
Support Vector Regression) npucrtyna,

. eNEKTPOXEMM]CKY KapakTepHsallujy epoThHuba Ha €JIeKTPOAM OJL  CTaKjacTor
yribenuka npumenom CV (enrn. Cyclic Voltammetry), DPV (eHri. Differential Pulse
Voltammetry) v SWV (enrn. Square-Wave Voltammelry) TeXHHKA;

. HCTIMTHBabe MHTepakimje epnotunmnba ca JIHK mpumenom enexrpoxemujekor JIHK-
GHOCen30pa, Kao W YIOpenHy in Ailico aHannsy HauuHa Be3WBamwa €pIOTMHMOA ca JHK
MPUMEHOM MOJIEKYJICKOT JOKMHT@ U MOJIEKYJICKE JIMHAMHKE;

’ pa3Boj W MPUMEHY MPOTOKONA 3a Mojenosawe PI3K MHXMOMTOpa CENICKTUBHUX 3a O
n30(hopMy - MOJIEKYJICKY [IMHAMUKY, aHcamOu 10KkuHr U 3D-OSAR (eHri. Three-Dimensional
Quantitative Structure-Activity Relationship) anamsy 3a PI3Ka, PI3KB, PI3Ky n PI3K3
n3ohopmu;

. neuHUCcae CTPYKTYPHHX CMEPHHULA 33 JIM3ajH HOBMX MOTEHLMJATHO CEICKTUBHUX
PI3Ka unxuburopa, in silico npolieHy ibUXOBE aKTUBHOCTH U CEIEKTUBHOCTH 3a PI3Ka, Kao 1
jofatHy in silico  NpOLEHY HUXOBUX  (DM3MUKO-XEMMJCKHX, (PapMaKOKMHETHUKUX M
TOKCHUKOJIOWIKHUX 0COOMHA.



3. ITIPHKA3 CAAPXKAJA JOKTOPCKE JUCEPTAIIUJE

CrpykTypa HOKTOpCKe AMcepTaidje omMoryhasa mpaheme HCTPaXKHMBAauKOI TOKa OJ
TEOPHjCKE OCHOBE O YIO3M JIHMIMIHMX W TPOTCHH KHUHA3a Y MaNMIHUM OolecTHMa, TIPEKo
CKCIICPUMEHTAHOT MW PadyHapCKOI MCIUTHBaWka 0Aa0paHuX KHMHA3HUX HMHXHOWTOpA, 10
panHOHATHOT Au3ajHa celleKTUBHUX PI3Ko uHXubuTopa.

IMornasbe ,¥Boa” naje creoOyxBaraH Mnperie]] MaluTHUX TymMopa, CTPYKType H
KnacuuKanmje MPOTeMH KHHA3a, yJIore JIMMUAHAX KUHaza v PI3K curHanHor nyra, Kao W
sHauaja PI3K unxuburopa y Tepanuju mamuraux tymopa. IToceOHa naxkma mocsehena je
PI3Ko, ceneKTUBHUM HWHXHOMTOpWMA, M3a30BMMa MOCTHU3ama H30(DOPMHE CENEKTHBHOCTH H
3Hayajy onTHMH3auMje GapMakOKHHETHUKOT U TOKCHKOJIOMIKOI Tpoduna. ¥ HacTaBKy yBoaa
NPHKa3aHe Cy MeTo/le padyHapCKOT Au3ajHa JIEKOBA 3aCHOBAHE HA CTPYKTYPH LIMJBHOT MECTA U
CTPYKTYPH JIATaHa/a, YK/bYy4dy]yYhH XOMOIOTHO MOJIE/IOBatbe, MOJIEKYICKH JOKHHI, MOJIEKYIICKY
THHAMHUKY, BUPTYEINHU CKpHHUHT, OSAR/QSPR anamu3e, MallMHCKO Y4emhe W JEQUHHCARE
JOMEHa IPHMEHJbUBOCTH pasBHjEeHMX Mojena. Y 3aBpiiHOM ey yBoja obpabenu cy
TeparmjCcKi MOTEHUHjal H HW3a30BW TNpOoJlacka KWHA3HUX MHXMOUTOpa Kpo3 KPBHO-MOXKIAHY
Oapujepy, ka0 WM MoryhHocT MHTepakiMje KhHazHuMX uMHXxuOuTopa ca JHK u muxoso
EJIEKTPOXEMH]CKO UCTTUTUBALE.

IMornasbe ,[{uib HeTpakuBama”™ fedunUIe OCHOBHY B Paja U crieluuyHe 3a/1aTke
KOju ¢y pacnopeheHn y Tpu wucrpaxkupauke uenuHe: PAMPA-KMB/QOSPR ananusy
nepMeabMITHOCTH, CNCKTPOXEMUJCKO U in  silico WCTMTUBame eploTHHMOa M Heroee
unrepakuuje ca JJHK, kao u CADD cryuujy ycMepeHy Ha AH3ajH U CEJICKLHM]Y MOTCHIH]alHo
cenexktusHUX PI3Ka naxuburopa.

Hornasmwe ,ExcnepuMentannu geo” oOyxsara omnuc kxopumhenux cranaapja,
XeMHKallija, ONpeMe M padyyHapcKuX Tporpama, Kao W METOHOJIOIIKE IPOTOKONe 3a CBe
EKCIEPUMEHTAJIHE M padyyHapcKe MocTynke. Y nmpBoM jexy onucanu cy PAMPA-KMB tecr,
HPLC (eurn. High-Performance Liquid Chromatography) anamusa pesynTara, NMpuipemMa
CKYyTIa [10/laTaka, u3padyyHaBame MOJIEKYJICKUX JecKpuirTopa, pazsoj MLR, ANN u SVR OSPR
Mozena, HBHXOBa Bajlujanuja ¥ JeduHHCame JOMEHA NPUMEHJBMBOCTH. Y JIpyroM Jaeny
IIPUKAa3aHK CY MOCTYIIM BOJITAMETPH]CKHX UCTUTHBAa, npunpema JIHK-6uocensopa, kao u
MPOTOKOIIM MOJIEKYJICKOT JIOKHHTA W MOJEKYICKe AHHAMUKE 3a HCIUTHBAmE HHTEpaKilvje
epinotuanba ca JHK. ¥V rtpehiem zgeny omucanu cy mOCTymiu MPHIIPEME CETOBA MOIATAKa,
XOMOJIOTHOI MOZIETIOBaHa, MOJIEKYJICKE AMHAMUKE, aHcaMOn nokunra, 3D-0SAR MonenoBama
sacHoBaHor Ha PLS (enrn. Partial Least Squares) metrononoruju, LDA-SBVS (enrn. Linear
Discriminant Analysis-Structure-Based Virtual Screening) BUPTYETHOT CKPMHMHTA, TIPOLIEHE
ADMET (enrn. Absorption, Distribution, Metabolism, Excretion and Toxicity) ocobuna u
nomarne npumene PAMPA-SVR wmozena Ha HOBOAM3ajHMpaHa W jeldibema a00WjeHa
BHPTYEIHHM CKPHHHMHIOM, K40 M CTPYKTYpHE aHalIM3€ ca LMJbeM NpoleHe Moryher peaokc
TIOHANIamka U IIPUMEHE BOITAMETPH]CKHX UCITHTHBAA AU3ajHUPAHNUX |CIULErbA.

IMornasme ,,PesyaTaTi H AHCKYCHja” MO/IEI/bEHO je HA TPH TEMATCKH MOBE3aHE L[EJIMHE,
[Ippa menmuna obyxsara pesynrare PAMPA-KMB QSPR crymuje, ykibyuyjyhu
CKCIIePUMEHTAJIHE BPEAHOCTH TiepMeadbuinnocti kpo3 KMB, dopMupame u uHTEpnpeTaimjy
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QSPR Mozena u nopehere ca J0CTYNHUM JTUTEpaTYPHUM M HapMAKOKHHETHYKUM MOJAlMMA.
Jpyra uenuwna npukasyje pesynrare eneKTpOXeMHjcKe CTyidje epaoTuHuba, aHausy
OKCHAOPCAYKIHMOHKX TIpoLieca, UcnnuTuBame WHTepakuje ca JIHK u pauynapcky npoueny
moryhux Haunna sesuamwa. Tpeha nennna nocsehena je PI3K 1u3aju cTymju, 011 XOMOJIOTHOR
vozenoBatba PI3KB usodopme, monekyicke IMHAMUKe M BaqMaalmuje JOKHHT TPOTOKOJA,
npexo passoja 3D-OSAR monena 3a PI3Ka, PI3KB, PI3Ky u PI3KS usopopme, 10 nedunncara
CTPYKTYPHHX CMEpHMILA, IM3ajHa HOBUX je/Miberba npuMeHom scaffold hopping metone,
BUPTYCJIHOI CKPUHWHTA, aHalM3e XeMHUjCKOr mpocropa u mnpoueHe ADMET ocobuHa,
yKksbyayjyhu npumeny PAMPA-KMB OSPR mogena, kao un CTPYKTYpHE aHalu3e y3 NpoLeHY
mMoryher pejioke nonaiarma 1 NoTeHIHjaIHy KOPENalujy ¢a BOJATaMeTPH]CKIUM HCTTHTHBaEM
AM3AJHUPAHNX JeiMIbetba. Y OKBUpY pesyirrara cy Npe/lokenu Hajoo bl KaHaMIaTh 3a jasba
MCTPAKHBaA.

Hornasmbe ,,3aKkbyuak” cucTeMaTHYHO CyMHpa HajBaKHHje pesyiaTtare M HayqHe
JoTipuHOCe JucepTanuje. 3aKbyuly ¢y GopMyIHCanu y CKIaly ca HOCTAB/bEHUM LAJBEBUMA
W JaCHO NOBE3Yjy eKCrepUMeHTalHe Halase, BATHAALHM]y 106HjeHIX pesyaTara M CTPYKTYpHE
CMEpHHLIE 3a 1aJbH Pa3BOj KMHA3ZHUX UHXMOUTOpA.

Hornasme . JInteparypa” cagpxu 520 GubGnnorpadeknx jenuHuua, WTO yKasyje Ha
TeMEJbHO 0OpaheHy peneBaHTHY UTEpaTypy U3 061acTH (hapMalieyTCKe-MeMIMHCKE xemuje,
CADD wmetona, OSAR/QSPR mosienosamwa, PISK MHXUONTOpA, UCTIUTHBAbA TTePMEAbUITHOCTH
kpo3 KMb u eniektpoxemujckix Metosia y hapmarieyTckoj aHanmsm.

[oraasube ,, Ilpuiaosn” caapxn gonarne nogarke Koje VIIOTIY Y)Y pe3yJTare u3
qmcepraimje, yKbyjyhu cTpykType HCIMTHBAHNX jeM-CHbA, KAO M IbHXOBE
CKCIepuMenTante U npeasuhene akTHBHOCTH



4. HPEIJVIE/I PE3VJITATA IIPE/ICTAB/JBEHUX ¥V JIOKTOPCKOJ JUCEPTAIINJH

VY 1IpBOj MCTPaKMBAYKO] LEJMHW UCHWTaHA je edeKTuBHa rnepmeabuiHOCT 34 CTPYKTYpHO
paziuuuTa jenumetba npumeHom PAMPA-KMbB Ttecta. Ckyn nojaraka oOyxsaruo je 15
0/100peHUX HHXHOMTOpa NPOTENH KWHaza, N-geamernnumartuHud (umatunud EP Heuncrohy
C). excnepumentanuu ROCK (enrn. Rho-Associated Coiled-Coil Containing Protein Kinase)
nnxuouTop RKI-1447, Kao u cTPyKTYPHO CpPOHA EKCTIEPUMEHTAITHA e IbEHha KOja YKIbYUY]Y
JiepuBare apun-2-aMUHOMIMPUINHA, THA30MUI-XHIPA30Ha U CelleHa30MuI-Xxuapazona. Opakas
1300p jeanmer-a oMoryhuo je fia ce UCNUTajy pasiMuuTH CTPYKTYPHU AEIOBH NPUCYTHH Y
KHHA3HUM MHXUOUTOPUMA M CPOTHAM jeIUbEeNMA.

Ha ocnoBy excnepumentanno oxpehennx logPe BpeiHOCTH, MCIUTHBAHA jEAMILEHA CY
KracuMKoBana y rpymne HHCKe, Cpeiibe U BUCOKe repmeadunHocTu. Jlobujenu pesynraru cy
MoKazaziy Ja ce KWHa3HU MHXuOuTopu mehycoOHO 3HauajHO pasiuKyjy y cnocoOHOCTH MacUBHE
audysuje kpos memOpancku mozen KMB, 1o je y ckiiaiy ca CTpyKTYpPHOM pasHOBpCHOILNyY
oge rpyne gnekoea. Ilopehewe PAMPA pesynrata ca [JOCTYNHHUM KIMHUYKHUM M
(papMakoKMHETHUKMM 1OjlallMMa  yKa3alo je faa mnacupHa memOpancka rnepmeabuiiHoCT
Npe/iCTaB/ba BaKaH, annu He U jeJuHu (akTop Koju oapelyje nponazak nexopa y LIHC, jep nHa
AMCTpUOYUHM)Y N0JaTHO YTHUY aKTHBHM TPAaHCIOPT, BE3WBale 3a MNpOTeHHEe Mjasme, M
MeTabou3aM.

3a onmc u npeasubamwe nepmeadbuanocTy pazeujenn cy QSPR moxenn npumenom MLR, ANN
u SVR npuctyna, MLR mojien je u3qBojuo 4eTUpH KibyuHa aeckpunropa: CATS2D 09 DA,
CATS2D 04 _AA, BO4[N-S] u FO7[C-N]. J[eckpuntop CATS2D 04 AA wumao je
HajM3paXKEHU|U MO3UTHBAH jonpuHoc logPe Bpepnocty, 1ok ¢y BO4[N-S] u FO7[C-N] Takohe
MO3MTUBHO KOpenupanu ca nacupHom nepmeabuinouwrhy. Hacynpor tome, CATS2D 09 DA
MMA0 je HeraTuBaH YTHLAj, WITO yKasyje Aa oApeheHM TOMOJOMIKH pacrnopel AOHOPCKHX W
AKIENTOPCKUX LIEHTapa MOe HEMoBO/LHO YTULIATH Ha rposia3 Kpo3 mozes KMBb.

Hakon nopehema craruCTHHKHX napaMeTapa, Hajroy3naHujuM MOJIesIoM olieieH je OSPR-SVR
mofer, ca speanoctuma R? = 0,839, 0* = 0,648 u Ry = 0,777. OBaj Mojiel je 3a10BOBHO
KJbyYHE KPUTEpPUjyMEe MHTEpPHE W EeKCTepHEe Bamujaluje, a rpaduii oJ3uBa yKalzaiu cy Ha
MoCTOjare HellMHeapHux oaHoca uamely nojeauHux aeckpunrtopa u logP. BpeiHOCTH.
Hedunucame j10MeHa NPUMEHILUBOCTH OMOrYRMIIO je npolieHy MOoy3AaHOCTH MpeauKiiuja u
AOJAaTHO MOAPIKAIO MPUMEHY MOJIe]a Kao ajara 3a NpelIMMHHapHu W300p HOBHX KHHA3HUX
MHXUOUTOpa ca MOBOLHUM Npoduiom nepmeadbunHocT kKpo3 KMB.

V' pyroj MCTpaxuBayKkoj] 1ENWHM eplOTHHUO je MCIUTAaH Kao IPeJACTABHMK KHHA3HHUX
HMHXUOUTOpa 4-aHMIMHOXWHA30TMHHCKOT THUMA, PajM TPOLCHE HErOBOT PEIOKC NMoHamama u
noreHuujana 3a natepakuujy ca JIHK. Enexrpoxemujcka kapakrepusanuja crpoBesieHa je Ha
HEMOIM(PUKOBAHO] €IEKTPOJIM OJ] CTAKJIACTOr YIIbEHUKA MPUMEHOM LMKIIMUHE BOJITAMETpUjE,
AuQepeHLIjanHo IyICHE BOATAMETPHUje U BOJITAMETPHjE MPaBOyraoHUX Tajiaca. McnutugaH je
yruuaj pH BpeanocTn, KoHueHTpauuje epiotuHuba v Op3uHe TpoMeHe MOoTeHLHWjala Ha
MONOKA] M MHTEH3UTET OKCUAALIMOHHUX U PEIYKLUMOHUX TTHKOBA.



