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Streszczenie w jezyku polskim
Mikrotubule sa to wysoce dynamiczne i powszechnie wystepujace struktury komorkowe
zbudowane z heterodimeréow a- i P-tubuliny. Stanowig istotny sktadnik cytoszkieletu
komorkowego oraz petnig roznorodne role w komorce, takie jak utrzymanie struktury komorki,
wewnatrzkomorkowy transport biatek czy segregacja chromosomow potomnych podczas
podziatu komoérkowego. Polimery tubuliny petnig kluczowa role w mitozie i sg uznawane za
doskonaty cel dla srodkéw chemioterapeutycznych stosowanych w leczeniu nowotworow.
Niniejszy praca doktorska przedstawia zarys syntezy i mechanizmu dziatania nowych
zwigzkow celujacych w dynamike polimeryzacji/depolimeryzacji mikrotubul. Rozprawa
doktorska zostata oparta na dwoch artykutach przegladowych, ktore postuzylty za podstawe do
napisania wstgpu ponizszej rozprawy oraz dwoch artykutach badawczych, ktore zostaly opisane
w autoreferacie ponizszej rozprawy. We wstepie omowiono budowe oraz dynamiczng
niestabilno$¢ mikrotubul oraz czynniki biologiczne regulujace stabilno$¢ oraz dynamike
mikrotubul takie jak modyfikacje potranslacyjne tubuliny oraz ekspresja roéznych izotypow
tubuliny. Nastepnie skupiono si¢ na czynnikach chemicznych regulujacych stabilno$¢ oraz
dynamike mikrotubul, w szczegdlnosci zwigzkach bedacych pochodnymi (izomerami oraz
izosterami) stilbenu. Gtéwnie skupiono si¢ na opisie zwigzkéw oddzialujacych z domena
kolchicynowa. W nastepnej czgsci rozprawy doktorskiej zaprezentowano koncepcje
fotofarmakologi oraz fotoprzetaczalne inhibitory/stabilizatory dynamiki mikrotubul z
szczegdlnym uwzglednieniem zwigzkow zawierajagcych fragment azobenzenu w swojej
strukturze. Pierwsza cze$¢ autoreferatu omawia systematyczne badania nad oceng aktywnoS$ci
przeciwnowotworowej wybranych pochodnych stilbenu oraz dibenzo[b,floksepiny. W badaniu
tym syntezowano dziewi¢¢ pochodnych stilbenu oraz dziewigtnascie pochodnych
dibenzo[b,floksepiny oraz okreslono ich aktywnos¢ cytotoksyczng. Dla najbardziej
obiecujacych molekut przeprowadzono badania dokowania molekularnego oraz okreslono
wyplyw na cytoszkielet miktorubularny za pomoca immunofluorescencji. Przeprowadzone
badania potwierdzily, Zze cytotoksyczno$¢ tych zwigzkow jest zwigzana z ich zdolnos$cia do
oddziatywania z tubuling. W kolejnym etapie badan przeprowadzono syntez¢ oraz badanie
wiasciwosci spektroskopowych 1 biologicznych fotochromowych pochodnych kolchicyny.
Opracowane przetaczniki molekularne ulegaja fotoizomeryzacji pod wplywem $wiatla
widzialnego, zamiast promieniowania UV, ktdre jest stosowane w klasycznych przetacznikach
molekularnych. Jest to kluczowe ze wzgledu na niestabilno$¢ kolchicyny pod wplywem
promieniowania UV. Dla zwigzku wiodacego wykazano zalezna od $wiatta cytotoksycznosé

wobec linii komorek nowotworowych HCT116 i MCF-7. Hamowanie polimeryzacji
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oczyszczonej tubuliny oraz zaburzenie organizacji mikrotubul stanowig dowod wykorzystania
fotochromowych pochodnych kolchicyny jako przetacznikéw molekularnych zaktdécajacych
dynamike mikrotubul. Podsumowujac, udowodniono, ze fotochromowe przetaczniki
molekularne oparte na strukturze kolchicyny stanowia podstawe do dalszych badan i rozwoju
nowych klasy $wiatloczulych inhibitoréw polimeryzacji tubuliny, ktére moga znalez¢

zastosowanie w przysztych badaniach i aplikacjach klinicznych

Stowa kluczowe: fotofarmakologia, przelaczniki molekularne, azobenzeny, izostery stilbenu,

dibenzo[b,floksepiny

Streszczenie w jezyku angielskim
Microtubules are highly dynamic and ubiquitous cellular structures composed of o- and -
tubulin heterodimers. They are a crucial component of the cellular cytoskeleton and play diverse
roles within the cell, such as maintaining cell structure, intracellular protein transport, and
segregation of daughter chromosomes during cell division. Tubulin polymers play a pivotal role
in mitosis and are considered excellent targets for chemotherapeutic agents used in cancer
treatment. This doctoral dissertation presents an outline of the synthesis and mechanism of
action of new  compounds  targeting the  dynamics of  microtubule
polymerization/depolymerization. The dissertation is based on two review articles, which
served as the foundation for writing the introduction, and two research articles, described in the
self-referential section of the dissertation. The introduction discusses the structure and dynamic
instability of microtubules, as well as biological factors regulating their stability and dynamics,
such as post-translational modifications of tubulin and the expression of different tubulin
isotypes. The focus then shifts to chemical factors regulating microtubule stability and
dynamics, particularly compounds that are derivatives (isomers and isosteres) of stilbene.
Special emphasis is placed on compounds interacting with the colchicine-binding domain. The
next section of the dissertation introduces the concept of photopharmacology and
photoswitchable inhibitors/stabilizers of microtubule dynamics, with particular attention to
compounds containing an azobenzene fragment in their structure. The first part of the self-
referential section discusses systematic studies evaluating the anticancer activity of selected
derivatives of stilbene and dibenzo[b,floxepine. In this study, nine stilbene derivatives and
nineteen dibenzo[b,floxepine derivatives were synthesized, and their cytotoxic activity was
determined. For the most promising molecules, molecular docking studies were conducted, and
their effects on the microtubular cytoskeleton were assessed using immunofluorescence. The

studies confirmed that the cytotoxicity of these compounds is related to their ability to interact
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with tubulin. In the next stage of the research, photochromic derivatives of colchicine were
synthesized and their spectroscopic and biological properties were studied. The developed
molecular switches undergo photoisomerization under visible light instead of UV radiation,
which is typically used in classical molecular switches. This is critical due to the instability of
colchicine under UV irradiation. For the lead compound, light-dependent cytotoxicity was
demonstrated in the HCT116 and MCF-7 cancer cell lines. The inhibition of purified tubulin
polymerization and the disruption of microtubule organization provide evidence for the use of
photochromic colchicine derivatives as molecular switches disrupting microtubule dynamics.
In summary, it was demonstrated that photochromic molecular switches based on the structure
of colchicine form the foundation for further research and development of a new class of light-
sensitive tubulin polymerization inhibitors that may find applications in future studies and
clinical applications.

Keyword: Photopharmacology, molecular switches, azobenzenes, stilbene isosteres,
dibenzo[b,f]loxepines



SPIS TRESCI

STRESZCZENIE W JEZYKU POLSKIM ........coooiiiiiiiiiitiiiie ettt sttt bbb b nnee e 5
STRESZCZENIE W JEZYKU ANGIELSKIM.........ccccoiiiiiiiiiiiieiie ettt sttt 6
ZYCIORYS NAUKOWY ......oooviiiiiiiiiiieieieieseeiete ettt sttt sttt s et s et anenes 9
ARTYKULY STANOWIACE PODSTAWE ROZPRAWY DOKTORSIEJ:..........ccccooiniiniiniinienie e 9
CELE I ZAKRES BADAN .........oiiiiiiiiiietecet ettt et n st 14
A 1 ) TSP PSRPTR 15
1. BUDOWA CYTOSZKIELETU EUKARIOTYCZNEGO ......coeiiiiiiiiiieiieie ettt 15

2. IMIKROTUBULE ..ottt ettt e e s b e s h e e a e e s e e sre e sreesreesreesreesreenree s 16
2.1. Struktura i nukleacja miKrotubUL ............cccooiiiiiii 16

2.2. Dynamika utworzonej MikrotUbULT............cccooiiiiiiiiiii s 18

2.3. Czynniki biologiczne regulujgce stabilnosé oraz dynamike mikrotubul .................ccccocovvinnenn. 18

2.4, Czynniki chemiczne regulujgce stabilnos¢ oraz dynamike mikrotubul...................ccocovveiennenn. 21