Pesyirati cy nokasanu na cy pesioke npouecH epioTHHMGa MpEeTexkHO MpeBep3nGUITHM.
Hajuspaxenujn oKcnauMonn rpouec noBesaH je ca CeKyHAapHOM apoMaTHYHOM aMHHO-
PYNoM, Koja je Ha OCHOBY EKCIIEPMMEHTAIHWX pe3ynTara M3ABOjEHa Kao HAjBepOBATHHME
CJICKTPOAKTHBHO MECTO. AHaliM3a yTuilaja Op3uHe NMpOMEHe MOTeHIHjana yKasaia je ja je
[TABHU aHOJIHK NIPOLEC NPETEHKHO KOHTPOIMCAH aJCOPMIMjOM, JIOK j€ 3a MOje/IMHE PEIyKLIMOHE
MpoLece youeH MEWIOBUT IU(Y3HOHO-aJCOPNUMOHM KapakTep. McnuTueame yrtuuaja pH
JIONPUHENO je pasymeBaiby Opoja NMPOTOHA M ENEKTPOHA YKIBYHEHHX y PEJIOKC Mpolece i
OMOTYhisI0 npeTnocTasky o Moryhem Mexanusmy OKCHAAUMOHNX M PEIyKLIMOHMX peaKiinja.

Murepakimja epnotunuba ca JIHK ucnurana je npumenom enekrpoxemujekor JIHK-
Grocensopa. [laz cTpyje Ae0KCHAAEHO3MHCKOT CUTHANA Y PUCYCTBY pacTyhux KoHLeHTpalmja
epnotnHuba ykasao je Ha MHTEpaKuujy oBor jeaumema ca JIHK. M3pauynara koHcranTa
Be3uBaiba n3Hocnia je K= 8,25 x 10* M, fok je Manu noMepaj noTenuujana n1ka ykasao Ha
MOryRHOCT J€IMMUYHO MHTEPKATALMOHOr HAYMHA BE3MBAba W/UIM BesuBama y ket JHK.
On pesysiTari ¢y 10MyHEHH MONEKYICKHM JOKMHTOM M MOJEKYICKOM JTMHAMUKOM, KOjH CYy
NoKasajin 1a epIloTHHIUO MOKeE J1a ce Bexke n MHTepKanauujoM 1y mamm xiebd JIHK, ann na cy
PaiyHAapCKH pesynTaTH yKasaliu Ha HMHTEpPKanalujy Kao BEPOBATHUJM HAUYMH CTABMIHOr
BE3MBalba.

Opa uennHa jucepraumMje  MMa  METOAONOWIKM  3Hauaj  jep noBe3syje  KiIacHuHe
CllekTpoaHanuTuyke  texnnke, J[HK-Guocensop wu padynapcke wmetoge y  npoieHn
MOTEHUMJAIHUX  MHTEpaKUMja KMHA3HMX MHxuGuTopa ca JIHK. Jlobujenun pesyiratu
npeacTaribajy ocHOBY 3a Gyjiyha McnuTHBama CTPYKTYPHO CPOJIHMX MHXMOWTOpA KMHA3a,
yKbyuyjyhu ausajuupane PI3K unxuGurtope Koju campie XETEPOLMKIUYHE (hparmMeHTe U
NOTEHUHJANHO €NEKTPOAKTHBHE (DYHKLHMOHAIHE IpYTIE.

Tpeha u najoGumuuja McTpakupayka nenamHa nocsehena J€ palHOHAIHOM JM3ajHY HOBHX
MOTEHUMJAIHO CeIeKTUBHUX MHXuOUTOpa PI3K0. m3odopme. OCHOBHH CeT MCHWTHBAHWMX
HHXHOMTOpA YK/bYHHBAO je jelliberhba U3 GEH30KCA3STHHCKOT ¥ THA30IHOD KjacTepa, Koja cy
Kopuihiena 3a aHau3y oaHOCA CTPYKTYpPe, AKTHBHOCTH 1 n30(opMHe ceneKTHBHOCTH. Bynyhu
Jla je 1polieHa CeJIeKTHBHOCTH 3axTeBaja MCMTHBAe Moryher off-target Be3npama PI3Ka-
YCMEpeHnX uixuburopa sa PI3KB, PI3Ky u PI3K3 nzodopme, y incepraumju cy anaanzupane
cee uetupu PI3K wsodopme knace 1. 3a PI3KP wusodopmy je, yciea HEROCTYMHOCTH
oarosapajyhe xymane kpucranorpadeke cTpykrype, uspaheH XOMOTOrHM MOJEN Ha OCHOBY
Kpuctante cTpykType 2Y3A. Bannzauuja XoMoorHor Moziena ¥ KacHuja aHajiusa MoJieKyncke
AMHAMUKE TTOTBPJIMIIE CY HETrOBY MPUMEHBUBOCT Yy Jla/buM TOKUHT B QSAR crynujama.

MosieKyJicki JOKHHT je Batumpan J0KHHIOM TUraHaia u3 KpucTanorpackux CTPYKTYpa, MpH
uemy cy jobujene RMSD penroctn Guite nuske o1 2 A 3a cse ucnutupane PI3K uzodgopme.
HakoH Tora cy npunpemibeHn komruteken pedepenTaux nuranana ca PI3Ka, PI3KP, PI3Ky u
PI3KS wsodopmama, a Mosekyncka AnHamuka je kopumihena 3a n300p penpe3eHTaTMBHUX
KoH(opMaLja akTUBHOr MecTa. Kiiactepu 1061jenn u3 TpajeKToprja MOJIEKYIICKe TMHAMMUKE
MOCHY)KMIM Cy 3a aHcaMOi JOKMHL, wTo je omoryhmno ja ce y amamusy yK/byun
(pIeKCMOMIHOCT aKTHBHOT MecTa U J1a Ce /1001]y pealucTHIHMI]e BeSHBHE M03¢ JIMraHaia.



Ha octoBy 071a0pannx BezaHux KoHdopmariuja pasgujenn cy 3D-OSAR mojenm 3a CBe HeTHPH
PI3K usodopme. Mozienu Cy MoKasaiu BUCOKE BPEHOCTH MapaMerapa UHTEpHE 1 EKCTepHE
pajaLmje, ca Bpeanoctuma R? y oncery 0,93-0,96, 0y oncery 0,77-0,88 1 R*prea y OmICETY
0.71-0.75. JlonatHo cy NpUMEREHE METOIE BaJlMaLlije Kao WO Cy F-MEeTpHKA, CCC v ananusa
JIOMeHa TPUMEHJbHBOCTH, WITO je MOTBPAMIIO CTaTHCTUHKY cTabUIIHOCT M TIOY3/1aHOCT
dopmupannx mozena. Murepnperauuja najpaskHujux GRIND-2 MpOMEHILHBHX (hopMupaHnx
vojena omoryhuna je aeduuucame Kiby4HUX CTPYKTYPHHX KapakTepuCTHKA UCTTMTHBAHNX
je/Miberba Koje YyTUUy Ha akTHBHOCT M CEJICKTHBHOCT Ha PI3K@, ka0 v 1M3ajH CEIEKTHBHHUX
PI3Ka nnxuburopa.

3a PI3Ka 3D-OSAR monen uieHTHQUKOBAHHN CYy MOBOJBHA J0MPHHOCH BE3aHH 3a MPOCTOPHH
pacniopeji XuApoPoOHHX, CTEPHUX 1 BOLOHH 4yHO-BE3YjYRHX KAPAKTEPUCTHKA, IITO j& MOBE3AHO
ca MpaBUIHAM MO3MIHOHMpatbeM (pparMeHara JiMranja y 3r106HOM pernony, apuHUTETHOM
yery M pErMoHy y KOM ce Besyje MOAMQUKAaTop CeneKTHBHOCTH. [TocebHO 3HauajHe
uHTepakiuje o0yxparajy BOJIOHMYHE Bese ca Val851, Ser854, Thr856 w GIn859, kao 1
xuzpodoOHe KOHTAKTE ca ocTanuma Met772. 11800, Tyr836, 11e848, Val850, Met922, Phe930
u 11932, Ynopenna ananusa PI3KP, PI3Ky u PI3KS monena omoryhuna je nneHTudUKaLmjy
KapakTepueTHKa Koje Tpeba nibderasari pajiu cMarbetba off-target aKTHBHOCTH ¥ M100O/bILIANA
cenexTuBHOCTH Ka PI3Ko.

Ha ocnoBy unTerpucate avanuze 3D-OSAR moena v MOJICKYJICKOI' IOKMHIA ne(puHUCAHE CY
cMephuile 3a jmzaji Hosux PI3Ka mnxuburopa. Y OKBUMPY crpareruje scaffold hopping n
CTPYKTYpHMX MOAM(uKamja R-octataka u3adpaHu Cy HOBH CTPYKTYpHH (pparmeHTH 3a
BE3UBAILE Y 3IVI0OHOM PErnOHY, apUHNUTETHOM LMY M PErHOHY y KOM C€ Be3yje MoauduKkarop
cenekTupHOCTH 3a PI3Ka. JIuzajuupana cy 23 HOBa je/Mibetha, a HhUXOBA aKTHBHOCT M
cenekTHBHOCT 3a PI3Ko npotetene ¢y ancamOi JOKUHTOM M 3D-OSAR ananuzom. Ilopen
tora, cnpopejieH je LDA-SBVS Bupryeinu CKpUHHHD Enamine OnOGIMOTEKE KWHA3HUX
MHXUOMTOPA, HAKOH 4era je ocaM jeluibera H3/BOJEHO Kao MOTEHLIHJATHO aKTUBHHU U
cenektuun PI3Ka naxuburtopu.

JlonatHO Cy aHANM3WpaHW XEMHJCKHU MpOCTOp, (GM3HIKO-XeMHjcKe OCOOMHE, CIOKEHOCT
cuntese, ADMET npodun v npensuhena nepMeabUIHOCT Kpo3 KMB. PCA (eurn. Principal
Component Analysis) ananu3a rnoxasana je na JM3ajHUPaHa je/INIbEba MOKPUBAjY HAjIIMPH 1
Hajpa3HOBPCHUJM XEMUJCKHM MIPOCTOP Y OJIHOCY Ha MofasHe KiacTepe PI3K muxubuTopa, 10K
cy VS jeuibeisa 3ay3uMaia ACIMMHUHO M3jBojen pernon. Konadna uxTerpucana npoucHa,
ysbyuyjyhu ananusy ADMET kapakTepucTHKa poLeHa noBena je jo uzasajamba D4, DS, D23
1 VSI1 kao najnepenekrusrujux PI3Ko nnxubuTopa n Kanjiujiara 3a laby ONTAM H3aim]y.

[Tpumenom nperxoaHo pazeujenor PAMPA-SVR OSPR wmojena u3 npee ueinne mcepTalmje
JIOZIATHO je NpoLer-eHa NackBHa NepMeabHIHOCT HoBoM3ajHUpannX 1 VS jerumberba. Bozehe
jemibetbe Bl cBperano je y rpymy JeAMiberba Cpeilibe repMeabWIHOCTH, JI0K je Buile
JIM3AJHAPAHUX je/IMibetba TOKa3a/10 Je/HAKY WiH pehy npensubeny nepmeabunnoct. Cea
MCTIMTUBAHA je/IMbetba Hallasuila cy ce y JOMeHY IIpUMCHIBUBOCTH PAMPA-SVR QSPR moaena,
LWITO MOAPIKABA MOY3AAHOCT J00MjEHNX TIPE/MKILAja U rnokasyje BpeHoCT uHTerpauuje OSPR
MOJien1a TiepMeabniIHOCTH ca n3ajHoM HOoBUX PI3Ka nuxubuTopa.



5. VIIOPEIHA AHAJIM3A PE3VJITATA KAHAWIATA CA ITOJALTUMA U3
JIUTEPATYPE '

Pesynrary jjoktopeke aucepraimje cy y 3HauajHoj MepH yekaheHu ca aKkTyeHuM TpaBLyMa
MEIMUMHCKE XeMHUje KHHA3HUX MHXUOUTOpa, Y KOjUMa ce IpUMEmbY]y in silico meTtose, aHanmsa
OHOCA CTPYKTYpE M  aKTUBHOCTH, MOJEKYJICKO MOJEIOBalkbe W paHa [poleHa
(hapmakokuHETHYKHX ocoOuHa [1].

Y nmeny xoju ce omHocu Ha nepmeabunnoct kpo3 KMB, aucepraumja ce HajgoBesyje Ha
caBpeMeHe npucryne pasor npodunucawa LIHC nepmeabuiHOCTH KMHA3HUX WHXMOMTOpA,
wITO je y cknajy ca pajaom Di u cap. [2], y kome je PAMPA-KMB npucTyn npeacTaB/bed Kao
Gp3 mozen 3a npoueny nacushe andysuje xkpos KMB. Jlo6ujenu PAMPA-KMB u QSPR
pesysiTati MOry ce TYMauyMTH y OKBHPY ONIUTUX MPUHLKIIA KOjU ofpehyjy nmponasak jefuibetba
kpo3 KMb. Zhang w cap. [3], Barn v cap. [4] u Wager wu cap. [5] nokaszamm cy ga L[HC
nepMeabMIHOCT 3aBUCH 01 BULIEe MelycoOHO noBezannx ocobuHa, yKIbyqyjyhu unodunHocr,
MOJAPHOCT, MOJICKYIICKY BEJIUYHHY, CIOCOOHOCT (opMHpama BOAOHHYHHX Be3d, JOHH3AlIMOHE
KapakTepuCcTUKE M TONOJIOUIKE Aeckpunrope. ¥ ojqHocy Ha HaBejeHe oniute mojeie 1IHC
nepmeadbunnoctn, PAMPA-KMB OSPR mozienn pasBujeHd y aucepraiuuMju 3acHOBaHM Cy Ha
CKYMY CTPYKTYPHO Pa3HOBPCHHUX KHHA3HUX MHXUOMTOPA U 1bUMa CPOJIHUX jejiHiberba, 300r vera
NpysKajy J0AaTHHU YBUJL Y TOMOJIOUIKE W CTPYKTYpPHE KapakTepUCTHKE 3HadajHe 3a OBY Fpyry
Jennibersa [6]. OBo je moceGHO BaXKHO jep MoJIapHU XETePOLMKINYHH (GparMeHTH KMHA3ZHIX
HHXMOMTOpA YECTO YHECTBYjy Y Be3WBaiby 3a aKTHBHO MECTO CH3MMa, fla ONTHMM3alMja
nepMeabuanoCcTH Mopa GUTH pasMaTpaHa 3aje/Ho ca ouyBareM apUHUTETA U CeEKTHBHOCTH
1npemMa U1/baHoj KMHA3K.

Heo nokropcke aucepraumje noceeheH eNeKTPOXEMH|CKMM MCIATHBALUMA 3aCHUBA CE Ha
3HA4ajy €NEKTPOXEMMJCKMX METOJa y WMCIIMTHBAMY PEOKC MOHAIIAMma JEKOBa M HMXOBHX
unrepakuuja ca JIHK. Chiorcea-Paquim w Oliveira-Brett 7], kao u Ramotowska w cap. [8§],
MpUKa3amu Cy j1a eleKTPOXEMUJCKH MpucTynH, ykibyuyjyhn JIHK-Gunocenszope, mMory GHTH
KOPHCHU 3a HWCMUTHBAILE WHTepakuMja manux monekyna ca JIHK. Osakas npuctyn je
PENEBAHTAH M 3a KHHA3HE WHXWMOWTOPE, jep MNOje/IMHM NPEACTaBHUIIM OBE Ipyrne cajpike
XeTepoapomarcke cucreMe M (yHKUMOHAIIHE Ipyrne Koje MOTY Y4YeCTBOBaTH Y peloKC
npouecnma uin wnTepakiumjama ca JIHK. YV ToM KOHTEKCTY, NpPETXOAHO Cy HMCMUTHBAHE
nHTepakumje nanarunuba [9], nacarunnba [10] u cynurunnba [11] ca JIHK. Koa eprorunnta,
Bakirhan w cap. [12] cy MCIMTHBAAM HErOBO OKCHAUMOHO MOHAIIAE, BOJITAMETPHICKO
onpehusatbe n uaspwmim DFT (enrn. Density Functional Theory) aHajinzy Kao nojpuiky
PEJUIOKEHOM MEXaHH3My oKcujauuje, 1ok ¢y Chen n cap. [13] ucnuTuBaiM MHTEpaKIHjy
eprorunubda ca JIHK npumenom crnekrpockonckux Metoga. Y OJHOCY Ha HaBeeHE pajioBe, y
JMCEpTalU]U je aHanu3a eploTHHNGA TPOLIMPEHa OBE3HBAKEM BOJITAMETPU]CKUX PE3y/ITaTa,
enexkrpoxemujeror JIHK-Guocensopa, MOTeKy/ICKOr JOKMHIa M MOJIEKYJICKE AuHamuke. Ha Taj
HaYMH Cy PEIOKC TOHallame epaoTMHHOA, HmeroB noteHnujan 3a uHrepakiuujy ca JJHK u
MOJIEKyJICKa OCHOBAa [JOOMJCHUX CKCHNIEPUMEHTAHMX pes3yirara CarjieflaHn y OKBHpY
JEMHCTBEHOT eKCHepUMEHTATHO-padyHapekor npuctyna [ 14].