2.5. Zwiqzki oddziatujgce z domeng KOICRICYROWG.................ocoueviiiiiiiii i 22

3. FOTOFARMAKOLOGIA . ..ottt bbb bbb bbb re 23

4, PRZELACZNIKI MOLEKULARNE OPARTE O STRUKTURE AZOBENZENU ZABURZAJACE STABILNOSC ORAZ

DYNAMIKE MIKROTUBUL .....uvtiiiittiiesitttessitttesesiattesssatessssattssesesteseesestessssastesessabessesabesessateeeesssbansesenbenessarens 27
AUT OREFER AT ..ttt ekttt h e h ekt e et e b et e b bt e s h bt e st e e e b e e b e e nnn e e e be e e e 31
1. Systematyczne badania nad oceng aktywnosci przeciwnowotworowej wybranych pochodnych stilbenu oraz
diDENZO[D, FJOKSEPINY [P3] ... eeeitietiit ettt bbbttt b e bttt s b s bt e bt b e ekt e bt sttt ebe e e 31
1.1. Synteza wybranych pochodnych stilbenu oraz dibenzo[b,floKSepin...........ccooviiniiiii 31

1.2. Badania aktywnosci cytotoksycznej otrzymanych pochodnych stilbenu oraz dibenzo[b,floksepin [P3]......... 32

1.3. Wpltyw wybranej pochodnej stilbenu na strukture mikrotubul w komodrkach nowotworowych ludzkiego
gruczolakoraka JElita GrUDEGO. ........oieiiiiiie ittt bbbttt te b ree 34

1.4. Analiza obliczeniowa i dokowanie molekularne................cooiiiii 35

2. Synteza i badanie wlasciwosci spektroskopowych i biologicznych fotochromowych pochodnych kolchicyny [P4] 37

2.1 Projektowanie i synteza fotochromowych pochodnych kolchicyny ..., 37
2.2. Charakterystyka spektroskopowa otrzymanych pochodnyCh............cccooeiiiiiiniie e 39
2.3. Ocena aktywnosci cytotoksycznej na wybranych liniach nowotworowych. ...........cccccoiiiiiiiiiniiie 43
2.4. Zaburzenie polimeryzacji tubuliny oraz wewnatrzkomorkowej organizacji mikrotubul w sposob zalezny od
SW IR L e 45
WNIOSKI ORAZ PODSUMOWANIE ........oooiiiiiiii ittt ettt 50
BIBLIOGRARFIA ..ttt et e ekt e e ekt e e s b e e e ek b et e e s b bt e e e e nb b e e e e anb b e e e s anbeeeesnbeeens 52
KOPIA PUBLIKACJI BEDACYCH PODSTAWA ROZPRAWY DOKTORSKIEJ .........coccoceiiiiiiiennn, 57



ZYCIORYS NAUKOWY

EDUKACJA:
Studia I stopnia: Biotechnologia, Wydziat Chemiczny, Politechnika Warszawska, 2014 rok.

Uzyskanie tytulu zawodowego inzyniera na podstawie pracy dyplomowej pt.” Zastosowanie
nowych substratow chromogennych — pochodnych umbeliferonu do spektrofotometrycznego
wyznaczania parametrow kinetycznych procesu hydrolizy enzymatycznej realizowanego przy

uzyciu wybranych hydrolaz”
Studia Il stopnia: Biotechnologia, Wydziat Chemiczny, Politechnika Warszawska, 2016 rok.

Uzyskanie tytulu zawodowego magistra inzyniera na podstawie pracy dyplomowej pt.

”Studies on a new mechanism of rearrangement of selected unsaturated carboxylic acids”

ARTYKULY Z LISTY FILADELFIJSKEJ:

ARTYKULY STANOWIACE PODSTAWE ROZPRAWY DOKTORSIEJ:
[P1] F. Borys, E. Joachimiak, H. Krawczyk, H. Fabczak, Review article: Intrinsic and
Extrinsic Factors Affecting Microtubule Dynamics in Normal and Cancer Cells. Molecules 25,
2020, 3705; doi:10.3390/molecules25163705. IF = 4.2

[P2] F. Borys, P. Tobiasz, M. Poterata, H. Krawczyk Review article: Development
of novel derivatives of stilbene and macrocyclic compounds as potent of anti-microtubule
factors. Biomed. Pharmacother. 133, 2021, 110973, doi:10.1016/j.biopha.2020.110973. IF =
6.9

[P3] F. Borys, P. Tobiasz, E. Joachimiak, H. Fabczak, H. Krawczyk, Systematic
studies on anti-cancer evaluation of stilbene and dibenzo[b,f]Joxepine derivatives. Molecules 28,
2023, 3558, doi:10.3390/molecules28083558. IF = 4.2

[P4] F. Borys, P Tobiasz E. Joachimiak, H. Fabczak, H. Krawczyk, First-in-Class
Colchicine-Based Visible Light Photoswitchable Microtubule Dynamics Disrupting Agent.
Cells. (2023). IF =5.1



POZOSTALE ARTYKULY:

[P5] A. Zadlo, D. Koszelewski, F. Borys, R. Ostaszewski, Mixed Carbonates as
Useful Substrates for a Fluorogenic Assay for Lipases and Esterases. ChemBioChem, 4, 2015,
677-682, doi:10.1002/cbic.201402528. IF = 2.6

[P6] A. Zadlo, D. Koszelewski, F. Borys, R. Ostaszewski, Evaluation of
Pseudoenantiomeric Mixed Carbonates as Efficient Fluorogenic Probes for Enantioselectivity
Screening. ChemBioChem, 1, 2016, 71-76, doi:10.1002/cbic.201500509. IF = 2.6

[P7] D. Koszelewski, D. Paprocki, A. Madej, F. Borys, A. Brodzka, R. Ostaszewski,
Enzymatic tandem approach to Knoevenagel condensation of acetaldehyde with acidic
methylene compounds in organic media. Eur. J. Org. Chem. 31, 2017, 4572-4579,
doi:10.1002/ejoc.201700936. IF = 2.5

[P8] D. Koszelewski, D. Trzepizur, A. Zaorska, A. Madej, A. Brodzka, D. Paprocki,
F. Borys, M. Wilk, R. Ostaszewski, Facile Conversion of a-Acyloxy Amides into 3-Hydroxy-
lactams. Eur. J. Org. Chem. 25, 2018, 3280-3290, doi:10.1002/ejoc.201800605. IF = 2.5

[P9] F. Borys, D. Paprocki, D. Koszelewski, R. Ostaszewski, The studies on the
chemoenzymatic synthesis of 2-benzyl-3-butenoic acid. Catal. Commun. 114, 2018, 6-9,
doi:10.1016/j.catcom.2018.05.020. IF = 3.4

[P10] A. Brodzka, F. Borys, D. Koszelewski, R. Ostaszewski, Studies on the synthesis
of endocyclic enol lactones via a RCM of selected vinyl esters. J. Org. Chem. 15, 2018, 8655-
8661, doi:10.1021/acs.joc.8b00807. IF = 3.4

[P11] D. Koszelewski, F. Borys, A. Brodzka, R. Ostaszewski, Synthesis of
Enantiomerically Pure 5, 6-Dihydropyran-2-ones via Chemoenzymatic Sequential DKR-RCM
Reaction. Eur. J. Org. Chem. 7, 2019, 1653-1658. doi:10.1002/ejoc.201801819. IF = 2.5

[P12] F. Borys, M. Poterata, E. Joachimiak, H. Krawczyk, H. Fabczak, Synthesis and
biological activity evaluation of novel photoswitchable dibenzo [b, f] oxepines derivatives as
tubulin polymerization inhibitors with potential anticancer activity. FEBS Open Bio. 9, Issue
S1 2019, 380, d0i:10.1002/2211-5463.12675 IF = 2.8

10



[P13] D. Garbicz, P. Tobiasz, F. Borys, M. Poterata, E. Grzesiuk, H. Krawczyk, The
stilbene and dibenzo[b,f]loxepine derivatives as anticancer compounds. Biomed. Pharmacother.
123, 2020, 109781, doi:10.1016/j.biopha.2019.109781. IF = 6.9

[P14] P. Tobiasz, F. Borys, M. Borecka, H. Krawczyk Synthesis of building blocks
with dibenzol[b,f] oxepin for use in photopharmacology. Int. J. Mol. Sci. 22, 2021, 11033,
d0i:10.3390/ijms222011033. IF = 4.9

[P15] F. Borys, P. Tobiasz, J. Sobel, H. Krawczyk, Synthesis and study of dibenzolb,
floxepine combined with fluoroazobenzenes - new photoswitches for application in biological
systems. Molecules 27, 2022, 5836, doi:10.3390/molecules27185836. IF = 4.2

[P16] E. Mironiuk-Puchalska, O. Karatsai, A. Zuchowska, W. Wréblewski, F. Borys,
L. Lehka, M.J Redowicz, M. Koszytkowska-Stawinska, Development of 5-fluorouracil-
dichloroacetate mutual prodrugs as anticancer agents. Bioorg. Chem. 140, 2023, 106784,
doi: 10.1016/j.bioorg.2023.106784 IF = 4.5

[P17] P. Tobiasz, F. Borys, M. Kucharska, M. Poterata, H. Krawczyk, Synthesis and
Study of Building Blocks with Dibenzol[b,f]loxepine: Potential Microtubule Inhibitors Int. J.
Mol. Sci. 25, 2024, 6155, doi: 10.3390/ijms25116155 IF = 4.9

ROZDZIALY W KSIAZKACH:

1. F. Borys, A. Arbaszewska, P.Tobiasz, E. Joachimiak, H. Fabczak, H. Krawczyk,
Synteza aminowych pochodnych dibenzo[b,floksepiny, ,Nauka i Przemyst metody
spektroskopowe w praktyce nowe wyzwania i mozliwos$ci”. Praca zbiorowa pod redakcja prof.
dr. hab. Zbigniewa Hubickiego. Uniwersytet Marii Curie-Sktodowskiej, 2019, 149-153, Lublin,
978-83-227-9219-3.