[Iporokon koju je npumemeH 3a au3aju cenekTHBHMX PI3K uHxuOMTOpa y ckiamy je ca
NOCTYIHUM JIUTEPATYpPHUM IOZIALIAMA Y KOJUM C€ UCTHYE 3Ha4aj W30(OPMHO CelleKTUBHMX
PI3Ka. nHxubutopa Koju TOKasyjy aHTHTYMOPCKO AEJCTBO y3 MOBOJHMjU Ge30eHOCHH
npodun. 3Hauaj omor mpucTynma motBphyjy NpMMeHa KIMHMUKM onobpenux  PI3Ka
MHXHOMTOpA, Kao wto cy annemicub [15] n unaBomment [16], kao u apyrux PI3K unxuGuropa
KOjH ce Hanase y pasnudanTuM dasama KIMHIYKEX cTyadja. Y nopehemy ca annenncnGom, umja
Je CEeNeKTUBHOCT y IMTepaTypu ommcana npeko JCS50 BpeaHOCTH, BHIe JIM3ajHUpPaHNX
JjelMberba je mokasano noeoskan npenenhern npodun cenektusHocTH Ka PI3Ko y oxHoCy Ha
PI3KP, PI3Ky w PI3KS [17]. V nopebemwy ca mHaBonucuGOM, 3a KOju Cy y JMTepaTypH
aocTynHe pKi BpeIHOCTH W TI0/IallM O M3PAKEHO] CeNeKTUBHOCTH Ka PI3Kw, Koji i3ajHHpaHuX
Jjeantetba npeasuhena ceneKTUBHOCT je Grita Marbe HarlalleHa, amm je U Jlajbe yKa3uBaia Ha
Jjacny ycemepenoct ka PI3Ka usodopmu [18]. Opakeo nopelhjerse ca KITHHUYKH peJieBaHTHHM
PI3Ko nHxuOutopuma 1okasyje Aa je npuMerbeHa cTpateruja au3ajHa a0Bena 1o CTPYKTYPHO
HOBHX Je/IMIbCHbA Ca PEEBAHTHUM CENEKTHUBHUM NpO(UIOM, YMMe Ce N0[aTHO noTephyje
WHOBaTHBHOCT JMCEpTalyje.

CTpyKTypHa OCHOBA CENEKTUBHOCTH TyMayeHa je y ckiajy ca pajosuMa Frazzetto u cap. [19]
W Zheng u cap. [20], koju cy ykasaqu Ha 3Hauaj HEKOH3EPBHCAHUX AMHUHOKUCETMHCKMX
ocTaraka y KaranurtuukoM yeny PI3K wzodopmu. 3Hauaj yKibyuuBama (BreKcuOHIHOCTH
aKTUBHOI  MeCTa JIOAATHO je TMOApKaH pesynTatuMa JIOOMjeHMM KPHOEJIEKTPOHCKOM
MHKDPOCKOMH]OM, Koju MoKasyjy Aa PI3Ko moxe 3ay3umaTu BHule KOHDOPMALMOHUX CTatba
[21]. Hosuje in silico crymuje PI3Ko nuxuGuropa KoMGHHY]y pazJInYUTE METONONOTHje ca
(hokycom Ha mozenosame PI3Ka nuxubuumje. Halder n cap. [22] cy npumeHuan GparMeHTHO
3ACHOBAH  JM3ajH, OuoM3OCTepHy 3ameHy, Jokunr, MM/GBSA (enrn. Molecular
Mechanics/Generalized Born Surface Area), DFT, monekyncky nuHamMuky n ADMET ananusy.
Dibia w cap. [23] cy komOuroBanu Mosekyncku 10kunr u 3D-OSAR Mofenosarme, 10K cy Wang
n cap. [24] kopuctunu 3D-OSAR, ADMET npeasnharba, 10KUHT § MOTEKYJICKY amHaMuky. OBa
ancepraiuja npumerbyje ceeobyxsatiujn CADD npoTtokos Koju o0yXBaTa MOJEIOBabe CBe
ueTupu usodopme - PI3Ka, PI3KP, PI3Ky n PI3K3. Wctu npoTokos YK/byuyje H XOMOJOIHO
mozenoBate PI3KP, Mosekyicky anHamuky, ancam6 nokunr, 3D-OSAR moznenosame PI3Ka,
PI3KB, PI3Ky u PI3K3 uzopopme, Kao u BUpTYenHu cKpuHUHT # ADMET npopunucame. Ha
OCHOBY TOra cy Ae(pMHHCaHe CTPYKTYpHE CMEpHHMIIE 32 O4YyBame akTUBHOCTH Ka PI3Ko y3
CMatberbe BepoBarHohe HeNoBOLHOT BesuBamwa 3a PI3KP, PI3Ky u PI3KS [25].
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7. OBPAJIOKEILE HAYUHOTI IOITPUHOCA JTOKTOPCKE JUCEPTALIMJE

JlokTopcKa Aucepraliija KaHauaara Maruerpa dapmaimje Munana J. Jopanoeuha npeacraesba
OPUTMHAIHO ¥ MHTEPAUCHMIIMHAPHO NCTPAKUBAE Y obnacty (papmatieyTcKe MEIMLIHHCKE
XeMHje, YCMEpeHO Ha XeMMH(OpMATHHKy aHajiusy, eKCrepUMEHTANHO MCIIATHBAME M
PALMOHATHHA JIM3ajH MHXHOMTOpA JUIMIHUX W NPOTEHH KWHa3a Kao MOTEHIHjaIIHO HOBUX
anTUHeonacTHKa. Paj oGje/ibyje eKCriepiMEHTAHE METO/E, CIEKTPOAHANINTHUKE TEXHUKE,
JIHK-Grocen3ope,  MOJEKYICKH — JIOKMHT, ~ MOJEKYICKY — JMHAMUKY, 3D-QSAR/OSPR
MOJIEJIOBAHE, MALTMHCKO YYere, BHPTYCIHH CKPHHMHI M ADMET npoduiamcare, WTO
JUCEPTALMjH J1aje jacHO MYJITHIUCIUILIMHAPHO obenexje.

HayuHn JONPMHOC MpBE lENWHE Orfefa ce Yy CKCTIePUMEHTANHOM HCIUTHBAkY MacuBHE
repMeabUAHOCTH BEJIMKOT W CTPYKTYPHO Pa3HOBPCHOT CKyrna KMHasHHX uHXUOMTOpa H
CPOJIHMX jelMiberba, Kao My pasBojy BalWMAMpaHor PAMPA-SVR mofnena Koju ce MOKe
KOPUCTUTH 3a paHy MpoLeHy NepMeabuiIHOCTH HOBUX KHHA3HMX MHXMOUTOpA KpO3 MOJICI
KMB. Aunamuza geckpuntopa omoryhuna je pasymeBame yTHI[aja TOMONOUIKOr Pacropeaa
JIOHOPCKMX M AKLENTOPCKUX 1IEHTapa, Kao creuUUHMX aTOMCKMX 11apoBa, Ha NACHBHY

nepmeaduIHOCT,

Hayuun onpuHoc Apyre LenuHe orneaa cey JIeTAbHO] €1EKTPOXEMUJCKO] KapakTepu3aalluju
epnoTrHKOa, nedurHucarby HAjBEPOBATHH]ET €JCKTPOAKTHBHOT MECTA MIABHOT OKCHAALMOHOT
npolieca u Tpolenn werose nutepakuuje ca JIHK. KoMGuHOBambe BOJITaMETPUJCKHX TEXHMUKA,
JIHK-Grocensopa 1 pauyHapckux MeTona omoryhuio je J1a ce eKCrepMMEHTAIHH Pe3y/ITaTH
TyMade y [IHpeM CTPYKTYPHOM U MEXaHHCTUYKOM KOHTCKCTY.

Hayunu pornpuHoc Tpehe nelnHe 0HOCH Ce Ha pazsoj unterpucanor CADD npotokona 3a
IM3ajH HOBMX [OTCHIMjANHO cenleKTuBHUX PI3Ko urxuGHTOpa. Y IMcepTauuji cy passujeHn
n sasuanpanu 3D-OSAR monenn sa PI3Ka, PI3KB. PI3Ky n PI3KS usoopme, Aedunucane
Cy CTPYKTypHE ACTEPMMUHAHTE AKTMBHOCTH M CCJICKTHBHOCTH, JM3ajHMpaHa cy 23 HoBa
jeNIbeIba, @ BUPTYETHUM CKPHHUHIOM M3/IBOJEHO je ocam MOTEHIMjaiHo akTUBHUX PI3Ka
unxubuTopa. MHTErprucanom MpoieHoM npe/iBulieHe akKTHBHOCTH, CEJICKTUBHOCTH, ADMET
ocofMHa ¥ TNepMeabMIHOCTH M3[BOjEHA CY jelibetba D4, D5, D23 u VSI kao
HAjIIepPCTIEKTHBHI]M KaHIMIaTH 3a Jla/by ONTUMA3ALIJY.

VKYIHO 10CMarTpano, AMcepTaiuja A0IPHHOCH pasymeBaiby OAHOCA CTPYKType H nejeTea
KMHA3HUX MHXMOMTOpa, KAao M pa3Bojy HOBHX [pUCTyNa 3a paviyHapCku amzaju PI3Ka
MHXUOMTOPA KAO LMIBAHMX aHTHHeomacTuka. JloGujeHu pesyiraru uMajy 3Hadaj 3a Jaba
MCTpakuBamba y 00/1acTi 1U/BaHE aHTUTYMOPCKE Tepanuje, nMoceGHO y KOHTEKCTy n3bopa
jenuibeba ca MOBOJBHUM TNPO(UIOM aKTHBHOCTH, CEICKTHBHOCTH, nepMeabuIHOCTH |
ADMET xapaxkrepucTHKa.
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8. IPOBEPA OPUTMHAJTHOCTH JIOKTOPCKE JJUCEPTAIIUJE
M3BELLUTAJ O ITPOBEPU OPUTMHAJIHOCTH JIOKTOPCKE JIMCEPTALIUIE

Y cknany ca Hpasunrnuxom o NOCMYNKY NpOGEpe OPUSUHAIHOCMU OOKIMOPCKUX ducepmanyuja
Koje ce Opane na Yuusepsumemy y beoepady, n Ha OCHOBY pesyliTata aHajinse A00HjeHnx
npumeHoM codreepekor mporpama iThenticate, w3BplieHa je [IpoBEpa OPHUrMHATHOCTH
JIOKTOpCKe  Aucepraumje 1oj  HasuBoM: ,XemuudpopmarHuka aHaausa, OM3ajH U
HCIIHTHBAE MHXHONTOPA JMOMIHHX M NPOTEHH KHHA3a KA0 TOTEHIHjaJHO HOBHX
AHTHHEOILIACTHKA”, KOJY je Mo/IHeo KaHauaar marucrap dapmannje Munan Jopanosuh.

YTephenn crenen TekcTyaJHOI TIOAyAapatba M3HOCH 5%. Hajeeha noaymaproct on 1%
yTephena je ca npeTxoano myGIMKOBaHUM PaToM KaH/MIaTa KOjH je cacTaBHM /10 JDOKTOpPCKE
maceprauuje. Ocrane MOAYNAPHOCTH CY NOCTEAMIA MOHAB/bAIbA IIMTATA, MMEHA aytopa.
Oubanorpadekux Hasona kopuihene auTepatype, oniITe No3HaTHX (opMmyalmja 1 HayYHUxX
nojlataKa, Kao W NpeTX0/iHO 00jaB/beHUX PEe3ysiTaTa caMor KaHIMAaTa KOju CY CACTaBHM €0
aucepraije. CBU HABEICHH €JIEMEHTH Y MOTHYHOCTH Cy Y CKJIay ca wianoM 9. HaBeneHor
[IpaBunnuka.

Ha ocnosy cera usHeror, a y cknazy ca unanom 8. cras 2. [IpaBnnnuka o noerynky nposepe
OPHIHHAIHOCTH JIOKTOPCKUX JMcepTalmja koje ce OpaHe Ha YHUBep3uTeTy y beorpany,
H3jaBIbY]EMO J1a U3BEILTa] yKasyje Ha OPUIHHAIHOCT AOKTOPCKE UCepTanmje, Te ¢e Mporucanm
MOCTYTAK NPUIpeMe 3a eHy og0paHy MOKe HaCTaBUTH.

Harym

30.06.2026. ronune

MenTopu:

M’%

Jlp en. Karapuha Huxonuh, pejiosuu npodecop

Yuueepsurer y beorpajy — ®apmaneyTeku takyiter

@/paéfgﬂ /KWM//,Q
Hp cu. Mun{{m[a [perap, BarpeiHu npodecop

Yhuupepsurer y beorpany — ®apmaneyTcku akyarer
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9. U3JABA MEHTOPA U KAH/IUJIATA JIA HCTPATJKUBAILE 3A IIOTPEBE
JIOKTOPCKE JUCEPTAIAJE HUJE PABEHO ¥ 3/IPABCTBEHOJ YCTAHOBH

W3jarsbyjeMO Jia MCTpaKKBatbe 3a moTpebe uspaae JOKTOpeKe JMcepTalje Mo HacJI0BOM:

., XeMUHpOpMATHYKA aHATM3a, JM3ajH U UCITUTUBAE MHXUOUTOPA JIMIUMIHUX U IPOTEHH
KiHA3a Kao MOTEHIHjaliHO HOBUX aHTHHEONIacTUKa™

Huje paheHo y 3paBCTBEHO] YCTAHOBH.

IHoTnuen MenTOpa:

e

[Tpod. ap Karapuna Hukonuh, peoenn npogecop

Yuusepsuter y beorpany — ®apmatieyTcku daxyrer

’{%})ﬁé’m J/ 2&'%&;{}
[Tpod. np Muskuua Lipesap, Banpennn npodecop

Vuusepauter y beorpany — ®@apmateyTcku (axynrer

Ilornue kKanuaara:

( /&,r Ay )a gw ) (§ ¢ 1{

Mar.¢apm. Munan Josanosuh

V Beorpajy, nana 30.6.2026.roaune
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10. TPELJIOr KOMMCHUJE 3A OLEHY 3ABPIIEHE JOKTOPCKE
JAUCEPTALIUJE

Ha ocHosy npernena soxropcke auceprauuje, Komucuja sakmyuyje 1a je Kanauuar Marucrap
thapmarmje Munan J. Jopanosuh ycrielHo peannsoBao NOCTaBJbeHe LHIbEBE HCTPAKHBAIDA,
NPUMEHHO CaBPEMEHE EKCIIEPUMEHTANHE M pauyyHapcKe METONEe W OCTBApHO OPMIMHAJIAH
Hay4yHH JONPHHOC y obracT ¢papmaneyTcke MeIHLMHACKe XeMmuje. Jluceprauuja je Hanucana
JacHO W mperneaHo, pesynTaTH Cy CHCTEMATHYHO NPHKA3aHH M KPHTHYKH JHCKYTOBAHH, a
3aKJBYYLM CY y CKIajy ca JOOHjeHHM pesynTaTuma.