2. F. Borys, A. Arbaszewska, P. Tobiasz, E. Joachimiak, H. Fabczak, H. Krawczyk,
Selektywna redukcja grup nitrowych w pochodnych dibenzo[b,floksepiny, ,,Nauka i Przemyst
metody spektroskopowe w praktyce nowe wyzwania i mozliwoséci”. Praca zbiorowa pod
redakcjg prof. dr. hab. Zbigniewa Hubickiego. Uniwersytet Marii Curie-Sktodowskiej, 2019,
154-157, Lublin, 978-83-227-9219-3.

11



3. F. Borys, J. Sobel, M. Poterata, P.Tobiasz, E. Joachimiak, H. Fabczak, H. Krawczyk,
Otrzymywanie zwiazkow azowych dla dibenzo[b,floksepin, ,Nauka i Przemyst metody
spektroskopowe w praktyce nowe wyzwania i mozliwosci”. Praca zbiorowa pod redakcja prof.
dr. hab. Zbigniewa Hubickiego. Uniwersytet Marii Curie-Sktodowskiej, 2020, 85-88, Lublin,
978-83-227-9369-5.

4. P. Tobiasz, J. Sobel, F. Borys, H. Krawczyk, Synteza azowych pochodnych
dibenzo[b,floksepiny, ,,Nauka i Przemyst metody spektroskopowe w praktyce nowe wyzwania

1 mozliwos$ci”. Praca zbiorowa pod redakcjg prof. dr. hab. Zbigniewa Hubickiego. Uniwersytet

Marii Curie-Sktodowskiej, 2020, 89-92, Lublin, 978-82-227-9369-5.

5. P. Tobiasz, F. Borys, H. Krawczyk, Synteza pochodnych chalkonow zawierajacych
wigzanie azowe. Praca zbiorowa pod redakcjg prof. dr. hab. Zbigniewa Hubickiego.

Uniwersytet Marii Curie-Sktodowskiej, 2022, 347-350 Lublin, 978-83-227-9602-3.

6. P. Tobiasz, M. Kozbiat , M. Kucharska, F. Borys, T. Ostrowski, H. Krawczyk,
Opracowanie metody syntezy pochodnej dibenzo[b,floksepiny z wiclokrotnym wigzaniem
azowym. ,Nauka i1 Przemyst metody spektroskopowe w praktyce nowe wyzwania i

mozliwosci”. Praca zbiorowa pod redakcjg prof. dr. hab. Zbigniewa Hubickiego. Uniwersytet

Marii Curie-Sktodowskiej, 2023, w druku.

7. P. Tobiasz, M. Kozbiat, F. Borys, H. Krawczyk Sposob otrzymywania pochodnych
aminowych dihydrodibenzo[b,floksepin." ,Nauka i Przemyst metody spektroskopowe w
praktyce nowe wyzwania i mozliwos$ci”. Praca zbiorowa pod redakcja prof. dr. hab. Zbigniewa

Hubickiego. Uniwersytet Marii Curie-Sktodowskiej, 2023, w druku.
WYSTAPIENIA KONFERENCYJNE:

1. F. Borys, M. Poterala, E. Joachimiak, H. Krawczyk, H. Fabczak, Synthesis and
biological activity evaluation of novel photoswitchable dibenzo[b,floxepines derivatives as
tubulin polymerization inhibitors with potential anticancer activity. “From molecules to living

systems”.44th FEBS Congress,6-11.07.2019

2. P. Tobiasz, F. Borys, M. Kozbiat, H. Krawczy, Sposob otrzymywania pochodnych
aminowych dihydrodibenzo[b,floksepin." Science and industry — challenges and
opportunities. (SICO 2024) 04-06.06. 2024, Lublin.

12



ZGLOSZENIA PATENTOWE KRAJOWE:

1. Filip Borys, Hanna Krawczyk, pt. "Diazowe pochodne kolchicyny oraz sposéb ich
otrzymywania." Nr P.442759, data zgloszenia 08.11.2022

2. Filip Borys, Piotr Tobiasz, Jakub Sobel, Hanna Krawczyk, pt." Fluorowe pochodne
metoksydibenzo[b,f]loksepiny oraz sposob ich otrzymywania." Nr P.441238, data zgloszenia
20.05.2022

3. Filip Borys, Piotr Tobiasz, Anna Arbaszewska, Hanna Krawczyk, pt." Sposob
selektywnej redukcji grup nitrowych w pochodnych dibenzo[b,f]loksepiny ." Nr P.429386, data
zgloszenia 25.03.2019

ZGLOSZENIA PATENTOWE MIEDZYNARODOWE:

1. Filip Borys, Piotr Tobiasz, Jakub Sobel, Hanna Krawczyk, pt." Fluorinated derivatives
of methoxydibenzo[b,floxepin and method for obtaining thereof.” Nr PCT/PL2023/050036,
data zgloszenia 19.05.2023

GRANTY:

1. Uczestnictwo w grantach -Rady Naukowej Dyscypliny Nauki Chemiczne NChem 1 i
NChem 3.

2. Interdyscyplinarne studia doktoranckie TRI-BIO-CHEM?” praca doktorska na Wydziale
Chemicznym PW i w Instytucie Nenckiego, w ramach wspolnego projektu- POWR.03.02.00-
00-1007/16-00, pt."Od chemii do bioinnowacji dla lepszego zycia”.

STAZE ZAGRANICZNE:
1. COST Training School, Italy, Siena, 27.04.-01.05.2016.

2. COST Short term scientific mission (STSM), Groningen, Netherlands, 20.03.2017—
13.04.2017 Topic: "Studies toward combination of biocatalytic Baeyer—Villiger oxidation of

ap-unsaturated ketones and their subsequent biohydrolysis in tandem process."

NAGRODY: Laureat stypendium FEBS dla mlodych naukowcoéw-prezentacja wynikdw na
konferencji migdzynarodowej w Krakowie- FEEBS, 44th FEBS Congress, From Molecules to
Living Systems, Krakow, July 6-11, 2019.

13



Sumaryczny Impact Factor: 68,1
Indeks Hirsha: 7

Sumaryczna Punktacja MNiSW/MEN: 1 840

CELE I ZAKRES BADAN

Pomimo wybuchu ogolnoswiatowej pandemii Covid-19, spowodowanej przez nowego
koronawirusa SARS-CoV-2 choroby nowotworowe pozostaja druga najczestsza przyczyng
zgonOw na $wiecie ustepujac tylko chorobom uktadu krazenia. Przedmiotem ponizszej
rozprawy doktorskiej jest projektowanie, synteza oraz okreslenie wlasciwosci
spektroskopowych jak 1 biologicznych pochodnych stilbenu 1 izosterow stilbenu —
potencjalnych lekéw w terapii nowotworéw. Do gléwnych celow prezentowanej rozprawy

naleza:

1. Opracowanie i krytyczna analiza literatury naukowej na temat czynnikow wewnetrznych
oraz zewnetrznych wptywajacych na dynamike mikrotubul w komorkach nowotworowych
oraz komoérkach nienowotworowych (publikacja [P1]).

2. Opracowanie i1 krytyczna analiza literatury naukowej przedstawiajacej syntezg oraz
mechanizm dzialania zwigzkow zaburzajacych dynamike polimeryzacji tubuliny.
W szczegolnosci skupiono si¢ na pochodnych stilbenu, zwigzkach makrocyklicznych jak i
rowniez fotochromowych przelacznikach molekularnych hamujacych polimeryzacje
tubuliny (publikacja [P2]).

3. Systematyczne badania na temat syntezy, charakterystyki oraz okreslenia wiasciwos$ci
przeciwnowotworowych na wybranych liniak komoérkowych nowych podstawionych
stilbenow oraz pochodnych stilbenu — dibenzo[b,floksepin (publikacja [P3]).