Kommncuja cmatpa na noxropcka aucepraumja noa HasusoM .. XemuH(bOpPMAaTHYKA aHAIHM3A,
U3ajH ¥ MCTIATHBAMKE MHXMOMTOPA JIMIAIHMX M NPOTEMH KMHA3a KAO MOTEHIHM]jATHO HOBHX
aHTHHEONIAaCTHKA™ UCIYHhaBa yCJI0Be NPONHMCcaHe 3aKOHOM O BUCOKOM 06pa3oBaby, Crarytom
Yuusepsurera y Beorpany, Craryrom Yausepsutera y Beorpamy — ®apmaneyTckor dakynrera
u IIpaBHIHMKOM O JOKTODCKMM aKaJeMCKMM CTyaujama YHUBEp3uTeTa Yy beorpany -
@apmaneyTckor Qaxyarera.

Komucnja npennaxe HacraBro-nayunom Behy Vampepsutera y beorpany — ®apmaneyrckor
thakysrrera na npuxsarth nosuTHBaH U3BewrTaj o OLEHH 3aBpiueHe JIOKTOPCKe aucepTaiuje u
on00py Kauauaary Munany J. Jopanosuhy jaHy on6pany 10KTOpcKe JHcepTaiuje.

Y Beorpany, 2.7.2026.

7 :
(M afi—

1. Hp cu. Bpanxa UBkoBuh, BaHpeaHu npodecop

Yuupepsurer y beorpany — ®@apmaueyrcku dakyarer

2 Hp cu. Mapa Anexcuh, pefioau npodecop

Yuusepsuter y Beorpany — ®apmaueyrcku dakyiTer

0. opatit

3 Hp cu. Cnasuna Ombaunh, Banpeguu npodecop

Yuupepsutet y Beorpany — ®apmaueyrcku dakyarer
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A comprehensive investigation of tyrosine kinase inhibitor erlotinib (ERL) electrochemical behavior and inter-
action with DNA was performed with the aim to clarify its redox mechanism and to determine the mode of
binding. Irreversible oxidation and reduction processes of ERL on glassy carbon electrode were investigated using
three voltammetric techniques CV, DPV, SWV in pH range between 2.0 and 9.0. Oxidation was established as an
adsorption-controlled process, while the reduction manifested diffusion-adsorption mixed controlled process in
acidic medium and adsorption became predominant in the neutral solutions. According to the determined
number of transferred electrons and protons, oxidation and reduction mechanism of ERL are proposed. To follow
the interaction between ERL and DNA, the multilayer ct-DNA electrochemical biosensor was incubated in ERL
solutions concentrations ranged from 2 x 107 Mto5 x 10° M (pH 4.6) for 30 min. SWV measurements have
shown the decrease in deoxyadenosine peak current as a consequence of ERL increased concentration and
binding to ct-DNA. The calculated value of binding constant was K = 8.25 x 10* M~!. Molecular docking showed
that ERL forms hydrophobic interactions when docked into minor groove, as well as when intercalated, and
molecular dynamics analysis predicted the stability of obtained complexes. These results together with vol-
tammetric studies imply that the intercalation could be more dominant way ERL binding to DNA compared to
minor groove binding.

1. Introduction

Erlotinib is a tyrosine kinase inhibitor used as first line therapy of
non-small cell lung cancer and in combination with gemcitabine at the
pancreatic cancer [1]. It belongs to the class of reversible EGFR/HER1
(human epidermal growth factor receptor type I) kinase inhibitors type I
and binds to the active form of enzyme. Erlotinib contains 4-anilineoqui-
nazoline pharmacophore with oxygen containing substituents at C-6 and
C-7 (Fig. 1).

The high selectivity for EGFR kinase is provided with electron
withdrawing substituent at position 3" of the aniline phenyl ring and 4°
unsubstituted position and it binds to hydrophobic pocket of the active
form of the enzyme [2]. It inhibits intracellular phosphorylation of

tyrosine kinase through an ATP (adenosine triphosphate) - competitive
binding to the kinase domain. Expression increases of epidermal growth
factor and its receptor (EGFR) are key targets in such tumors and its
activation is linked with increased proliferation, decreased apoptosis,
angiogenesis, and metastasis [3]. EGFR mutations have an important
role in the pathogenesis of non-small cell lung cancer. Combined with
gefitinib, erlotinib could be used in patients with uncommon EGFR
mutations [4]. Very recently, some erlotinib off-label uses were re-
ported in the literature which relate to the mechanism of action. The
erlotinib was effective in kidney renal cell carcinoma and the role of
erlotinib’s therapeutic targets were investigated [5]. Erlotinib gold
conjugate also showed high cytotoxicity in breast cancer cell lines [3].
Erlotinib-hydrochloride is used oral as tablet and it shows pH dependent
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N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)quinazolin-4-amine

Fig. 1. Structure and nomenclature of erlotinib.

solubility, higher at lower pH due to protonation of secondary amine. It
shows extensive CYP3A4 metabolism (O-dealkylation) and further
oxidation which leads to variable bioavailability [6]. The most common
side effects are rash, diarrhea, loss of appetite, tiredness, and also some
effects on eyes like serious cases of keratitis and ulcerative keratitis, on
ears (bilateral eardrum perforation) and on liver (acute hepatitis) are
reported [7].

There are several mechanisms of action for anticancer drugs target-
ing inhibition of protein kinase in order to achieve modification of DNA
of cancer cells [8]. According to electrophilic theory genotoxic com-
pounds could bind covalently to the DNA rich with electrons. This type
of reaction is irreversible and leads to complete inhibition of DNA
functions and subsequent cell death. Another, more desirable, type of
binding which is reversible and leads only to change in the DNA
conformation and morphology is non-covalent binding of drugs to DNA.
Several modes of non-covalent interaction may occur between drug and
DNA molecule, such as intercalation, binding to minor and major
groove, or electrostatic binding to negative sugar-phosphate DNA
backbone [9]. The stability of the formed DNA-drug complex depends
on the intensity of the mentioned interactions.

Plenty of techniques are used to investigate mode and intensity of
DNA-drug interactions from classical UV-VIS spectroscopy, along with
fluorescence, IR and NMR spectroscopy, all the way to most recent op-
tical and electrochemical biosensors. Although spectroscopic methods
are traditionally used for studying drug-DNA interactions, they have
some disadvantages. Those methods, especially with biological samples,
often need long lasting and demanding pretreatment and the results may
be affected by the turbidity of a sample. On the other hand, electro-
chemical techniques are performed with higher speed and reliability,
and require small number of samples. In addition to all this, one of the
main advantages of electrochemical methods is in their ability to mea-
sure and determine the binding constants over a wider range of
concentration.

Thus, investigation of electrochemical mechanisms of tyrosine ki-
nase inhibitors are important for biological systems related to electron
transport chain and to better understand the relationship between
structure and mechanism of action [10]. Oxidation of ERL has recently
been investigated by using a graphite rod electrode modified by the
nitrogen doped graphene quantum dots (N-GQDs) and a ternary nano-
hybrid comprising copper nanoparticles, polyaniline, along with gra-
phene oxide, and oxidation mechanism in the acidic medium has been
proposed [11]. Unlike oxidation, there is no literature data on ERL
reduction process. The investigation of the interaction of several tyro-
sine kinase inhibitors with DNA with different methodologies has been
assessed. Lapatinib interaction with double-stranded DNA was investi-
gated with various voltammetric techniques such as different pulse
voltammetry (DPV), square wave voltammetry (SWV) and cyclic vol-
tammetry (CV) and it was confirmed that it could intercalate into the
dsDNA helix [12]. The interaction between ibrutinib and dsDNA was
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investigated with the use of voltammetric and molecular docking tech-
niques and the groove binding mode to the DNA was suggested [13]. The
characterization of binding interaction between erlotinib and Calf
Thymus DNA (ct-DNA) in vitro using multi-spectroscopic methodolo-
gies, viscosity measurement and molecular docking and density func-
tional theory was investigated and suggest that the main is hydrophobic
interaction [14]. A recent paper [15] presented biocompatible, ultra-
sensitive electrochemical DNA biosensor based on poly-L-methionine
and bimetallic AuPt nanoparticles to detect Imatinib and ERL in pico-
molar concentration. The interaction between ERL and ds-DNA onto the
biosensor surface, characterized as electrostatic binding, was used for
determination of ERL concentration within the range of 0.032-1.0 nM
and applied for detecting in human serum and pharmaceutical samples.

The aim of this study was to examine and clarify possible oxidation
and reduction mechanism of erlotinib on glassy carbon electrode using
three voltammetric techniques CV, DPV, SWV, and to investigate its
interaction with DNA. For this purpose, DNA electrochemical biosensor
was used. It is a device that integrates DNA as the biological recognition
element and an electrode as the physicochemical transducer, i.e., an
electrode chemically modified by nucleic acid. Several preparation
methods are available regarding to immobilization technique, to pro-
duce thin, thick or multi-layer biosensor [16]. Voltammetric techniques,
especially the pulse ones (SWV and DPV), are highly sensitive and are
useful for investigating interaction of in situ generated reactive species
(by compound redox reactions on the electrode surface) with biological
material immobilized on the electrode surface [17].

In this study, we used multi-layer ct-DNA electrochemical biosensor,
and SWV technique for analysis of interactions between erlotinib and
DNA. The results of this research will contribute to the understanding of
the mechanism of interaction between erlotinib and nucleic acid. This
study investigates the interaction between erlotinib and ct-DNA using
voltammetric techniques at bare glassy carbon electrode and the
determination of binding constant for the first time. Molecular docking
and molecular dynamics analysis were used to verify and support the
experimental findings.

2. Material and methods
2.1. Apparatus

The p-Autolab analyser operating with GPES 4.9 software (Eco
Chemie, Utrecht, The Netherlands) was used for performing voltam-
metric measurements. Glassy carbon electrode (GCE, d = 3 mm, CH
Instruments, Inc., Austin, TX, USA) was used as a working electrode,
together with Ag/AgCl as a reference (3.00 M KCl) and Pt as an auxiliary
electrode inside three-electrode electrochemical cell. Prior to measure-
ment GCE was prepared each time by polishing it on a smooth polishing
pad with aqueous slurry of Al;O3 powder (particle size 0.05 um). The
GCE was sonicated after polishing in deionized water and absolute
ethanol for 2 min in each. This was performed in an ultrasonic bath
‘Iskra’ UZ 4 R (Sentjernej, Slovenia) and pH measurements were per-
formed using PHM 220 pH meter with combined electrode Radiometer
GK2401B. Weight measurements were carried out with a SCALTEC SBC
32 balance.

2.2. Reagents and solutions

Deoxyribonucleic acid sodium salt from calf thymus (Calf thymus
DNA (ct-DNA) Product Number D 1501) and erlotinib-hydrochloride
were obtained from Sigma Aldrich. Sodium citrate dehydrate and cit-
ric acid produced by Fisher scientific, and sodium acetate, acetic acid,
disodium hydrogen phosphate, sodium dihydrogen phosphate,
ammonia and ammonium chloride from Sigma Aldrich, were of
analytical grade purity (p.a.) chemicals. The stock solution of DNA,
73.95 pg/mL, was prepared by dissolving it in 0.1 M acetate buffer, pH
4.6. The composition (content of fractions other than dsDNA), purity
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and stability and of DNA sample have been examined and validated in
our previous work [18], using agarose gel electrophoresis, UV-VIS
spectrophotometry and fluorimetric Qubit BR dsDNA assay. A stock
solution of 1 x 1073 M ERL was prepared in methanol and stored at
4 °C. Final solutions of 2 x 10~* M concentration of ERL were prepared
ex tempore by diluting the stock solution in different buffers. Citrate (pH
2.20 and 3.06), acetate (pH 3.58, 4.64, 5.05 and 5.64), phosphate (pH
5.89, 6.94 and 8.05) and ammonia (pH 8.51 and 8.90) buffers with ionic
strength of 0.10 M (prepared using deionized water) were used for the
preparation. All the experiments were performed at room temperature
(25 °Q). High purity nitrogen gas was set to pass through solutions in the
cell for 10 min before performing each measurement to eliminate oxy-
gen from the solutions, as well as above the solution during the
measurements.

2.3. Preparation of the biosensor

The multilayer ct-DNA biosensor was prepared by adding three 5 pL
drops of DNA stock solution onto previously prepared GCE, with each
drop drying for 30 min under an atmosphere of nitrogen. After drying
the last drop, the excess DNA was removed from the biosensor by rinsing
its surface with deionized water. The response reproducibility was
already tested and confirmed in our previous work [18] This method of
sensor preparation enabled the complete surface coverage with DNA and
prevented non-specific binding of ERL.

2.4. Voltammetric measurements

CV, DPV and SWV were performed for voltammetric measurements.
CV was conducted in the potential range between — 1.6 Vand + 1.6 V
(vs Ag/AgCl, 3 M KCl), starting from OV, towards both positive and
negative potential, with scan rate ranging from 0.01 Vs™! t0 0.10 Vs
and step potential of 0.005 V. The conditions used for performing DPV
were: step potential 0.005 V, modulation amplitude 0.05 V, modulation
time 0.05 s and interval time 1 s. The SWV was performed by using the
following conditions: frequency 25 Hz, step potential 0.001 V, effective
scan rate of 0.025 V s~! and pulse amplitude of 0.005 V.

The DPV and SWV voltammograms were baseline-corrected with
moving average application with step windows of 0.005 V. While the
values for peak current were determined from the original voltammo-
grams, for graphical representation of peaks, voltammograms were
smoothed using a Savitzky-Golay smoothing algorithm (level 4). All the
analysis were performed using the GPES 4.9 software.

2.5. Molecular docking

Besides voltammetric studies, in silico analysis of ERL interacting
with DNA has been done. Initially, virtual docking has been performed
in order to generate a possible ERL-DNA complex. A similar in silico
study was also performed by Chen et al. [14], which stated that ERL
binds by minor groove binding. However, to further explore the possi-
bility of docking results, docking has been performed into both minor
groove and as an intercalator. Lapatinib (LAP), an epidermal growth
factor receptor type 2 (HER2/ERBB2) and epidermal growth factor re-
ceptor (HER1/EGFR/ERBB1) tyrosine kinases inhibitor [19], whose
interaction with DNA has previously been examined in voltammetric
and spectroscopic [12] studies, has also been used in our studies as a
reference compound.

Prior to docking, for geometry optimization of ligands, Gaussian
09 W software [20] was used. The structures of ERL and LAP have been
subjected to sequential semi-empirical PM3 and DFT B3LYP (d, p) en-
ergy minimization.

We have used two different X-ray structures of double stranded DNA
sequences obtained from PDB database (https://www.rcsb.org/), pdb:
1BNA for the minor groove binding, and pdb: 2D55 for intercalation.
The docking was performed with GOLD 2022.2. software (https://www.
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ccde.cam.ac.uk/solutions/software/gold/). Earlier studies performed
by Srivastava et al. [21] confirmed reliable results obtained by use of
GOLD software for exploring nucleic acid ligand complexes. The binding
pocket was defined within 8.0 A radius of the central nucleic acid, while
GoldScore scoring function was used for ranking the predicted poses.
The visualization was performed by Discovery Studio Visualizer 2021.

2.6. Molecular dynamics

To further explore the interaction of ERL with DNA, the complexes
obtained from the docking studies were subjected to molecular dy-
namics simulation (MD). The generation of input files was performed on
CHARMM-GUI server (https://www.charmm-gui.org/). The complexes
were solvated into rectangular box of TIP3P model water molecules with
10 A edge distances. Sodium and chloride ions were added with Monte
Carlo method for the system neutralization and final concentration of
0.15 M was obtained. CHARMM36m [22] forcefield was used for gen-
eration of topology and parameter files, while for the DNA, and CGenFF
[23] was used for the generation of topology and parameter files for ERL
and LAP. Minimization (10000 steps) was performed prior to simula-
tions. The equilibration NVT (constant number of atoms, volume, and
temperature) run was performed for 250 ps, and the system was heated
to 310.15 K. Afterwards, the 50 ns production NPT (constant number of
atoms, pressure, and temperature) simulation has been run, while 1- 4
scaling and distance related parameters for switching, cut-off and
pair-list distances were set to 10 A, 12 A and 16 A, respectively, for the
evaluation of the Coulombic and van der Waals interactions. Periodic
Boundary Conditions were used for the simulations, and for the
long-range electrostatic interactions the particle mesh Ewald (PME)
method was used. Langevin temperature coupling with a friction coef-
ficient of 1 ps’1 was used for controlling the temperature, while
Langevin-piston method (Nosé-Hoover Langevin piston pressure con-
trol) with a piston period of 50 fs and a piston decay of 25 fs was used to
control the pressure. The simulations were performed by using NAMD
2.14 software and necessary analysis by VMD 1.9.3 software
(https://www .ks.uiuc.edu/).