4. Synteza 1 badanie wtasciwosci spektroskopowych oraz biologicznych izosterow stilbenu —
azobenzenéw 0 wiasciwosciach fotochromowych jako potencjalnych lekow w terapii

fotofarmakologicznej nowotwordéw (publikacja [P4]).

Publikacje przegladowe [P1l]oraz [P2] zostaly omowione we wstgpie niniejszej rozprawy.
Natomiast publikacje eksperymentalne [P3]oraz [P4]zostaty przyblizone w autoreferacie

niniejszej rozprawy.
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WSTEP
1. Budowa cytoszkieletu eukariotycznego

W komoérkach eukariotycznych cytoszkielet jest to sie¢ widknistych bialek, ktore rozciagaja sig
poprzez cytoplazme. Aby wykonywac szeroki zakres funkcji takich jak utrzymanie ksztattu
komorki, jej ruch, udzial w transporcie wewnatrzkomorkowym jak 1 réwniez podziale
komorkowym musi posiada¢ elementy strukturalnie stabilne, jak 1 dynamiczne zdolne do
dynamicznej reorganizacji. Obecnie pod terminem ,,cytoszkielet” opisuje si¢ trzy elementy
struktur w komorce eukariotycznej: filamenty aktynowe, filamenty posrednie oraz mikrotubule
(Rysunek 1.). Niedawno zaproponowano septyny — konserwowane biatka wigzace GTP jako

kolejny element cytoszkieletu [1,2].

Rysunek 1. Cytoszkielet mikrotubularny w komoérkach HCT116 zwizualizowany za pomoca
immunofluorescencji z uzyciem przeciwciata przeciwko-a-tubulinie, 12G10 — strzatka:
mikrotubule rozmieszczone wzdhuz dhtugiej osi komorki; grot: mikrotubule uktadajace si¢ na

granicy komorki..

Wszystkie biatka cytoszkieletu posiadaja wspdlne cechy, takie jak wystepowanie w postaci
liniowych polimerow w komorkach eukariotycznych oraz zdolno$¢ do samoorganizacji
w polimery in vitro. Ztozona sie¢ cytoszkieletu jest regulowana przez kilka klas biatek miedzy
innymi czynniki promujace nukleacje do inicjacji wzrostu widkien, czynniki terminujace

wzrost wtokien, polimerazy, biatka depolimeryzujace oraz biatka tnace rozcinajace widkna jak
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i réwniez biatka sieciujace i stabilizujace, ktore wspotuczestnicza w budowaniu struktur

wyzszego rzedu [3].

Badania nad wyrafinowanymi narzedziami badawczymi stuzacymi do zbadania struktury oraz
dynamiki cytoszkieletu w $rodowisku komérkowym jak i in vivo sg wysoce pozadane, ze
wzgledu na wiele funkcji cytoszkieletu w niemal wszystkich procesach komorkowych, ktore
pomimo intensywnych badan nie zostaly wystarczajaco poznane do dnia dzisiejszego.
Wyjasnienie roli oraz funkcji dynamiki cytoszkieletu w kluczowych procesach komorkowych
takich jak: cykl komorkowy, utrzymanie ksztalttu komorki, wewnatrzkomorkowy transport oraz
segregacja chromosomoéow potomnych podczas mitozy jest kluczowe dla opracowania nowych
lekéw na wiele chordb, takich jak na przyktad choroby nowotworowe [4]. Dlatego mate zwigzki
organiczne, ktérych celem molekularnym jest cytoszkielet okazaty si¢ niezbgdne do
wyjasnienia procesOw komorkowych, w ktérych on uczestniczy. Ich wykorzystanie w
badaniach podstawowych doprowadzito do opracowania lekéw zatwierdzonych klinicznie do
stosowania podczas wystgpienia dny moczanowej oraz w leczeniu niektérych nowotworow.
Obecnie dostepne srodki dziataja poprzez bezposrednia cytotoksycznos¢ prowadzac do
zaktocenia dynamiki tubulina-mikrotubule, powodujgc depolimeryzacj¢ mikrotubul np.
winkrystyna (alkaloid wyodrebniony z roslin gatunku Catharanthus roseus, wczesniej Vinca
rosea stad tzn. alkaloidy Vinca) badz stabilizacje mikrotubul np. paklitaksel (alkaloid
wyodrebniony z cisa krotkolistnego). Wérdd $rodkow zaburzajgcych waskulature (sie¢ naczyn
krwionos$nych) towarzyszacg nowotworom (VDA, vascular disrupting agents) kombretastatyna

A-4  wkroczyta” w faze badan klinicznych [5].

2. Mikrotubule
2.1.Struktura i nukleacja mikrotubul

Mikrotubule — wszechobecne komorkowe biopolimery sa waznym sktadnikami cytoszkieletu
oraz pelnig wiele istotnych funkcji komérkowych miedzy innymi utrzymuja ksztatt komorki,
uczestniczag w procesie transportu wewnatrzkomoérkowego, a takze tworza rzgski oraz wici,
ktore umozliwiajg ruch komorki. Jednak ze wzgledu na zastosowanie w chemioterapii
najistotniejsza funkcja mikrotubul jest ich udziat w procesie mitozy, gdzie tworza wrzeciono
kariokinetyczne i odpowiedzialne sg za rozdzial oraz prawidlowa segregacje chromosoméw
potomnych. Mikrotubule zbudowane sg z heterodimeréow af-tubuliny. Podjednostki a- oraz
B-tubuliny wykazuja 40% identycznosci sekwencji aminokwasow, z rdzeniem sktadajacym si¢

z dwoch harmonijek-f otoczonych a-helisg, co potwierdzono za pomocg mikroskopii
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elektronowej z rozdzielczoécia 3.7 A [6]. Podjednostki a- oraz B-tubuliny lacza sic w
heterodimery af-tubuliny (,,monomery tubuliny”), czasteczki o niesymetrycznej strukturze, w
ktérych wyroznia si¢ cztery powierzchnie: koniec +, koniec -, powierzchni¢ H3 i powierzchnie
ML. Koniec - zlokalizowany jest w ,,dolnej” czgéci podjednostki o, natomiast koniec + w
,»gornej” czesci podjednostki B. Powierzchnie koncéw + 1 - uczestniczg w oddziatywaniach
wzdhuzny pomiedzy heterodimerami, podczas gdy powierzchnie H3 i ML w oddziatywaniach
bocznych. Kazdy monomer tubuliny wigze dwie czasteczki guanozyno-5'-trifosforanu (GTP).
GTP zwigzane z podjednostkg B moze ulega¢ rozpadowi do GDP i wymianie, natomiast
czasteczka GTP zwigzana z podjednostka o nie podlega tym procesom. W procesie
polimeryzacji, heterodimery af-tubuliny tacza si¢ wigzaniami niekowalencyjnymi wzdtuznie
tworzac protofilament, a protofilamenty tacza si¢ poprzecznie tworzac mikrotubule [7]. W
wyniku tego procesu powstaje mikrotubula budowsg przypominajgca pusty w srodku cylinder,
ktorej dlugos¢ moze siegac kilku mikrometréw. W komodrkach eukariotycznych wtasciwosci

mikrotubul regulowane sg gldwnie przez regulacj¢ dynamiki ich polimeryzacji i

Ratunek

a-tubulina @

R —
—
Katastrofa
25mm
Polimeryzacja Depolimeryzacja
P-tubulina @ din?er tubuliny 8 dimer tubuliny
zwigzany z GDP zwiazany z GTP 8

Rysunek 2. Struktura oraz dynamiczna niestabilno$¢ mikrotubul
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depolimeryzacji. In vivo mikrotubule polimeryzuja i depolimeryzuja z wigksza predkoscia na
koncu +. Z Kolei koniec - najczesciej zakotwiczony jest w centrosomach i nie podlega
dynamicznym zmianom. Wzrost mikrotubuli nastepuje w dwodch etapach: nukleacji oraz
elongacji. W komorkach eukariotycznych inicjacja polimeryzacji tubuliny (nukleacja) jest
zwigzana z obecnoscig matrycy — tak zwanych pierscieni nukleacji (y-TuRC, ang. y-tubulin ring
complex) czyli komplekséw ztozonych m.in. z trzeciego typu tubuliny — y-tubulin lub nowo
utworzonych koncéw mikrotubuli powstatych w wyniku przerwania ciaggtosci juz istniejacej

mikrotubuli [8].

2.2.Dynamika utworzonej mikrotubuli

Proces powstawania mikrotubul jest niezwykle dynamiczny poniewaz mikrotubule przechodza
cykle polimeryzacji 1 depolimeryzacji, znane jako dynamiczna niestabilno§¢ mikrotubul [9].
Szybka depolimeryzacja mikrotubuli nazywa si¢ ,katastrofg”, natomiast przejscie z fazy
skracania si¢ mikrotubuli do ponownego wzrostu ,,ratunkiem”. Podczas wzrostu mikrotubuli
do jej dodatniego konca dodawane sg monomery tubuliny zwigzane z czasteczka guanozyno-
5'-trifosforanu (GTP), ktory po jakims$ czasie jest hydrolizowany do guanozyno-5'-difosforanu
(GDP), co skutkuje obnizeniem powinowactwa monomeru do otaczajgcych podjednostek i
wymusza zakrzywienie mikrotubuli [10]. Tak dlugo jak dodatni koniec zawiera ,,czapeczke
GTP” mikrotubula wydtuza si¢. Jesli jednak hydroliza GTP jest szybsza niz dotgczanie nowych

monomerdéw mikrotubula ulega gwattownemu skréceniu (Rysunek 2).

2.3.Czynniki biologiczne regulujace stabilno$¢ oraz dynamike mikrotubul

Biorgc pod uwage szeroki zakres funkcji pelnionych przez mikrotubule w komorce
eukariotycznej, kluczowa jest precyzyjna biologiczna regulacja stabilnos$ci oraz dynamiki
mikrotubul, ktéra odbywa si¢ za pomoca kilku mechanizméw. Mechanizmy te obejmuja
odziatywania z r6znymi typami bialek, modyfikacje potranslacyjne tubuliny oraz ekspresj¢
roznych izotypow tubuliny. Do modyfikacji potranslacyjnych zaliczane sa: acetylacja,
metylacja, poliaminacja, glutamylacja oraz poliglutamylacja, glicylacja oraz poliglicylacja,
tyrozynacja, fosforylacja. Moga one prowadzi¢ do znaczacej zmiany wlasciwos$ci monomerow
tubuliny jak i samych mikrotubuli [11-14]. Na przyktad acetylacja lizyny 40 w a-tubulinie przez
N-acetyl transferaze 1 (ATATI, ang. a-tubulin N-acetyltransferase 1) prowadzi do powstania
stabilniejszych mikrotubul, poprzez ostabienie kontaktow bocznych migdzy protofilamentami,
w efekcie zwickszajac elastycznos¢ mikrotubul [15-17]. Ludzki genom koduje siedem

izotypow a-tubuliny oraz dziewie¢ izotypow B-tubuliny[18]. W konsekwencji mikrotubule
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Tabela 1. Cechy izotypow tubuliny wystepujacych u cztowieka.

Nazwa Komérkowo .
I1zotyp ) ] Sekwencja
. genu Wystepowanie specyficzne )
tubuliny ) ) C-terminalna
kodujacego funkcje
) migracja
ala TUBAIA powszechnie VEGEGEEEGEEY
neurondw
alb TUBAI1B powszechnie VEGEGEEEGEEY
alc TUBAI1C powszechnie ADGEDEGEEY
alllc TUBA3C komorki rozrodcze VEAEAEEGEEY
allle TUBASE komorki rozrodcze VEAEAEEGEAY
. biogeneza plytek
alVa TUBA4A powszechnie Krwi YEDEDEGEE
rwi

wysokie: serce i migénie
szkieletowe
umiarkowane: mozg, jadera i
aVIII TUBAS8 spermatogeneza FEEENEGEEF
tarczyca

bardzo niskie: wszystkie

inne tkanki
przezycie
. zréznicowanych
pI TUBB powszechnie EEEEDFGEEAEEEA
komorek nerwiaka
zarodkowego
Blla TUBB2A wysokie: mozg DEQGEFEEEEGEDEA

o . wzrost wypustek
bardzo niskie: wszystkie
BIIb TUBB2B . . neuronalnych DEQGEFEEEEGEDEA
inne tkanki

) stres oksydacyjny,
umiarkowane: mozg

BIII TUBB3 o regeneracja EEEGEMYEDDEEEESEAQGPK
niskie: jadra
nerwow i aksonoéw

wysokie: mozg Funkcjonowanie
a umiarkowane/niskie: inne neuronow i
1A% TUBB4A iark /niskie: i OW i EEGEFEEEAEEEVA
tkanki oligodendrocytow
TUBB4B/ )
BIVDb powszechnie EEEGEFEEEAEEEVA
TUBB2C
powszechnie w matym regeneracja migsni
BV TUBBG6 ) ) NDGEEAFEDEEEEIDG
stopniu szkieletowych
bardzo niskie we wszystkich )
o cytoszkielet plytek
BVI TUBB1 tkankach poza szpikiem Kwi VLEEDEEVTEEAEMEPEDKGH
rwi
kostnym oraz $ledziong
dojrzewanie
BVIII TUBBS8 komorki rozrodcze : EEEEDEEYAEEEEVA

oocytow
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ztozone z kombinacji roznych izotypoéw a- i B-tubuliny wystepuja specyficznie w zaleznoSci
od rodzaju tkanki oraz stadium rozwojowego, znaczaco réznigc si¢ od siebie wlasciwosciami
[19]. Ludzka a-tubulina nalezy do czterech klas (z dziewigciu opisanych u ssakow) al, alll,
alV oraz aVIII (Tabela 1). Warto zaznaczy¢, ze dwie klasy wykazuja tkankowo specyficzng
dystrybucje, z klasg alll wystepujaca gtownie w meskich komorkach rozrodczych oraz klasg
aVIII obecng gtownie w komorkach migsniowych, sercowych oraz szkieletowych. Pozostale
dwie klasy sg szeroko rozpowszechnione. Chociaz funkcje izotypow a-tubuliny specyficzne dla
niektorych tkanek lub komorek zostaty ostatnio opisane w literaturze naukowej, to ich doktadna
rola w dynamice mikrotubul wcigz pozostaje nie do konca poznana [20-23]. Ludzka -tubulina
nalezy do siedmiu klas (z dziewigciu wystepujacych u ssakow): BI — BVI oraz BVIIL. Z
dostepnych danych naukowych wydaje si¢, ze najszerzej rozpowszechnione sg izotypy PI,
BIVD, BV oraz BVIII, podczas gdy pozostate izotypy B-tubuliny wykazujg bardziej tkankowo
specyficzne wystgpowanie [24]. [zotyp BVIII jest niezbedny do prawidlowego rozwoju oocytu
oraz wezesnego rozwoju zarodka cztowieka [25]. Wystepowanie tubuliny BII, BIII oraz BIVa
gléwnie w moézgu sugeruje istotno$¢ tych izoform w procesach zwigzanych z uktadem
nerwowym [26]. Postuluje si¢ wyplyw obecnosci izotypu PIII w ochronie przed stresem
oksydacyjnym oraz wskazuje jego funkcje w procesie wzrostu aksondw i regeneracji nerwow
[27, 28]. Od ponad dwoch dekad wiadomo, ze mikrotubule ztozone z tubuliny BIII sg bardziej
dynamiczne niz, mikrotubule ztozone z tubuliny BII lub BIV [29]. Na podstawie niedawno
opublikowanych danych wykazano, ze gldwna roznica jest spowodowana znacznym wzrostem
czestotliwosci |, katastrofy” (depolimeryzacji) mikrotubul sktadajacych si¢ z tubuliny BIII,
podczas gdy tempo wzrostu mikrotubuli pozostaje na podobnym poziomie [30,31]. Biatka
zwigzane z mikrotubulami (MAPs, ang. microtubule-associated proteins) sa kolejnym
biologicznym czynnikiem wyptywajacy na dynamik¢ mikrotubul w komorce eukariotycznej.
Ogodlnie biatka zwigzane z tubuling mozna podzieli¢ na stabilizujace badz destabilizujace
mikrotubule, jednak stabilizacja lub destabilizacja mikrotubul moze zachodzi¢ poprzez wptyw
na jeden z kilku proceséw takich jak: nukleacja mikrotubuli, stabilizacja lub destabilizacja
matrycy lub konca mikrotubuli. Dlatego biatka zwiazane z mikrotubulami podzielono na kilka
funkcjonalnych kategorii: (i) nukleatory mikrotubul, (ii) bialka wigzace si¢ do koncéw
mikrotubuli, (iii) biatka wigzace si¢ z powierzchnig mikrotubuli, (iv) enzymy tnace mikrotubule
(katanina, spastyna), (v) biatka motoryczne (kinezyny, dyneiny) [32]. Nukleatory mikrotubul
zwigkszaja czgstos¢ inicjacji powstania nowej mikrotubuli zard6wno na kompleksie y-TURC jak
i na ,,zarodkach” mikrotubul oraz stabilizujg wzrost mikrotubul. Biatka wigzace si¢ z koncami