3. Theory/calculation
3.1. Calculation of Binding constant

The equilibrium reaction for formation of ERL-DNA complex can be
represented as:

DNAygs + n(ERL) 2 (ERL),-DNAags,

from which the equilibrium constant of complex forming can be
given by Eq. (1):

[(ERL),—DNA,q |

K= DNAJERLS

(@)
in which n represents the molar relation of ERL binding to the molar
quantity of DNA bases.

Based on the overall Hill cooperativity model [24] the fraction of
ERL bound to adsorbed DNA (f) is correlated with dissociation equilib-

rium constant (), and accordingly with association binding constant
(K =K;"):

[(ERL),— DNA, |
[(ERL),—DNA,q |

_ [ERL]"
- [ERL)" + K%

(2)

Since the interaction “partners” for ERL are the base pairs of DNA, it
follows that [(ERL)H—DNA.Ms } a1 the maximum concentration of base
pairs that can be complexed, and [(ERL),— DNA,q | is the concentra-
tion of base pairs that are complexed at given ERL concentration.
Therefore, the difference between these concentrations represents the
concentration of free DNA base pairs available for ERL binding:
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Fig. 2. The CVs of 2 x 10~* M ERL recorded from 0.0 V in the: positive potential direction at A) pH 4.64 and B) pH 6.94; and negative potential direction at C) pH

4.64 and D) pH 6.94; first (—), second (

[DNA,] = [(ERL),—DNA,q ], — [(ERL),—DNA, | 3)

max

The voltammetric peak currents, obtained under the given experi-
mental conditions with DNA layer adsorbed at the electrode surface and
incubated in solutions of different ERL concentration, are given by the
relations:

I

>—complex = k @ n @ [(ERL), —DNA 4] and /;,_pna

—kene [(ERL),—DNA,] @

max

The Eq. (2) can be transformed into the expression:

f N R
(ﬁ> = K" o [ERL] 5)
By combining Egs. (2), (4) and (5) the following expression can be
derived:

Ip—comp]ex

1o {7] = nlogK + nlog[ERL] 6)
Ip—DNA - Ip—cumplex

where K is the binding constant, I, pna and I.complex represent deoxy-
adenosine oxidation peak currents, dA (obtained at pH 4.6) in the
absence and in the presence of ERL bound to ct-DNA, respectively. Based
on the Eq. (6) the association binding constant K and the value of n can
be calculated from the intercept and slope of the plot: log [I-complex/(Ip-

) and (——) third scan; v = 50 mV s~ *.

DNK — Ip-complex)] Vs. IOg [ERL]~

3.2. Binding free energy calculations with MM/PBSA method

Obtained NAMD trajectories were used to calculate binding free
energy using MM/PBSA method. Prior to performing the calculation, all
the solvent molecules and charged ions have been deleted from the MD
trajectories. The snapshots from last 1 ns of the trajectories were used
for the binding free energy calculation.

The calculation was performed with CaFE 1.0 plugin [25] in VMD
software. The method is consisted of three component — MM (molecular
mechanics for gas-phase energy - AGg;), PB (Poisson-Boltzmann for

polar solvation energy - AG‘S’;[“') and SA (surface area for nonpolar sol-

vation energy - AG:‘;’Z"P"W). The gas-phase energy difference of complex
and separated DNA and ligand is calculated by NAMD software, while
APBS 3.4.1 software (https://server.poissonboltzmann.org/apbs) was
used for polar solvation energy calculation. The interior dielectric con-
stant was set to 4 and exterior dielectric constant to 80 for calculating
the PB term. Afterwards the nonpolar solvation energy is calculated by

VMD software. The equation for obtaining the binding free energy is:

AGbind = AH — TAS = <AGgas + AGPolar + AG:g;lpalar _ TAS> (7)

sol

The CaFE 1.0 plugin excludes the entropy term from calculation due
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applied. The height of the peak Ila slightly increased in the second and 2 T
third scan at both pH values investigated. g

Analyzing the second and third scan, it can be noticed that all other f?:f
peaks (Ia, Ic and IIc) were present, but with a reduced peak current. § . ..
Based on these results it can be assumed that described oxidation and 2| 5 5 5 b
reduction processes involve adsorption of the active species on the s é = % PRV
electrode surface. g|le=| N o«

According to the shape of the peaks, and the lack of the correspon- g
dent signal in the backward scans, it can be concluded that all mentioned g
oxidation and reduction processes were irreversible. -2

In order to further explore ERL oxido-reduction processes, voltam- 9 8 . 3 L
mograms were recorded with the variation of scan rate with two 'E éo & N ©
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Fig. 4. The influence of pH on the peak potentials of 2 x 10~* M ERL obtained by A) CV; and B) DPV; e — peak Ia, ® — peak Ila, ® — peak Ic and @ — peak Ilc.

different ERL concentration, high of 2 x 107 M, and low of 2 x 107° M.
The scan rate studies [26-28] were performed at pH 4.64 and 6.94 be-
tween 5 and 100 mVs L.

The effect of potential scan rate (v) on the peak current monitored for
2 x 10~* M ERL anodic Ia peak at both pH 4.64 and 6.94 gave linear
dependence of I, vs. v plot (Fig. 3, Table 1), what is characteristic for
adsorption-controlled processes. Besides that, the slope values over 0.6
of log I, vs. logv dependences confirm the above conclusion [26].

The reduction of 2 x 10™* M ERL at pH 6.94 could only be investi-
gated in a narrower scan rate range (10 — 80 mVs’l), due to the distorted
shape of the peaks with the increase in v. The cathodic Ic peak, at pH
4.64, manifested diffusion-adsorption mixed controlled process. This
can be concluded since both dependences, I, vs. v and I, vs. v'/2, showed
approximately same linear plots with correlation coefficients (r) being
around 0.98, and the slope of log I, vs. logv plot being 0.49. The obtained
slope value coincides with the theoretical value of 0.5 that represents the
limiting value for the criterion that distinguishes between diffusion and
adsorption nature of the process [26]. At pH 6.94, on the other hand,
adsorption became predominant, as indicated by linear I, vs. v depen-
dence, and log I, vs. logv slope of 0.684. All mentioned regression
equations along with correlation coefficients are listed in Table 1, and
the corresponding plots are presented in Fig. S1, in the Supplementary
Material.

In order to fully understand the electrochemical behavior of ERL, a
scan rate study was performed with lower ERL concentration of

A) la

0.7

0.8
E/V vs. Ag/AgCl, 3M KCI

09 10 11 12 13

2 x 107 M. With this low concentration, the increase of peak currents
could be followed only at scan rates below 70 mV s~!, while at higher
rates the current levels off. As shown in Table 1, the adsorption effect
was confirmed for oxidation process of ERL, and in the case of reduction
peak (Ic), adsorption nature is slightly more pronounced compared to
higher concentration of ERL. The corresponding plots are presented in
Fig. S2, in the Supplementary Material.

The second cathodic peak (Ilc) occurs at very negative potentials
only at pH 4.64. Since it occurs close to the potential of oxygen discharge
and poorly pronounced, precise measurement of the peak height was
difficult to perform. That is the reason why all mentioned dependencies
did not show high correlation coefficient (Table 1), but still, the results
suggest that the process is primarily diffusion controlled [28]. The sec-
ond cathodic peak cannot be detected at low ERL concentration of
2x107° M.

4.1.1. The effect of pH on ERL redox reactions

The analysis has been performed in different buffer solutions (pH
range between 2.0 and 9.0) in order to track changes of I, and E,, across
different pH values of medium. The peak Ia occurs in all pH values,
shifting from + 1.2 V to + 0.8 V when the pH value increases. The peaks
IIa and Ic can be detected at all pH values as well, with peak potentials
notably shifting in acid solutions, but without a significant change of
potential in neutral and basic medium. The absence of a change in the
potential of the peak under these conditions can be explained by the fact

pH
w3.06
13.58
4,64
m5.05
W5.64
m5389
H6.94

-0.2 -0.3 -0.4 -0.5 -0.6 0.7 0.8
E/ Vvs. Ag/AgCl, 3M KCI

Fig. 5. 3D plot of selected DP voltammograms of 2 x 10~* M ERL recorded at different pH: A) oxidation peak Ia; B) reduction peak Ic.
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Fig. 6. Plot of I, vs. pH for the oxidation peak Ia by SWV; Inset: Peak Ia ob-
tained by SWV at pH 4.64 of 2 x 10~* M ERL in solution (1), and after 30 min
of adsorption from the 2 x 10~* M ERL (2), 2 x 10 > M ERL (3), and 2 x 107¢
M ERL (4) solution.

that protons do not participate in redox processes, but only electron
transfer occurs. The peak Ilc occurs in narrow pH range 3.0 - 6.0, with a
change of peak potential towards more negative values with the increase
of pH. The effect of pH on all ERL CV peaks potential is presented in
Fig. 4A.

For the Ia peak, the slope of 63.8 mV/pH (obtained across the whole
investigated pH regia), which is close to the theoretical value of 59 mV/
pH [27], indicates that an equal number of protons and electrons is
involved in the rate determining step of the oxidation process. Although
this linear dependence was obtained with a high correlation coefficient
(r > 0.99), a more detailed analysis can distinguish two separate linear
segments (Fig. S3, in the Supplementary Material). The values of the
slopes of these segments, 71.5 mV/pH and 53.4 mV/pH respectively,
confirms the participation of the same number of electrons and protons
in both pH areas. From the value of their cross section, pKa = 5.8 can be
deduced, what is in good agreement with the value reported for ERL in
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the literature (pKa = 5.4 [29]).

The IIa peak potential showed pH dependance only in acid media.
Since the shift of the peak potential per pH unit is 55 mV/pH, it suggests
that in this oxidation process equal number of protons in electrons is
transfered as well. In neutral and basic solutions, no proton transfer is
involved due to the lack of pH influence on the Epya.

The cathodic peak Ic showed results qualitatively like anodic peak Ia.
The slope of the Ej, vs. pH dependence is 69 mV/pH (pH < 6.0) and no
pH effect at pH > 6, which again refers to equal number of protons and
electrons involved in the reduction process in acid medium, and no
proton transfer in the neutral and alcaline solutions. Results of AE,/ApH
refer that the reduction process characterized with Ilc, as in the previous
cases, consumes an equal number of protons and electrons (Epr vs. pH ~
47 mV/pH; 3.0 < pH < 6.0).

The difference between peak potential and half-height peak potential
was calculated across the examined pH region, for all investigated peaks.
Considering the equation for ireversible electrode prosecces [30]:

47.7
|En*Ep1/2| - ﬂ ®
where a, is the charge transfer coefficient and n the number of electrons
transferred in the rate determining step, and comparing with difference
between peak potential and half-height peak potential experimentaly
obtained, the number of exchanged electrons can be determined.

The calculated values for peak Ia was 64 mV (at pH 4.6) and 70 mV (at
pH 7.0), while the peaks Ic and Ila were significantly wider and conse-
quently showed E,-E,;;» between 100 and 120 mV (even more in
alkaline solutions). Bearing in mind that for an irreversible process the
transfer coefficient value should be < 1 (actually between 0.3 and 0.7), it
follows that the rate determining step should involve transfer of one
electron in the all mentioned proceses. In acid medium, pH < 3, difference
between peak potential and half-height peak potential for peak Ia showed
less values (30 — 50 mV), indicating dismission of two electrons, what is in
accordance with much higher peak inthensities under these conditions. In
the case of Ilc peak, the potential corresponding to its width was less then
40 mV, indicating two electrons involved in reduction.

The peak current for all anodic and cathodic peaks in different pH
media is shown in Fig. S4. in the Supplementary Material.

H—C=C— =R,
FF1
e
Fr1
R, N Ra
-
G
2<pH<3

Scheme 1. Proposed oxidation mechanism of ERL.
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Scheme 2. Proposed reduction mechanism of ERL.

4.2. DPV and SWV of ERL at bare GCE

The electrochemical behaviour of ERL was also studied by DPV in the
previously described pH range. When scanning the potential in positive
direction, one anodic peak can be detected across the whole examined
pH region, with E, shifting from + 1.2 V to + 0.7 V (Fig. 5A). This peak
corresponds to Ia peak previously described in analysis of CV scans. The
relationship of E, vs. pH (Fig. 4B) was linear: Ej,, = —0.0646 pH
+ 1.2828, with the slope close to theoretical value, confirming that
process involves the equal number of protons and electrons. The second
oxidation peak Ila has not been detected.

DPV scans performed towards negative potentials, showed two
reduction peaks. The first one, with E, shifting from —0.45V to
— 0.64 V in different buffers, corresponds to Ic peak (Fig. 5B). The
dependence of Ej, in the function of pH (Fig. 4B) is linear in pH range 2.2
- 6.0 (Epie = —0.0508 pH — 0.3272). According to the obtained AE,/
ApH value, the participation of an equal number of electrons and pro-
tons is confirmed.

With the second cathodic peak IIc, which can be detected in pH range
3-6, somewhat minor shift of peak potentials was observed (47 mV/pH),
but still enough to indicate the participation of equal number of elec-
trons and protons.

The effect of pH on the DPV peaks current is summarized in Fig. S5 in
the Supplementary Material,

The half peak width (W;,2) was analysed in order to obtain insight
into the number of electrons involved in the oxidation and reduction
processes. As already known [10] irreversible systems have broader
peaks comparing to reversible, therefore the calculated Wy, values of
about 120 mV and 200 mV for Ia and Ic peaks respectively, confirm the
statement previously established by CV results, that one electron is
exchanged in both processes. As already noticed with CV, Ia DPV peaks
obtained in acid solutions (pH < 3) were sharper with W;,2 ~ 80-90 mV
indicating possible transfer of two electrons under these conditions. The
same conclusion about the consumption of two electrons was made for
the peak Ilc based on the W/, value which was in the range 45-65 mV.

As with CV results earlier, the effect of pH on the DPV Ia peak po-
tential has been studied in detail resulting in the pKa = 5.6 (Fig. S3, in
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Fig. 7. Baseline corrected SWV voltammograms of ct-DNA biosensor incubated
in 2 x 107> M ERL solution for different time of incubation.

the Supplementary Material), therefore indicating the even better
agreement with literature data.

The SWV was also used for analyzing the electrochemical behavior of
ERL. The results, similar to DPV were obtained and confirmed the
irreversibility of electrode processes, as well as the number of exchanged
electrons and protons. Special attention was paid to SW oxidation peak
Ia. The effect of pH on the peak Ia potential is given by the equation: Epj,
= —0.0623 pH — 1.3057; r = 0.9928; and the influence on the height of
the Ia peak is presented at Fig. 6. Although the maximal peak current
was obtained at pH < 3, the best peak stability and reproducibility was
obtained in the range 3.5 < pH < 5.0. At pH > 5.5, ERL peak by SWV
was rather poorly obtained. This oxidation process was previously
identified as adsorption-controlled, and it was checked and confirmed
by recording the SW voltammogram of adsorbed ERL. For this purpose,
GCE was immersed in solutions of different concentrations of ERL for
30 min and then transferred to the electrochemical cell with acetate
buffer pH 4.64. As seen from the Fig. 6 Inset, the adsorbed ERL showed
lower peak currents and slightly more positive potentials for peak Ia
compared to the peak obtained directly from the solution without
adsorption. These observations were expected for a compound easily
adsorbed and when the transfer technique was applied.
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Table 2
Normalized peak currents (d(dA)%) and peak potentials (Ep, 4a) obtained after
different time of incubation of ct-DNA biosensor in 2 x 10~> M ERL solution.

Time (min) d (dA) (%) Ep, an (V) AE, (V)
(Bppna = 1.315 V)
10 87.50 1.308 ~0.007
20 60.33 1.311 —0.004
30 50.76 1.319 0.004

4.3. Redox mechanism

According to CV and DPV results, the oxidation process of ERL
(characterized with Ia peak) requires transfer of one proton and one
electron, except in an acidic medium, where oxidation takes place with
the exchange of 2 electrons and 2 protons. It may be assumed that the
oxidation of ERL is related to the secondary aromatic amine group,
which upon the deprotonation and losing of an electron yields nitrenium
radical. In acidic medium, this process may be continued by leaving off
the second electron and the formation of carbocation, and its stabiliza-
tion to a conjugated imine. The proposed mechanism, which is in
accordance with already published literature data [12,31], is presented
at the Scheme 1.

The reduction of ERL presented by peak Ic, as suggested by both CV
and DPV results, was proceeded with the uptake of one electron and one
proton by the nitrogen atom at quinazoline ring system. The peak Ilc is
most likely a consequence of the reduction of the terminal acetylenic
group in the Ry side chain, which takes place at pH < 6.0, with the
consumption of two electrons and two protons according to the mech-
anism shown in Scheme 2.

4.4. ERL-DNA interaction

For exploring the interaction between ERL and ct-DNA, the multi-
layer electrochemical ct-DNA biosensor was used and SW voltammetry
was performed. The application of SWV was previously used by our team
for investigation of DNA oxidation studies and was proven to perform
better comparing to DPV because of higher speed, better repeatability,
better resolved voltammograms and reduced surface poisoning [18,32].
The measurements were performed in acetate buffer pH 4.64, due to
higher and better shaped DNA oxidation peaks compared to neutral
phosphate buffer. The stability of ct-DNA helix at this pH has already
been confirmed by other researchers [33] and our team [18].

To follow the interaction, the DNA biosensor was incubated in ERL
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<<
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solutions of different concentrations in acetate buffer at pH 4.64 for
30 min. As a control, the ct-DNA biosensor incubated in acetate buffer at
pH 4.64 for 30 min was used. The voltammogram obtained with control
ct-DNA biosensor showed two oxidation peaks: at + 1.05 V representing
the oxidation of deoxyguanosine (dG) and at + 1.31 V (Fig. 7) repre-
senting the oxidation of deoxyadenosine (dA) [32].

The interaction of small molecule with surface-immobilized DNA
caused changes to oxidation peaks dG and dA due to changes in DNA
morphology [34]. Furthermore, with multi-layer biosensor, the com-
plete coverage of the electrode surface with DNA was accomplished with
the aim to avoid the non-specific adsorption of interacting molecules, so
the biosensor response comes only from a compound that is incorpo-
rated into the DNA layer, with no contribution from the free compound
in the solution [34]. In present case, after the incubation of biosensor in
ERL solution, two SWV peaks were registered: (dG+Iinteract) due to the
superimposed oxidation currents of deoxyguanosine and ERL inside the
DNA layer, and dA peak. Due to the complex nature of the first
mentioned peak, it cannot be used to evaluate the interaction, and
therefore only the changes in dA peak height and position were
informative.

The initial investigation was done with the intention of establishing
the optimal incubation time. In order to do that, the ct-DNA biosensor
was incubated in 2 x 10~ M ERL solution for 10, 20 and 30 min, and a
reduction of the peak was registered with increasing incubation time
(Fig. 7).

The decrease of dA current has been represented as normalized peak
current, which represents a percentage of signal change, and has been
calculated by following equation:

Ip—complex. dA

d(dA) % = x 100 )

I, _pNa, aa

in which d(dA) represents the normalized peak value, I pna, da and I
complex, da represent dA peak currents in the absence and in the presence
of bound ERL to the ct-DNA, respectively. The normalized peak current
values and the change of dA peak potentials for different incubation
times of ct-DNA biosensor incubated in 2 x 10~> M ERL solution are
shown in Table 2.

The decrease of I, between 20 and 30 min of incubation time
compared to the decrease between 10 and 20 min is much smaller, and
the d(dA) value at 30 min is ~ 50%. This implicates that 30 min was
sufficient to give quantitative response of formed interaction between
ERL and ct-DNA.

To explore the effect of change in concentration of ERL solutions on
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Fig. 8. A) Baseline corrected SWV voltammograms showing dA peak of ct-DNA biosensor incubated in a series of ERL solutions; B) Dependence of
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E) legend.

the interaction of ct-DNA and ERL, a series of solutions with concen-
tration of ERL in the range of 2 x 107 M to 5 x 10~ M was used for
30 min incubation. SWV measurements have shown that when
increasing the concentration of ERL in solution, the dA peak height at
+ 1.3 V was decreasing (Fig. 8A) as a direct consequence of ERL binding
to ct-DNA and disruption of the oxidation process of deoxyadenosine.
The normalized peak current values and the change of dA peak poten-
tials for different ERL concentrations are shown in the Table S1 in the
Supplementary Material. The dA peak current reduction up to 30% of
the initial value indicates significant interaction with ERL.

The decrease of dA current in the presence of ERL ranged from
2 x 107 Mto5 x 107> M was further examined in order to calculate the
binding constant (K) of ERL to the ct-DNA. Using the Eqs. (1) and (2)
(Section 2.1) and having in mind that the concentration of DNA adsor-
bed on the electrode surface was constant whilst ERL concentration
increased during the experiment, K has been obtained from the intercept
of the linear dependence: log [I.complex/ (Ip-pNA-Ip-complex)] = —2.4967 —

10

Table 3
GoldScore values obtained from docking studies.
ERL LAP
Minor groove binding (1BNA) 72.75 95.13
Intercalation (2D55) 75.06 86.57

0.5?78 log [ERL] (Fig. 8B). The calculated value was K = 8.25 x 10*
M.

This K value with the small shift of E, value could implicate a
moderately intercalation binding mode of ERL to DNA, and/or possible
groove binding [35]. This finding is in agreement with results of lapa-
tinib [12] and ibrutinib [13] binding mechanism. On the other hand, it is
inconsistent with the study [15] that reported electrostatic interaction
and shift of the DNA oxidation signals after the interaction with ERL.
The reason for this difference is probably due to the modification of
electrode surface by coating with poly L-methionine.
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Fig. 10. RMSD during production run of A) nucleic acids from binding site and
B) ligands in ERL-DNA and LAP-DNA intercalation complexes.

Fig. 11. 3D representation of ERL-DNA intercalation complex A) obtained from
docking; B) after 10 ns MD production run; C) after 50 ns MD production run.

The slope of the equation (n = 0.5078 = 0.5) points out the forma-
tion of a 2:1 association complex between ERL and ct-DNA. Based on the
obtained binding constant of the complex of the ct-DNA and ERL, the
change of Gibbs free energy was calculated by following equation:

AG= —RThhK (10)

The value of AG = —28.05 kJ/mol was obtained which describes the
stability of the formed adsorbed complex and the spontaneity of the
binding process.

4.5. Computational modelling of ERL-DNA interaction

The molecular docking poses of ERL and a reference compound LAP
have been obtained in both used DNA structures, implying possibility of
both types of interaction. Both ERL and LAP form different interactions
with nucleic acids in sequences, and their poses are shown in Fig. 9.

Fig. 9 shows that ERL quinazoline ring forms hydrophobic in-
teractions with examined DNA sequence when docked into minor
groove. Benzene ring and both methoxy groups form hydrophobic in-
teractions as well. On the other hand, when intercalated, ERL forms
hydrophobic contacts with quinazoline ring, multiple interactions

11
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Table 4
Binding free energies of ERL and LAP.
ERL LAP
MM/PBSA (kJ/mol) — 146.93 — 214.40
Voltammetric (kJ/mol) — 28.05 — 32.98*

* Calculated based on reported binding constant (K = 6.03 x10° M~ H[12]
with Eq. 10.

formed with both 2-methoxyethoxy substituents and with the ethynyl
group. Oxygen of one methoxyethoxy substituent also forms a hydrogen
bond with deoxycytidine (DC B: 13).

LAP when docked to minor groove forms two hydrogen bonds with
furane ring (with deoxycytidine DC A: 7) and with secondary amine
connected to furane (with deoxyguanidine DG A: 6). Chlorobenzene,
quinazoline and methylsulfonylethyl substituents also form different
hydrophobic interactions with the DNA. LAP when intercalated forms
multiple hydrophobic contacts involving, quinazoline ring, chloroben-
zene ring and methylsulfonylethyl substituent.

Obtained GoldScore values (Table 3) suggest that LAP shows higher
affinity towards both DNA structures compared to ERL, but further
analysis was still necessary.

Complexes of ERL and LAP have been subjected to MD simulations to
predict the stability of obtained complexes. It has been shown that both
ERL and LAP unbind from DNA minor groove under 10 ns of production
time, whereas intercalated ligands stay in bound state with used DNA
structure. It has been noted that the DNA structure unwinds during the
simulation time, thus for stability of the interaction between ligands and
DNA nucleic acids inside binding site are checked for RMSD change. The
fluctuation of RMSD values of minor groove binding nucleic acids were
higher than 2 A in some parts of simulation while the ligands were
bound to the DNA, and it has been represented in Fig. S6. It can be
noticed that at RMSD values of both ERL and LAP binding nucleic acids
in intercalation complexes oscillate under 2 A after 20 ns (ERL crossing
the limit in few snapshots) indicating fairly stable interaction between
them (Figs. 10 and 11). These results together with voltammetric studies
imply that the intercalation could be more dominant way ERL binds to
DNA compared to minor groove binding. A higher RMSD value fluctu-
ation of LAP could be due to its bigger structure parts which don’t form
interactions with DNA and thus move more freely.

The MM/PBSA calculations were performed to acquire information
of affinity of ERL and LAP for DNA. The free energy value calculated for
ERL is — 146.93 kJ/mol, and — 214.40 kJ/mol for LAP. Higher values
compared to experimental values gained in our work and the work made
for LAP [12] calculation has been made because snapshots of trajectory
parts with stable RMSD fluctuation were used. The difference could also
be because one DNA sequence has been used for the MD simulation to
explore the nature of non-specific binding of ERL to DNA. However, the
ratio of these values (Table 4) is similar to the ratio of experimental
values which supports our hypothesis about the type of interaction of
ERL with DNA.

5. Conclusions

The tyrosine kinase inhibitor erlotinib is electroactive in the whole
investigated pH range (pH 2.0 — 9.0) and undergoes separate processes
of oxidation and reduction on GCE. Oxidation of ERL is irreversible
adsorption-controlled process which proceeds with the transfer of one
proton and one electron, except in an acidic medium, where the ex-
change of 2 electrons and 2 protons occurs. It is presumed that the
oxidation of ERL take place at the secondary aromatic amine group,
which upon the deprotonation and losing of an electron yields nitrenium
radical. In acidic medium, this process may be continued by leaving off
the second electron and the formation of carbocation. The reduction
process (presented by peak Ic) in mild acidic medium manifested
diffusion-adsorption mixed controlled process, while in neutral
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solutions, adsorption became predominant. As suggested by both CV and
DPV results, this reduction occurs with the uptake of one electron and
one proton by the nitrogen atom at quinazoline ring system. In the acidic
solutions, pH < 6.0, the reduction of the terminal acetylenic group in the
ERL R; side chain occurred as a diffusion-controlled process with the
consumption of two electrons and two protons.

The interaction between ERL and DNA was investigated using the
multilayer electrochemical ct-DNA biosensor incubated in ERL solu-
tions, and the measurements were performed with SWV. Series of so-
lutions with concentration of ERL in the range of 2 x 107 Mto 5 x 107>
M were used to follow the interaction the between surface-immobilized
DNA and ERL in the solution. Having in mind that multi-layer biosensor
provides the complete coverage of the electrode surface with DNA, and
the change in biosensor response originates only from ERL incorporated
into the DNA layer, the decrease of dA peak height was a direct conse-
quence of ERL binding to ct-DNA and disruption of the oxidation process
of deoxyadenosine.

SWV measurements have shown that the increasing of ERL concen-
tration in the solution, caused a further decrease in dA peak height, what
was utilized to calculate the binding constant, K = 8.25 x 10* M™! of
ERL to the ct-DNA. The obtained value, together with the small shift of
E, suggested a moderately intercalation binding mode of ERL to DNA,
and/or possible groove binding.

Molecular docking and molecular dynamics analysis were used to
verify and support the experimental findings. Molecular docking showed
that ERL quinazoline ring forms hydrophobic interactions when docked
into minor groove. When intercalated, ERL forms hydrophobic contacts
with quinazoline ring, acetylenic group and several interactions with 2-
methoxyethoxy substituents. Molecular dynamics analysis predicted the
stability of obtained intercalation complexes and further depicted the
nature of the interaction between the DNA and ERL. The MM/PBSA
method was also used to compare binding energies between ERL and a
reference compound LAP.

The results of this research will contribute to the understanding of
the mechanism of interaction between erlotinib and nucleic acids.
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The blood-brain barrier (BBB) is a highly selective system composed of non-fenestrated endothelial cells of the
brain capillaries connected by much tighter junctions than the peripheral vessels and supported by pericytes in
the membrane base and astrocytes [1]. With its complex transport mechanism, the BBB regulates the transport of
nutrients, ions and hormones, and prevents neurotoxins or pathogens from entering the brain [21. The discovery of
drugs that can reach the CNS is a very difficult and important phase in the preclinical research of CNS-targeted
drugs (31. In addition, blood—brain penetration testing of drug candidates targeting peripheral tissues is necessary
to avoid side effects on the CNS (4.

Protein kinases play an important role in cell regulation and protein phosphorylation in various cellular signaling
pathways [5]. Due to numerous physiological functions in different systems and tissues (cardiovascular system,
kidney, CNS, etc.), phosphorylation deficiencies can be associated with Type II diabetes, cardiovascular diseases,
Alzheimer’s disease, other neurodegenerative diseases and cancer [6]. Currently, protein kinases have become one
of the most important drug targets with more than 70 approved therapeutics against cancer and inflammation.
Approximately a third of global drug discovery efforts target protein kinases [71, while 180 clinical trials of orally
administered protein kinase inhibitors are ongoing [8]. Some protein kinases have recently emerged as promising
targets for the treatment of neuroinflammation and neurodegenerative diseases such as stroke, Parkinson’s disease,
Alzheimer’s disease and amyotrophic lateral sclerosis.

A new concept, known as ‘aberrant cell cycle disease’ (ACCD) suggests that cancers and neurological disorders
share a common mechanism characterized by an ‘aberrant re-entry into the cell cycle’ (9,10 This phenomenon
involves the activation of kinases/oncoproteins, which leads to the proliferation of tumor cells in cancer and the
death of neurons in neurological disorders. Since kinases play an important role in the cell cycle process, kinase
inhibitors could have significant potential for the treatment of both cancer and neurological disorders.

Protein kinases are the hallmark of neoplasms due to their role in signaling mechanisms in malignant cell activity,
and therefore protein kinase inhibitors play the most important role in cancer chemotherapy. However, one of
the limitations is the risk of significant drug—drug interactions, toxicity, off-target effects and resistance. Since
most kinase inhibitors are metabolized by cytochrome 450 isozymes there is a high risk of interactions with CYP
(CYP3A4) inhibitors/inducers [11].

Apart from primary CNS tumors such as neuroblastoma and glioblastoma, more than 40% of peripheral tumors
metastasize to the CNS. However, the discovery of kinase inhibitor for the treatment of brain tumors is very
difficult due to the complexity of drug penetration through the BBB and drug distribution in the CNS. Despite
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this challenge, several therapeutic candidates targeting CNS protein kinases are currently in various stages of
preclinical and clinical development [12,13].

In this study, the BBB permeability of 34 structurally diverse derivatives was investigated, including 15 ap-
proved protein kinase inhibitors — afatinib, axitinib, erlotinib, gefitinib, imatinib, crizotinib, lapatinib, nilotinib,
nintedanib, ruxolitinib, palbociclib, dabrafenib, vemurafenib, everolimus and fasudil (Supplementary Figure 1).
N-desmethyl-imatinib — an impurity of imatinib (defined in the European Pharmacopeia as imatinib EP impurity
C) — and RKI-1447 as an experimental ROCK inhibitor were also investigated. New experimental compounds
were also investigated to expand the dataset, including 2 synthetic aryl-2-aminopyridine derivatives (compounds
1 and 2) (14 and 15 pyridyl-based thiazolyl hydrazone and selenazolyl hydrazone derivatives (compounds 3—
17) 115,16], some of which have proven anticancer activity and whose scaffolds are known to exhibit protein kinase
inhibitory activity (Supplementary Figure 2).