mikrotubuli sg specyficzne do dodatniego (+TIPs, ang. microtubule-plus-end tracking
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proteins) lub ujemnego (—TIPs, ang. microtubule-minus-end tracking proteins) konca
mikrotubuli. +TIPs naleza do rodziny okoto dwudziestu réznych rodzin biatek. Moga
wykazywac¢ wlasciwos$ci zardwno stabilizujace jak i destabilizujace mikrotubule. Wsrdd biatek
wigzacych si¢ z matrycg mikrotubul nalezy wyrdzni¢ siedem klasycznych rodzin tych biatek:
MAPs, MAP1, MAP2, MAP4, MAP6, MAP7 oraz biatko tau, ktore promuja polimeryzacje
tubuliny a tym samym stabilizacj¢ oraz wzrost mikrotubul. Reguluja one réwniez asocjacje
mikrotubul z innymi elementami cytoszkieletu, organellami oraz membrang komoérkowa.
Wplywaja réwniez na transport wzdhuz mikrotubul oraz rozcinanie mikrotubul poprzez
kompetencyjne wigzanie si¢ na powierzchni mikrotubul w miejscach wigzania enzymow
tnagcych mikrotubule oraz bialek motorycznych [33]. Organizacja mikrotubul jest rowniez
regulowana poprzez enzymy tngce mikrotubule takie jak: katanina i spastyna, ktorych
aktywno$¢ moze prowadzi do skracania si¢ mikrotubul lub nawet ich depolimeryzacji, ale
zarazem do powstania wielu ,,zarodkow” mikrotubul, ktore stuzg jako nukleatory mikrotubul
oraz wolnych heterodimerow af-tubuliny, ktére moga by¢ nastepnie wbudowane w strukture
nowej mikrotubuli. Tak wigc, enzymy tngce mikrotubule mogg wykazywa¢ w stosunku do

dynamiki oraz masy polimeru mikrotubul zaréwno pozytywny jak i negatywny efekt [34].

2.4.Czynniki chemiczne regulujace stabilno$¢ oraz dynamike mikrotubul

Badania nad mikrotubulami byly $cisle potaczone z wykorzystaniem matych organicznych
czasteczek oddzialujacych z tubuling. W ciggu ostatnich lat prowadzone byty intensywne
badania nad syntezg oraz okre$leniem wlasciwosci biologicznych i spektroskopowych
zwigzkoéw oddziatujacych z mikrotubulami (ang. microtubule-targeting agents), nie tylko ze
wzgledu na wyjasnienie procesow komorkowych w ktorych uczestniczg mikrotubule, ale
rowniez w celu zastosowania klinicznego. Wiele zwigzkéw oddziatujacych z mikrotubulami
syntezowane jest przez rosliny, grzyby oraz bezkrggowce jako naturalny $rodek obrony
przeciwko pasozytom lub innym konkurencyjnym gatunkom [35]. Bioragc pod uwage
mechanizm dzialania mozemy wyrdzni¢ dwa gltoéwne typy zwiazkéw oddziatujacych z
mikrotubulami: zwigzki stabilizujace mikrotubule (inhibitory depolimeryzacji tubuliny) oraz
zwigzki destabilizujgce mikrotubule (inhibitory polimeryzacji tubuliny). W globularnej czgsci
heterodimeru of-tubuliny mozemy wyrdézni¢ przynajmniej sze$S¢ miejsc (tzw. kieszeni)
wigzania zwigzkow organicznych (ktore nazywane sa od lekow wigzacych si¢ z tymi
miejscami), ktore wigzac czasteczke ligandu indukuja zmiang struktury tubuliny i w
konsekwencji zmiang dynamiki mikrotubul (Rysunek 3) [36]. Cecha ta wykorzystywana jest w

chemioterapii nowotworow [37]. Sposrod czterech miejsc wigzania zlokalizowanych na
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podjednostce B-tubuliny najobszerniej opisane sg miejsce wigzanie alkaloidow Vinca oraz
miejsce wigzania taksanéw. Miejsce wigzania kolchicyny zlokalizowane jest na powierzchni
pomig¢dzy podjednostkami a- i B-tubuliny. Natomiast miejsce wigzania zwigzku o angielskiej
nazwie ,,pironetin” jako jedyne zlokalizowane jest na podjednostce a-tubuliny [36]. W

niniejszej pracy doktorskiej skupiono si¢ na zwigzkach, ktoére oddziatujg z miejscem wigzania

%
|

kolchicyny.

Rysunek 3. Lokalizacja miejsc wigzania zwigzkow oddziatujgcych z mikrotubulami w
strukturze heterodimeru of-tubuliny (PDB: 1SAOQ). Kolchicyna zwizualizowana w kolorze

fioletowym.

2.5.ZwigzKki oddzialujace z domeng kolchicynowa

Kolchicyna jest to zwigzek pochodzenia naturalnego wyizolowany z nasion zimowita
jesiennego (Colchicum autumnale) — rosliny wystepujacej na terenie Europy. Alkaloid ten
zawiera w swojej strukturze trzy pierScienie, z ktorych dwa pierScienie oddzialujga z
podjednostka [B-tubuliny, natomiast pier§cien aromatyczny oddzialuje z podjednostka
a-tubuliny (Rysunek 4). Wigzanie si¢ kolchicyny do tubuliny jest wolnym i praktycznie
nieodwracalnym procesem silnie zaleznym od temperatury [38]. Zwigzanie liganda w miejscu
wigzania kolchicyny powoduje stabilizacje zakrzywionej konformacji heterodimeru
ap-tubuliny. Podczas polimeryzacji mikrotubuli nowo dotaczone heterodimery af-tubuliny
ulegaja przej$ciu z konformacji zakrzywionej do konformacji prostej, co wymaga zmiany

utozenia kilku struktur drugorzedowych B-tubuliny blizej siebie. W rezultacie miejsce wigzania
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kolchicyny ulega skurczeniu. Gdy miejsce to jest zwigzane z ligandem takie zmiany
konformacji nie moge wystapic. W zwiazku z tym kompleks ligand — heterodimer
af-tubuliny nie moze by¢ monomerem podczas polimeryzacji mikrotubuli [54,55]. Pomimo iz,
kolchicyna znalazta zastosowanie kliniczne w leczeniu choréb nienowotworowych (np. dna
moczanowa, rodzinna gorgczka S$rodziemnomorska, choroba Behgeta [39-41]) to ani
kolchicyna, ani inne pokrewne zwigzki nie znalazly =zastosowania w chemioterapii
nowotworow ze wzgledu na ich wysokg toksyczno$¢ dla zdrowych tkanek w stezeniach
potrzebnych do wywotania efektu przeciwnowotworowego [42]. W ciagu ostatnich
kilkudziesigciu lat opisano oraz zbadano aktywno$¢ biologiczng wielu czgsteczek o mniejszej
toksycznos$ci dla zdrowych komodrek migdzy innymi: pochodne stilbenu — kombretastatyny
(kombretastatya A-1, kombretastatya A-4, difosforan kombretastatyny A-1(0xi4500)),
pochodne  dibenzooksepiny lub  pochodne chalkonu (MDL 27048) [43-47].
Dibenzo[b,floksepiny posiadaja dwa pierscienie aromatyczne potaczone z jednej strony
mostkiem tlenowym, z drugiej mostkiem winylowym, co warunkuje ich ulozenie w
konfiguracji (Z)-stilbenu (Rysunek 4). Ponadto dibenzo[b,floksepiny poza aktywnoScig
przeciwnowotworowa wykazuja szereg istotnych wiasciwosci biologicznych takich jak:
wiasciwos$ci przeciwzapalne, przeciwdepresyjne oraz przeciwpsychotyczne [48-52]. Pomimo
intensywnych badan do dnia dzisiejszego nie znaleziono zwigzku oddziatujgcego z domeng
kolchicynowa, ktory zostatby zatwierdzony w klinicznym leczeniu nowotworow, kilka molekut

znajduje si¢ w fazie badan klinicznych [53].

a) b) c) o d) e) /
—0 —0 o0— —N

Rysunek 4. Struktura wybranych zwigzkow oddziatujacych z domena kolchicynows tubuliny:
a) kombretastatyna A-1, b) kombretastatyna A-4, c) difosforan kombretastatyny A-1, d)
dibenzo[b,floksepina, e) MDL 27048 ((E)-1-(2,5-dimetoksyfenyl)-3-[4-
(dimetyloamino)fenyl]-2-metylprop-2-en-1-on).

3. Fotofarmakologia

Fotofarmakologia jest to stosunkowo nowa technika do zastosowania w medycynie polegajaca
na wbudowaniu elementu fotochromowego — podlegajacego odwracalnej zmianie struktury pod
wplywem naswietlania promieniowaniem elektromagnetycznym (tzw. przelacznika

molekularnego) w strukture zwigzku wyjsciowego o znanej lub oczekiwanej aktywnoSci
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biologicznej. Celem fotofarmakologii jest zmniejszenie skutkow dziatania substancji poza
celem komoérkowym i powaznymi ogolnoustrojowymi lub $rodowiskowymi skutkami
ubocznymi. Mozna to zrealizowac poprzez ustanowienie zewngtrznych i selektywnych metod
kontrolowania aktywnosci zwigzkoéw aktywnych z precyzjg czasowg oraz przestrzenng. Metoda
ta obejmuje projektowanie, syntez¢ oraz zastosowanie lekéw w postaci fotochromowych
przetacznikéw molekularnych, ktorych strukture, a w konsekwencji aktywnos$¢ biologiczng
mozna kontrolowa¢ za pomocag Swiatta o specyficznej dtugosci fali [56,57]. Chociaz
fotofarmakologia jest stosunkowo nowg technika, ktéra nie znalazla jeszcze zastosowania
klinicznego, ostatnie lata ,,obfitowaty” w badania majgce na celu opracowanie nowych
fotochromowych bioaktywnych zwiazkow migdzy innymi: agonistow receptorow sprzezonych
z bialkami G, modulatorow kanatow jonowych oraz inhibitorow enzyméw [58-60].
Fotochromowy przetacznik molekularny jest to czasteczka chemiczna, ktéra posiada dwa lub
wigcej stanow stabilnych termodynamicznie, w ktore moze si¢ przeksztatca¢ pod wptywem
Swiatta. Fotoizomeryzacja przetacznikéw molekularnych zachodzi poprzez dwa gléwne
mechanizmy, sg to: izomeryzacja izomeréw (E) — (Z) oraz 6m elktorcyklizacja triendow.
Pochodne azobenzenow, indygo, hemitioindygo oraz stilbenéw ulegajg izomeryzacji wigzania
podwodjnego, podczas gdy ditienyloeteny zmieniajg swojg struktur¢ poprzez 6m
elektrocyklizacje. Istniejg rowniez zwigzki ktore ulegajg mieszanemu mechanizmowi jak np.
spiropirany. W pierwszym etapie ulegaja 6m elektrocyklizacji, a nastepnie izomeryzacji
wigzania podwojnego (Rysunek 5) [61]. W ponizszej pracy skupiono si¢ na syntezie i
okresleniu wtasciwosci spektroskopowych oraz biologicznych przetacznikéw molekularnych
opartych na strukturze azobenzenu — izosteru stilbenu, dlatego w dalszej czeSci zostang one
opisane bardziej szczegdtowo. Jak juz wspomniano, azobenzeny mogg ulegac fotoizomeryzacji
pomiedzy izomerami (E) — (Z) pod wptywem $wiatla, ktora prowadzi do znacznych zmian w
wiasciwosciach fizycznych takich jak geometria czasteczki, moment dipolowy czy widmo
absorpcyjne. 1zomer (E) azobenzenu jest stabilniejszy o okoto 12 kcal/mol od izomeru (Z).
Izomer ten pod wpltywem naswietlania $wiattem z zakresu 320-350 nm izomeryzuje do
izomeru (Z). Reakcja ta jest odwracalna i izomer (E) powstaje ponownie pod wptywem

naswietlenia swiatlem z zakresu 400—450 nm lub
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Rysunek 5. Przykltady przetacznikow molekularnych ulegajacych izomeryzacji
E/Z - a)azobenzeny, b)stilbeny, c)pochodne indygo, d) pochodne hemitioindygo;

6m elektrocyklizacji e)ditienyloeteny lub mieszanemu mechanizmowi f) spiropirany.

w wyniku spontanicznej relaksacji uktadu do stanu rownowagi termodynamicznej, ktory
przewaznie sktada si¢ wyltacznie z izomeru (E) [62]. Mechanizm fotoizomeryzacji
azobenzendéw nie jest do konca poznany, postuluje si¢ jednak dwa gtowne prawdopodobne
mechanizmy: rotacj¢ wokot wigzania podwdjnego oraz plaskiej inwersji. Wprowadzenie
podstawnikow W pierScieniach aromatycznych skutkuje znacznymi zmianami we
wilasciwosciach  spektroskopowych oraz fotochemicznych pochodnych azobenzenu.
Odpowiednio dobrane mogg nawet spowodowaé, ze izomer (Z) bedzie termodynamicznie
trwalszy od izomeru (E) [63]. Proces fotoizomeryzacji azobenzenu powoduje zmniejszenie si¢
odlegtosci pomigdzy dwoma przeciwleglymi atomami wegla w pozycji 4 W pierscieniach
aromatycznych z 9.0 A w formie (E) do 5.5 A w formie (Z). Izomer (E) azobenzenu jest
praktycznie ptaski i nie posiada momentu dipolowego, natomiast izomer (Z) posiada
zakrzywiong geometri¢ czasteczki oraz wykazuje moment dipolowy rowny 3.0 D. W formie
(2) jeden z pierscienie aromatycznych ulega rotacji co spowodowane jest wzgledami
sterycznymi i bliskoscia chmury elektronowej drugiego pierscienia aromatycznego (Rysunek

6) [64,65]. Uklad pierScieni aromatycznych ma rowniez wpltyw na strukture widma
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Rysunek 6. Proces fotoizomeryzacji azobenzenu prowadzi do zmian w geometrii czgsteczki.

protonowego magnetycznego rezonansu jadrowego (*H NMR, ang. nuclear magnetic
resonance). Sygnaty pochodzace od izomeru (Z) pojawiajg si¢ przy nizszych czestosciach w
poréwnaniu do sygnatow pochodzacych od izomeru (E) ze wzgledu na diamagnetyczne
przesuniecie sygnatow. Pasma w widmach absorpcyjnych UV-Vis izomerow (E) oraz (2)
azobenzenu sg odmienne jednak naktadajgce sie. W widmie tym mozemy wyrdzni¢ dwa
charakterystyczne maksima absorpcji odpowiadajace przej$ciom elektronowym n — * oraz
n — w*. W widmie (E) azobenzenu obserwuje si¢ pasmo 0 mniejszej intensywnosci ok. 440
nm (n — 7*) oraz o wigkszej intensywnosci ok. 320 nm (x — w*). W widmie izomer (Z)
azobenzenu rowniez wystepuje maksimum absorpcji okoto wartosci 440 nm (n — w* o
wiekszej intensywnosci w poréwnaniu z izomerm (E)), natomiast pasmo odpowiadajace
przejsciu 1 — w* ulega przesuni¢ciu hipsochromowemu z maksimami absorpcji przy
dhlugosciach fali 250 oraz 280 nm. Naswietlanie azobenzenu $§wiattem o dlugosci fali
wynoszacym 313 nm lub 436 nm skutkuje ustaleniem si¢ stanu rownowagi (stan
fotostacjonarny) ztozonym w przyblizeniu odpowiednio z 20% lub 90% izomeru (Z) [66].
Proces izomeryzacji moze by¢ badany zaré6wno za pomoca magnetycznego rezonansu
jadrowego jak i za pomocg spektroskopii UV-Vis. Ze wzgledu na charakter widma UV-Vis
pochodne azobenzenu mozna podzieli¢ na trzy kategorie: zwigzki typu azobenzenu, zwigzki
typu aminoazobenzenu oraz zwigzki typu pseudostilbenéw (Rysunek 7) [67]. Zwiazki typu
azobenzenu wykazuja podobng struktur¢ widma do niepodstawionego azobenzenu. Zwigzki
typu aminoazobenzenu posiadajace podstawniki w pozycjach orto- lub para- z grupa
elektronodonorowa wykazuja w swoim widmie batochromowe przesunigcie pasm oraz
skrocenie czasu pottrwania w stosunku do zwigzkdéw typu azobenzenu. Natomiast zwigzki typu
pseudostilbenow wykazuja jeszcze wigkszy efekt batochromowego przesunigcia pasm i

charakteryzujg si¢ jeszcze wigkszym skrocenie czasu pottrwania [65].
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Rysunek 7. Przyktady zwigzkow nalezacych do zwigzkow typu azobenzenu (niepodstawiony
azobenzen), typu aminoazobenzenu (4’-hydroksy-4-aminoazobenzen) oraz  typu

pseudostilbenow (4’-nitro-4-aminoazobenzen).