The development of reliable 77 vitro methods for the screening of drugs that can cross the BBB is of great
importance for the early phase of drug development. One of the most efficient and widely used 77 vitro methods to
assess BBB permeability is the parallel artificial membrane permeability assay (PAMPA-BBB) [17]. The PAMPA-BBB
assay is based on the passive diffusion of test substances through a membrane that mimics the physicochemical
environment of the BBB [18,19]. Recent publications continue to rely on the study of PAMPA-BBB to understand
the structural features that are important for the passive permeability of various substances through the BBB [20,21].
Despite the limitation of PAMPA-BBB that active or efflux transporters cannot be modeled, PAMPA-BBB is a very
useful method because most drugs are absorbed by passive diffusion through the BBB [221. Compared with cell-
based methods, the PAMPA-BBB assay is time and cost effective, reliable, efficient and suitable for high-throughput
screening and therefore very useful in the early stages of CNS drug discovery.

Quantitative structure—property relationship (QSPR) studies using various machine learning approaches are
applied at various stages of drug discovery (23], by using molecular descriptors to correlate chemical structures with
BBB permeability and allow prioritization of compounds with favorable properties for further testing, thereby
improving the discovery of more effective CNS drugs.

The PAMPA assays provide screening capabilities by simulating passive diffusion through the BBB, while QSPR
modeling provides predictive insights into the molecular features that influence permeability. Therefore, the main
objective of this research is to develop chemometric models for the BBB permeability of different types of structurally
diverse protein kinase inhibitors and to enable efficient discovery of CNS protein kinases.

This approach, which focuses on both structural diversity and different modes of action, is more useful in drug
discovery and provides a flexible tool to identify kinase inhibitor candidates with improved BBB penetration. The
results of this research could help advance the development of kinase inhibitors by enabling rapid selection of
compounds based on desired BBB permeability, thereby improving the drug discovery process. This chemometric
study also provides rapid screening of new candidates and the identification of potential therapeutic options for
CNS diseases.

Materials & methods
Chemicals & reagents
Reference compounds that include US FDA-approved kinase inhibitors: afatinib, axitinib, dabrafenib—mesylate,
erlotinib~hydrochloride, everolimus, fasudil, gefitinib, imatinib, crizotinib, lapatinib—ditosylate, nilotinib—
hydrochloride, nintedanib-esylate, palbociclib, ruxolitinib—phosphate, vemurafenib and compounds that affect
CNS like levodopa and haloperidol as well were obtained from Sigma-Aldrich (MO, USA). Imatinib EP impu-
rity C (N-desmethyl imatinib) was obtained from Sigma-Aldrich and RKI-1447 was obtained from Selleck Co.
(Shanghai, China). The experimental compounds 1-17 were obtained from V. Savic [14] and T. Todorovi¢/N.
Filipovi¢ [15,16] research groups.

The physiological phosphate buffer (pH = 7.4) was prepared using sodium chloride (JT Baker, Deventer, The
Netherlands), sodium hydrogen phosphate and potassium dihydrogen phosphate (Merck, Darmstadt, Germany).

Alongside the buffer, dimethyl sulfoxide (DMSO) and Tween-80 (both obtained from Sigma-Aldrich) were used
for preparing compound solutions. Dodecane (Sigma-Aldrich) and the porcine polar brain lipid (PBL; catalog no.
141101C), purchased from Avanti Polar Lipids, Inc. (AL, USA), were used for membrane preparation.

The PAMPA 96-well plates (MultiScreen-HV, 0.45 Im, clear, cat. no. MAHVN4510) were purchased from
Millipore, Inc. (MA, USA). All solutions prepared for high-performance liquid chromatography (HPLC) analysis
were passed through a 0.45 um nylon syringe filters (Amtast, FL, USA) before analysis.
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HPLC grade reagents were used to prepare the mobile phase: acetonitrile (ACN; JT Bakers), disodium hydrogen
phosphate (Sigma-Aldrich), orto phosphoric acid, 85% (Sigma-Aldrich), and deionized water (Thermo Electron
LED GmbH, Germany, TKA GenPure).

Artificial membrane permeability assay

The PAMPA-BBB model, previously described in literature [19] was used to examine the effective permeability of
structurally diverse derivatives. Alongside, permeability of levodopa and haloperidol have also been examined to
validate the procedure. Stock solutions of the compounds were prepared in DMSO (5 mg/ml) and were further
diluted in physiological phosphate buffer. Tween 80 was added in 5% concentration to ensure good solubility of
low soluble compounds in the buffer [24]. Final solutions were obtained in concentration of 25 pg/ml that was
used for PAMPA analysis.

The artificial membrane solution was prepared with 20 mg of PBL dissolved in 1 ml dodecane. A total of 4 pl
of the solution was used to coat the well plates’ filter membrane. The donor wells were filled with 300 pl of the
prepared solutions of each tested compound, and the acceptor wells were filled with 300 pl of the phosphate buffer
containing 5% Tween-80. Afterward, the acceptor plates were placed on top of the donor plates, thus creating
a ‘sandwich’, covered from the top, with the whole system wrapped up with parafilm. The system was left for
18 h incubation at 25°C. After the incubation, the ‘sandwich’ was disassembled carefully, and HPLC with a UV
detector was used to determine the concentration of the starting solutions as well as each donor and acceptor well.
All samples were analyzed in triplicate, and the mean values of concentrations were reported. Equations used for
calculating the effective permeability of the tested compounds are (Equation 1 and 2):

VaCa(t) + VACd(t) = VdCd(0) (1 — R) (Equation 1)

2.303Vd 1 14771\ Caz) .
P, = — 1 1— v E 2
T T A — ) <1 —i—rv) Og“’[ ( 1-R ) Cd(O)] (Equation 2)

in which Vz — acceptor well volume — 300 pl; V4 — donor well volume — 300 pl; A — filter area — 0.28 cm?; # —
incubation time — 64 800 s; Ca(?) — compound concentration in acceptor wells after incubation; Cd(z) — compound
concentration in donor wells after incubation; C(0) — compound concentration in donor wells before incubation;
R —mole fraction of compound retained by a membrane; 7, — donor volume (300 pl) and acceptor volume (300 pl)
ratio — Vd/Va = 1; v, — time needed for the membrane saturation (approx. 20 min).

High-performance liquid chromatography analysis

The HPLC analysis was performed using Dionex UltiMate 3000 (Thermo Scientific, Germering, Germany)
equipped with Diode Array Detector (DAD). Chromatographic analyses were performed on the Poroshell 120
EC-C18, 250 x 4.6 mm (particle size 5 pm) chromatographic column. Column temperature was set on 30°C,
and autosampler temperature on 10°C. Injection volume was 20 pl. For most of the compounds, flow rate was
0.8 ml/min, except for compound 2 (1 ml/min). UV detection was performed at 230, 254, 265 and 278 nm. The
mobile phase contained a mixture of 10 mM phosphate buffer, pH 2.3 and ACN at ratios varying from 30:70
(v/v) t0 90:10 (v/v), respectively.

Dataset preparation

Kinase inhibitor structures set, obtained from Drugbank database [25], has been subjected to hierarchic clustering
in DataWarrior 5.5 software [26] based on FragFp (substructure fragment dictionary-based binary fingerprint) to
ensure coverage of different chemical structure types of kinase inhibitors used in clinical practice (Supplementary
Table 1).

Dominant forms at physiological pH = 7.40 of the prepared dataset compounds were checked in the Marvin
Sketch 20.8 program. The geometry of these structures was then optimized within the Gaussian 09W program [27]
using the semiempirical PM3 (Parameterized Model revision 3) method and subsequently with the Hartree-Fock/3-
21 G method.

Molecular descriptors calculation
DRAGON 6.5 [28and ADMET Predictor 13.1 [29] software have been used to calculate a set of different geometrical,

electronic, topological and physicochemical descriptors for the dataset. Descriptors with low and zero variance have

Taylor & Francis
10.4155/fmc-2023-0390 Future Med. Chem. (Epub ahead of print) Taylor & Frandis Group



Application of PAMPA technique & chemometric modeling for BBB permeability prediction of protein kinase inhibitors Research Article

Table 1. Training and test sets used in creating the quantitative structure—-property relationship models.

Training set Test set
Afatinib Compound 2 Gefitinib
Axitinib Compound 4 RKI-1447
Dabrafenib Compound 5 Ruxolitinib
Erlotinib Compound 6 N-desmethyl imatinib
Everolimus Compound 7 Compound 1
Fasudil Compound 9 Compound 3
Imatinib Compound 11 Compound 8
Crizotinib Compound 12 Compound 10
Lapatinib Compound 14 Compound 13
Nilotinib Compound 15

Nintedanib Compound 16

Palbociclib Compound 17

Vemurafenib

been removed. They were also checked for collinearity, by which only descriptors with intercorrelation lower than
0.90 were used for the predictive model building. Z-score normalization was used to scale descriptors, so the final
set of 910 descriptors was prepared.

Quantitative structure-property relationship modeling

Several methods were applied to obtain multiple QSPR models. The descriptors of the studied compounds were
considered as independent variables, while the logP. value obtained from the PAMPA study was used as the
dependent variable. Three machine learning methods were employed to develop QSPR models — multiple linear
regression (MLR), support vector machine regression (SVM) and artificial neural network (ANN). All models were
created using STATISTICA 13.6 software [30].

The MLR model assumes a linear relationship between the dependent and independent variables. Stepwise
regression was used to select the variables in the MLR model development based on F to add and F to remove
criteria. SVM and ANN models were then created with the same selected variables.

The SVM regression modeling was performed to investigate possible nonlinear dependencies of the selected
variables with logP.. Regularization parameter (C), the gamma parameter (y) and the e-intensive objective function
parameter (€) are hyperparameters that were optimized in the search for the optimal model. The cross-validation
method was used to tune the hyperparameters. Four kernels were used to search for an optimal support vector
regression model: linear, polynomial, RBF (Radial Basis Function) and sigmoid.

ANN' s consisted of three layers: an input layer (Input), one hidden layer and an output layer (Output). To
train the data, the Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) was used. An automated search for
regression neural networks, either multilayer perceptron networks (MLP) or radial basis function networks (RBF),
was conducted and trained a total of 100 networks, and the best network was selected based based on their
performances during training, testing and validation process. During training, the following activation functions
for hidden and output neurons were tested: identity, logistic, Tanh, exponential and sine.

The dataset was divided into a training set (n = 25) and a test set (n = 9) (Table 1). The training dataset was
used for model building, and the test dataset was used to validate the models. The test set was selected to cover all
structure types and the logP. range used. The test set was further divided into a verification set (n = 4) and a test
set (n = 5) for modeling ANN.

Model validation

In general, the internal validation of the model can be performed with a couple of statistical parameters, such as
the coefficient of determination for the training set (R?), the cross-validated correlation coefficient (Q*) and the
root mean square error of estimation (RMSEE) [31]. Tenfold cross-validation technique was used to calculate the
Q2 parameter. The models were also subjected to external validation analysis [31], which evaluates the reliability of
the models by calculating the coefficient of determination for the test set (R zpred) and the root mean square error
of prediction (RMSEP). For further evaluation of the predictive abilities, the 7~metrics (321 parameters (r 2, 7 /%,
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and Ar?2,,) were calculated. The Concordance correlation coefficient (CCC) [33] has also been calculated to check
the model reliability.

For the QSPR model to be applied accurately, it is essential to establish its applicability domain (AD) [34]. The
AD is a theoretical region in chemical space determined by the structures of compounds in the training set [35].
SPSS v.18.0 software [36] was used to perform the leverage approach, which determines if a structure’s activity can
be reliably predicted by comparing its leverage value 4 to the critical value 4*. The critical value can be calculated
using the following Equation 3:

=3(p+1)

n

h* (Equation 3)
In which p represents the number of model variables while 7 represents the number of structures used to create
the model.

Results & discussion

The main objective of the current study was to determine the effective BBB permeability of the 34 protein kinase
inhibitors using the PAMPA-BBB assay and perform QSPR analysis to establish the most reliable i sifico models
for permeability prediction. The created QSPR model with the highest predictive capacity was used for mechanistic
interpretation of the structural factors important for passive diffusion of these and similar compounds through the
BBB and provide a robust model for permeability prediction of structurally similar derivatives.

Parallel artificial membrane permeability assay results

The PAMPA-BBB assay was performed to provide information on the passive diffusion rate of the FDA-approved
kinase inhibitors through the BBB and estimate the potential passage rate of the experimental compounds. The test
has also been performed for levodopa and haloperidol with and without the addition of Tween-80. Levodopa is a
hydrophilic compound known to utilize active transport and does not passively diffuse through BBB (37]. On the
other hand, haloperidol is a highly lipophilic compound, with a strong affinity for lipids and can readily cross cell
membranes, including the BBB [38]. Since Levodopa does not pass into the acceptor wells and haloperidol passes
in almost the same amount in both cases, it has been confirmed that the Tween-80 does not affect the viability of
the PAMPA testing in our work.

By using calculated experimental permeability rates (logP.), compounds can generally be classified into four
groups: impermeable compounds (logP. < -6.14), low permeability compounds (-6.14 < logP. < -5.66), medium
permeability compounds (-5.66 < logP. < -5.33) and high permeability compounds (logP. > -5.33) [39). Obtained
results showed that the examined kinase inhibitors vary between low, medium and high permeable compounds, as
presented in Table 2.

Performed hierarchical clustering showed that most clusters have representative structures in the dataset, implying
that the compounds used in the study cover a broad range of structural features of existing kinase inhibitors.

By comparing the clinical data with our results, considering the structural characteristics of these compounds,
some agreement can be observed (Table 2).

The obtained logP. values for two BCR-ABC tyrosine kinase inhibitors indicated medium and high BBB
permeability of nilotinib and imatinib respectively. Due to its higher permeability and lower adverse effects
compared with nilotinib, imatinib could be a potential candidate for the treatment of CNS tumors. On the other
hand, lower permeability of nilotinib could be described by the presence of a bulky trifluoromethyl substituent.
Among the EGFR/HER kinase inhibitors, lapatinib showed high permeability, which could be associated with the
lipophilic substituent on the 4-anilinoquinazoline moiety. Nintedanib, as a VEGFR inhibitor, was classified as low
permeable, which could be due to several structural features, such as the bulky substituent at the alpha position of
the 1H-indolinone and its four amino groups, which could be protonated at physiological pH (7.4).

Everolimus, for example, is an agent known to be able to cross the BBB [40] and results obtained herein also
showed that it can be classified as a highly permeable agent. In addition, high permeability in PAMPA assay was
proposed for fasudil that has been shown to have a good therapeutic effect on neurodegenerative diseases, as it
increases the activity of neural stem cells [41]. Moreover, fasudil was reported to reduce BBB dysfunction, improve
neurological and clinical outcomes in acute cerebral infraction and have neuroprotective effects [42].
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Table 2. The parallel artificial membrane permeability assay-blood-brain barrier results for the studied kinase inhibitors.

Compound P. logP.
Compound 2 1.13E-06 -5.95
Vemurafenib 1.17E-06 -5.93
Afatinib 1.47E-06 -5.83
Nintedanib 1.60E-06 -5.80
Compound 17 1.57E-06 -5.80
Compound 5 1.63E-06 -5.79
Compound 16 1.63E-06 -5.79
Compound 87 1.76E-06 -5.75
Compound 7 1.99E-06 -5.70
Compound 14 2.08E-06 -5.68
Compound 17 2.29E-06 -5.64
Gefitinibf 2.37E-06 -5.62
Nilotinib 2.38E-06 -5.62
Compound 10F 2.47E-06 -5.61
Compound 11 2.52E-06 -5.60
Compound 13t 2.57E-06 -5.59
Compound 9 2.85E-06 -5.55
Compound 4 2.94E-06 -5.53
Compound 6 3.12E-06 -5.51
Compound 37 3.24E-06 -5.49
Crizotinib 3.50E-06 -5.46
RKI-14471 3.74E-06 -5.43
Erlotinib 3.79E-06 -5.42
Compound 12 3.85E-06 -5.41
Imatinib 4.73E-06 -5.32
Dabrafenib 4.88E-06 -5.31
Lapatinib 4.85E-06 -5.31
Compound 15 5.31E-06 -5.28
N-desmethylimatinibt 5.40E-06 -5.27
Fasudil 6.72E-06 -5.17
Everolimus 7.52E-06 -5.12
Ruxolitinib® 7.59E-06 -5.12
Axitinib 1.19E-05 -4.93
Palbociclib 2.07E-05 -4.68

TTest set compounds.

Nevertheless, crizotinib does not pass the BBB, but our results showed that it has moderate passive permeability.
However, the reason that crizotinib cannot pass the BBB is that it is a known P-gp substrate [43], which could be
the explanation for this discrepancy.

The PAMPA-BBB results for the experimental compounds showed that aryl-2-aminopyridines (compounds
1 and 2) were classified as low-permeable compounds, and pyridyl-based thiazolyl-hydrazones and selenazolyl-
hydrazones (compounds 3-17) fall into the low-, medium- and high-permeability categories.

Furthermore, the ADMET predictor was utilized to predict whether examined compounds are P-glycoprotein
(Pgp) substrates or not (Supplementary Table 2). Dabrafenib, erlotinib, fasudil, lapatinib, nilotinib and ruxolitinib,
as well as all experimental compounds were predicted not to be Pgp substrates. The remaining portion of the dataset
compounds were expected to act as both Pgp substrates and inhibitors. The only exception was RKI-1447 which
was predicted only to be a Pgp substrate. Plasma protein binding was also predicted with the ADMET predictor
to estimate the percentage of the drug in plasma available to be subjected for passive diffusion across the BBB.
All compounds except fasudil, palbociclib and ruxolitinib had less than 10%, but more than 1% unbound drug.
Despite the belief that drugs bound to plasma proteins are not available for transport via the BBB, studies have
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Table 3. Results of the validation parameters for created quantitative structure-property relationship models.

MLR
SVM
ANN

Limit

R2

0.769
0.839
0.749

>0.7

Q? RMSEE 2R RMSEP P 2 Arm (Pm+r%m)/2 (Pr- k* ccc
t/20)/Pm
0.628 0.145 0.811 0.092 0.791 0.676 0.115 0.734 0.036 0.997 0.897
0.648 0.121 0.777 0.100 0.723 0.657 0.067 0.690 0.033 1.002 0.882
0.620 0.151 0.953 0.050 0.978 0.988 0.010 0.983 0.000 0.992 0.977
0.999% 0.095%
>0.5 >0.5 >0.5 >0.5 <0.2 >0.5 <0.1 0.85<k’<1.15 >0.85

T Verification set validation parameters.
ANN: Artificial neural network; CCC: Concordance correlation coefficient; MLR: Multiple linear regression; RMSEE: Root mean square error of estimation; RMSEP: Root mean square error
of prediction; SVM: Support vector machine regression.

demonstrated that numerous plasma protein bound compounds are able to pass the BBB. This would mean that
drug concentration in the brain can be achieved by intrinsic passive permeability of the compounds and that the
PAMPA test is a viable tool for early passive BBB permeability screening [44).

Quantitative structure—property relationship modeling

QSPR modeling was performed with the aim to investigate possible correlations between molecular properties of
the examined PK inhibitors and related compounds and BBB permeability. The preprocessed descriptors obtained
for the dataset compounds were used as independent variables, and the calculated logP. value from PAMPA assay
was selected as the dependent variable. Stepwise MLR modeling was applied to estimate the linear relationship
between the descriptors and the logP. value and to find the most important variables that could efficiently predict
and describe passive permeability through BBB. After stepwise selection, four variables were selected by the MLR
model based on F to enter and F to remove criteria. The model was subjected to both internal and external
validation, including r-metrics.

The radial basis function (RBF) was used as the kernel for modeling SVM. To optimize the parameters C, € and vy,
their values were changed in the range of 1045 for C, 0.01-0.10 for €, and 0.10-1.00 for y. After hyperparameter
optimization, the optimal values for C, €, and y were 10, 0.1 and 0.25, respectively.

A three-layer MLP neural network, with the final structure of 4-8-1, was selected as ANN with the highest
training performance. The activation function of the hidden neurons was sinusoidal, and the activation function
of the output neurons was logistic.

Comprehensive internal and external statistical validation analysis revealed that all created QSPR model possess
comparable performances (Table 3). However, a slight advantage may be given to the QSPR-SVM model (Figure 1)
which satisfied all critical validation parameters, making it an effective tool for predicting the permeability of new
analogs within the defined applicability domain. The ANN model has higher external parameters probably due to
the smaller number of test set compounds.

SVM models are useful in avoiding over-fitting problems while providing accurate results with a small amount
of data. Although ANN have the advantage of fitting datasets well, it can sometimes hinder their performance.
Additionally, unlike SVM, ANN tends to overfit models, thereby reducing its generalization ability.

Created MLR, ANN and SVM models were analyzed to determine their applicability domain using chosen
molecular descriptors. The leverage value limit was calculated using Eq. 10 and found to be #* = 0.6. The Williams
plot shown in Figure 2 indicated that both the training and test sets compounds were within the defined AD. Thus,
the SVM model created is suitable for predicting the BBB permeability of new compounds with similar structures.
This could be particularly useful in optimizing novel ligands to develop more effective and potent compounds
targeting CNS disorders or to prevent potential adverse effects on the CNS.

Quantitative structure-property relationship models interpretation

Molecular descriptors play an essential role in QSPR modeling, providing chemical-structural information of the
molecule’s structure in numeric form. In that regard, reliable prediction of the molecular descriptors is a crucial
step for developing predictable QSPR models. The created and validated MLR model was assessed to elucidate the
encoded structure—permeability relationships, identifying four variables that significantly describe the logP, value.
The selected parameters and coefficients are listed in Table 4.
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Figure 1. The plot of the dataset’s observed versus predicted logP. values for the quantitative structure—-property
relationship-support vector machine regression model.
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Table 4. The most influential molecular descriptors from quantitative structure—property relationship study.
Descriptors CATS2D_09_DA CATS2D_04_AA BO4[N-S] FO7[C-N] Intercept
Coefficients -0.121 0.171 0.170 0.096 -5.496

The MLR coefficients of normalized parameters indicated that CATS2D_04_ AA was the highest positive
contributor to the logP. value (Supplementary Figure 3). Furthermore, BO4[N-S] and FO7[C-N] were also identified
to positively correlate with passive permeability through BBB, while CATS2D_09_DA was observed to have negative
impact.

ANN and SVM regression models were developed to investigate possible nonlinear relationships between selected
descriptors and logP. value. After sensitivity analysis, the created ANN model showed similar contributions to the
logP. value compared with the MLR model. CATS2D_09_DA was the most influential descriptor on the permeation
coefficient through the PAMPA artificial membrane.
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Figure 3. The response graphs of selected descriptors from the quantitative structure-property
relationship-support vector machine regression model. (A) CATS2D_04_AA and (B) FO7[C-N].

The response graphs (Figure 3) of CATS2D_04_AA and FO7[C-N] show a nonlinear dependence on log?, in
QSPR-SVM modeling. The more precise relationship of these descriptors to the dependent variable is the likely
reason for the higher performance of this QSPR model.

One of the descriptors with a positive contribution to the logP. value is CATS2D_04_AA, which belongs to the
CATS2D descriptors describing a distance between different pharmacophoric features [45]. It is defined as CATS2D
acceptor-acceptor at lag (topological distance) of 4. Most of the studied compounds, which had lower permeability,
had a descriptor value of 0. Compounds with higher permeability had higher values, such as palbociclib and
ruxolitinib. On the other hand, the descriptor coefficient of CATS2D_09_DA had a negative value, which means
that the hydrogen bond donor and acceptor with the topological distance of 9 lowers the logP, value. This implies
that the presence of hydrogen bond donors in this group of compounds would decrease the penetration through
the BBB. Vemurafenib is one of compounds from the dataset that had the descriptor value of 2 and a lower log?,
value.

The atom-pair fragment descriptor BO4[N-S] (45] defines the frequency of pairs of N and S atoms with a
topological distance of 4, indicating that sulfur-containing compounds should have an optimal distance between
nitrogen and sulfur in their structure. Axitinib is one of the compounds with high permeability that exhibited this
property. Another pair of C and N atoms with a topological distance of 7 also positively contributed to the log?.
value, defined by the descriptor FO7[C-N]. A larger distance between nitrogen and a carbon atom described by this
descriptor could indicate that the presence of carbonaceous side chains connected to central aromatic rings would
enhance penetration through the BBB.

Described descriptors provide valuable insight into possible ways to optimize BBB penetration of the kinase
inhibitors and structurally related studied compounds. Structural modifications, such as reducing the number of
hydrogen bond donors, for example, by replacing free hydrogens with alkyl chains, or isosteric replacement with
some hydrogen bond acceptors, such as nitrogen, at the parts of the structure insignificant for activity or selectivity,
may prove to be promising strategies to improve the BBB penetration of these structures. For instance, if we add
an N-methyl group to the sulfonamide part of vemurafenib (compound V1), the compound with the second log?,
value in our dataset, it will decrease the number of hydrogen bond donors in the structure, while keeping the
7-azaindole ring intact, which is responsible for binding with the BRAF hinge region. This modification would
result in increased passive permeability across the BBB. Based on the PAMPA-SVM model, the predicted log?.
value of the compound V1 is -5.35, which falls within the upper limit of medium permeable compounds.

When comparing our model to existing models in the literature, various authors have used a QSPR approach
to uncover the significant impact of different descriptors on BBB permeability. Zhang ez al. [46] addressed the
importance of E-state and Van der Waals surface areas in addition to traditional factors like lipophilicity, hydrogen-
bonding properties and polar surface area on BBB permeability. Barn ez al. [47) have highlighted the influence
of polar surface area, molecular weight, lipophilicity, and hydrogen bond donors. Wager ez al. [48] also described
the influence of lipophilicity factors, molecular weight, topological polar surface area, presence of hydrogen bond
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donors and pKa values on blood—brain permeability. Our model aligns with these findings regarding the primary
descriptors influencing BBB permeability while also differentiating itself through specific structural features essential
for designing and optimizing kinase inhibitors.

Conclusion

In this study, the PAMPA 77 vitro technique was used to predict the ability of structurally different kinase inhibitors
and related compounds to penetrate the BBB. The experimentally determined permeability values (logP.) were
calculated and the tested compounds can be characterized as low, medium and high permeable compounds. The
logP. values and calculated molecular descriptors were used for development of different models which can reliably
predict BBB permeability. To evaluate the reliability of the models, they were subjected to extensive statistical
validation and the PAMPA-SVM model has been selected for further analysis. It was found that the descriptors
CATS2D_09. DA, CATS2D_04_AA, B0O4[N-S] and FO7[C-N] have the greatest influence on the logP. values.
The specified descriptors provide important information for optimizing BBB penetration of kinase inhibitors
and structurally related compounds. One approach is to reduce hydrogen bond donors. The integration of the
PAMPA technique with 77 silico computational methods offers a reliable and cost-effective approach for assessing
penetration of kinase inhibitor candidates targeting the central nervous system, crucial in pharmaceutical research
for optimizing drug delivery and developing effective treatments through the BBB.

Summary points

e The parallel artificial membrane permeability assay in vitro technique was used to predict the ability of diverse
kinase inhibitors and related compounds to penetrate the blood-brain barrier (BBB).

e The experimentally determined permeability values (logP.) and the calculated molecular descriptors were
analyzed using three different statistical and mathematical methods - multiple linear regression (MLR), artificial
neural network (ANN) and support vector machine (SVM) to develop linear and nonlinear quantitative
structure—property relationship (QSPR) models which can reliably predict BBB permeability.

e To evaluate the predictive ability of the models, they were subjected to extensive statistical validation. The results
showed that the SVM model has good predictive power based on the validation parameters, making it an
effective tool for predicting the permeability of new analogs within the defined applicability domain.

e It was found that the descriptors CATS2D_09_ DA, CATS2D_04_AA, B0O4[N-S], and FO7[C-N] have the greatest
influence on the logP, values. The integration of this technique with in silico computational methods provided a
reliable, rapid and cost-effective methodology for assessing brain penetration.

e The structural diversity of the compounds in the dataset and good predictive power of the created model
indicated the potential utility of these methods for assessing permeability through the BBB of related kinase
inhibitor candidates targeting CNS.
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YHUBEP3UTET ¥V BEOI'PAZTY
OAPMAILIEYTCKU ®AKVIITET
IHoca.6poj: 3/128

Jana 07.11.2025. roause

Ha ocroBy Craryta YeuBep3uteta y Beorpaly, npoiexan 3a mocineJuIOMCKy HACTaBy
¥ KOHTHHYHpaHy efykannjy @akynrera je nana 07.11.2025. rogune, noHena

ONIYKY

OJOBPABA ce MUJIAHY JOBAHOBHRY, ctynenty ®apmaneyTcKor haKyIIreTa,
uHgekc Op. 11/2018, mpoayxkerak poka 3a 3aBpmieTak CTyAMja y mkojackoj 2025/2026
TOIMHH.

Obpasznrooceme

MWJIAH JOBAHOBHWR, cryzenr Ha cryamjckom mporpamy JAC -
®@apmaneyTcka XemMja, IOJHEO je 3aXTeB 3aBefieH IIOJ MOCIOBHHM Gpojem 3/128 on
05.11.2025. romune nposekaHy 3a IOCIEIMIUIOMCKY HACTaBy M KOHTHHYHDaHY €XyKaimjy
DakynTera na My ce ORo6pH MpOAyXKeTaK POKAa 3a 3aBPIIETAK CTYAHja Y IIKOJICKO]
2025/2026 roguuu.

IIponekan a mocleoUIOMCKY HacTaBy W KOHTHHyHpaHy eaykanujy Paxynrera je

pasMatpana 3axtes 07.11.2025.roguse u oneHuIa aa je 3aXTeB OCHOBAH, T€ j€ JIOHETO PEIleHhe
Kao y AUCHO3UTHRBY.

ITPABHA ITOYKA: TIpoTuB OBe OIIyKe HMEHOBaHM HMa MPABO IIPHUTOBOpA ACKAHY
@axynrera y poky ox 8 (ocaM) 1aHa oj1 JaHa IpHjeMa UCTOT.

Omryxy moctaBuTH: CTyAeHTY, OJICEKy 3a HacTaBy M CTYACHTCKA [TUTambA.

ITPOJEKAH 3A TIOCJIEUITIIOMCKY
HACTABY
U KOHTUHYUPAHY ENYKALIUTY

e a

ITpod. mp ﬁyﬁa}u{a Kpajroeuh
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VYHUBEP3UTET Y BEOT'PAJTY
OAPMAIIEYTCKU ®AKVIITET
IToca.6poj: 5/133

Nana 24.09.2024.rogune

Ha ocrosy unana 107. 3akoHa 0 BucokoM obpasopamy Permybnuke Cpbuje, nponexas
daxynrera je nana 24.09.2024. ronune, noxena

PEINNEBE

OJIOBPABA ce JOBAHOBUR MIJIAHY, crynenty ®@apmaneytckor daxynrera,
unzgexc 6p. 11/2018, mpoayxkeTak poKa 3a 3aBpIIETAK CTYAHja y mKoJjckoj 2024/2025.

Ob6pasnroncere

JOBAHOBWHR MUWJIAH, cryzent Ha cryaujckoM nporpamy IAC — @apmaneyrcka
xemHuja, nojaHeo je 3axteB Op. 5/133 ox 24.09.2024. roguHe NpojeKaHy 32 MOCIEIUNIOMCKE
cryauje @axynrera na My ce 0fo0pH MPOAYKETAK POKA 33 3aBPHIETAK CTYAH]ja Y MIKOJCKO]

2024/2025.
[Iponexan Pakynrera je pasmarpaia 3axteB 24.09.2024. romune W OUEHWIA Ja je

3aXTEB OCHOBAH, T€ j€ JIOHeTO PeLIeHe K0 Y AUCIIO3UTHBY.

ITPABHA ITOYKA: IIpotus oBOr peliema MMEHOBaHH MMa MPaBO NIPUrOBOPA JIEKaHY
®daxynTera y poky oA 8 (ocam) aaHa Of laHa NPHjeMa HCTOT.

Pememse nocrasuti; IMEHOBAHOM, ZIeKaHy, IPOJIEKaHy 3a HacTaBy, cexperapy, Ozncexy
3a HaCTaBy U CTY/IEHTCKa NUTakba U apXUBH.

IMPOJIEKAH 3A TTIOCJIEJUITIOMCKY HACTABY
U KOHTUHYUPAHY E,HYKAL[HJY

IIpod. aana Be:map Kosaqenuh
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