4. Przelaczniki molekularne oparte o strukture azobenzenu zaburzajace stabilnos¢ oraz

dynamike¢ mikrotubul

Przetaczniki molekularne zaburzajace stabilno$¢ oraz dynamike mikrotubul mozemy podzieli¢
podobnie jak typowe zwigzki oddzialujace z tubuling na przetaczniki molekularne
destabilizujgce mikrotubule np. poprzez inhibicj¢ polimeryzacji tubuliny oraz przetgczniki
molekularne stabilizujgce mikrotubule np. poprzez aktywacje polimeryzacji tubuliny oraz
zapobieganie depolimeryzacji juz powstalej mikrotubuli. Wiodgcym przykladem
przetacznikow molekularnych opartych o strukture azobenzenu, ktore powoduja destabilizacje
mikrotubul sg analogi kombretastatyny A-4, w ktorej strukturze wigzanie podwojne
wegiel-wegiel zostalo zastgpione przez izosteryczne wigzanie podwodjne azot-azot (tzw.
fotostatyny PTS-1 badz azokombretastatyna azo-CA-4, Rysunek 8). Zostaly po raz pierwszy
syntezowane oraz opisane rownolegle przez trzy zespoty badawcze [68-70]. Na podstawie
przeprowadzonych badan zidentyfikowano zwiagzek PTS-1 oraz prolek tego zwigzku PTS-1P
zawierajacy grupe fosforanows, jako najbardziej obiecujace analogi do dalszych badan.
Naswietlanie biologicznie nieaktywnego izomeru E tych pochodnych azobenzenu prowadzi do
powstawania izomeru Z, ktory wykazuje silne wlasciwosci destabilizujace mikrotubule in vitro.
W eksperymentach przeprowadzonych na hodowlach komaérkowych linii raka szyjki macicy
(HeLa) fotostatyny wykazywaty nawet 250-krotnie wyzsza cytotoksycznos¢ po aktywacji
swiattem ultrafioletowym lub niebieskim (A=380-410 nm) w poréwnaniu do warunkéw bez
obecnosci $wiatla. We wszystkich trzech grupach badawczych wykazano spadek
cytotoksycznoséci fotostatyn w poréwnaniu do kombretastatyny A-4 oraz istotny wzrost

aktywnosci  cytotoksycznej po naswietleniu tych zwiazkdw  promieniowaniem
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elektromagnetycznym z zakresu 370-410 nm. Poza wspomniang wyzej linig komoérkowa Hela,
badacze zaobserwowali ten efekt stosujac linie komoérkowe komoérek nabtonkowych
gruczolakoraka piersi (MDA-MB-231) oraz linii komorkowej srédbtonka zyly pepowinowej
cztowiecka (HUVECs) [68-70]. W badaniach polimeryzacji tubuliny z uzyciem oczyszczonej
tubuliny zaobserwowano, ze po naswietleniu $wiattem zwigzek PTS-1 wykazywat silng
inhibicje polimeryzacji tubuliny, podczas gdy nienaswietlony zwigzek nie miat wpltywu na
cytoszkielet mikrotubularny, podobnie jak obserwowano w kontroli negatywnej. Co wigcej,
przeprowadzono analiz¢ cyklu komoérkowego (komorki linii HeLa, MDA-MB-231 oraz
HEK293T — ludzkie komorki embrionalne nerki) i dowiedziono, ze fotostatyny indukuja
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Rysunek 8. Struktura kolchicyny i kombretastatyny A-4 oraz przetagcznikow molekularnych
opartych o strukture kombretastatyny A-4.

zatrzymania cyklu komorkowego w fazie G2/M 1 w konsekwencji $mieré¢ komoérki w sposdb
zalezny od $wiatta. W 2017 roku opublikowane zostato badanie opisujace synteze zwigzku azo-
CA4-OEt, analogu kombretastatyny A-4 zawierajacego  struktur¢ azobenzenu,
charakteryzujgcego si¢ ulepszonymi wiasciwosciami fotofarmakologicznymi w poréwnaniu do
fotostatyny PST-1. W zwigzku tym jedna z grup metoksylowych zostata zastgpiona grupg
ctoksylowg (Rysynek 9) [71]. Czasteczka ta wykazywata ponad 500-krotnie wigksza
aktywno$¢ cytotoksyczng wobec komorek linii HeLa oraz H157 (linia komérkowa ludzkiego
ptaskonabtonkowego raka ptuc) w obecnosci $wiatta ultrafioletowego (A=390-400nm), niz w
ciemno$ci. Przeprowadzone badania dokowania molekularnego wykazaty, ze konformacja
czasteczek PST-1 oraz azo-CA4-OEt podczas odziatywania z tubuling jest niemal identyczna
oraz pokrywajaca si¢ ze strukturg kombretastatyny A-4 zwigzanej z tubuling uzyskanej za
pomoca krystalografii rentgenowskiej. Na podstawie uzyskanych wynikéw stwierdzono,
ze zaroOwno czasteczka PST-1 oraz azo-CA4-OEt oddzialuja z domeng kolchicynowa w

czasteczce hetrodimeru af-tubuliny. W zwigzku z tym fotostatyny stanowia cenne narzedzie w
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badaniach nad biologig komorki oraz obiecujacg klasg precyzyjnych §rodkdéw terapeutycznych,

ktorych toksyczno$¢ mozna precyzyjnie kontrolowaé w czasie i przestrzeni za pomocg $wiatta.

NHR [} 1. Kwas trifluorooctowy
2.EDCI, HOBt, DIPEA y
o - 5 R, o NH o
Ph\\\“ v o™ B N o R.
H 2 A0 Ry N
H OH OBn N

R = Boc: docetaksel (R' = H) %H
R = Bz paklitaksel (R' = Ac)

AzTax

Rysunek 9. Schemat syntezy zwigzkéw AzTax. (DIPEA - N,N-diizopropyloetyloamina,
EDCI — 1-etylo-3-(3-dimetyloaminopropylo)karbodiimid, HOBt — hydroksybenzotriazol)

Jak juz wspomniano przelaczniki molekularne stabilizujace mikrotubule, w przeciwienstwie do
zwiazkow destabilizujagcych mikrotubule, aktywuja polimeryzacje tubuliny oraz zapobiegaja
demontazowi juz powstalych mikrotubul. Wiodacym przyktadem przelacznikow
molekularnych opartych o strukture azobenenu o wlasciwosciach stabilizujgcych mikrotubule
sg pochodne paklitakselu oraz docetakselu, alkaloidéw terpenowych z grupy taksanow
stosowanych Kklinicznie jako leki przeciwnowotworowe. Zostaly one po raz pierwszy
otrzymane oraz opisane w badaniu z 2020 roku [72]. Otrzymane zwigzki nazwano
,,azotaksanami” AzTax. Ich synteza zostala przeprowadzona dwu etapowo. W pierwszym
etapie usunieto grupe tert-butoksykarbonylowa z handlowo dostepnego docetakselu w reakcji
z kwasem trifluorooctowym. Nastepnie przeprowadzono reakcje sprzegania otrzymanej w
pierwszym etapie aminy z pochodnymi kwasu orto-, para- oraz meta-
(fenyloazo)benzoesowego (Rysunek 9). Wykazano, ze potozenie grupy azowej w pozycji meta-
wzgledem grupy amidowej powodowato najmniejszy spadek aktywnos$ci cytotoksycznej oraz
prowadzito do uzyskania najwigkszej roznicy w cytotoksycznosci pomi¢dzy izomerami E oraz
Z. Wiasciwosci fotochemiczne byly zblizone w obrebie danego typu wprowadzonych
podstawnikow. Zwiazki niepodstawione zadnymi podstawnikami wykazywaly 3-krotny
wigkszy procent izomeru Z w stanie fotostacjonarnym dla dtugosci fali A=375nm (~80%
izomeru Z) niz w stanie fotostacjonarnym dla dtugosci fali A=410nm (~26% izomeru Z) oraz
posiadaty znaczaco wolniejszy czas relaksacji termicznej, niz wynosi skala czasowa
eksperymentéw biologicznych (czas pottrwania ok. 50 dni). Zwigzki podstawione grupami

metoksylowymi wykazywaty 9-krotny wiekszy procent izomeru Z w stanie fotostacjonarnym
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dla dtugosci fali A=375nm (~96% izomeru Z) niz w stanie fotostacjonarnym dla dtugosci fali
A=535nm (~11% izomeru Z) oraz réwniez posiadaty znaczaco wolniejszy czas relaksacji
termicznej, niz wynosi skala czasowa eksperymentdw biologicznych (czas pottrwania ok. 24
godziny). Natomiast okres poltrwania pochodnych podstawionych grupg dimetyloaminowa w
pozycji para- byt zbyt krotki, aby go doktadnie wyznaczyé.Testy zywotnosci komorek
przeprowadzone na linii komoérkowej Hela pozwolity zidentyfikowaé¢ AzTax3MP jako
zwigzek wiodacy, o profilu bioaktywnosci porownywalnym z docetakselem, lecz o mniejszej
sile dziatania. Dziata on jako zwigzek stabilizujagcy mikrotubule, a jego aktywno$¢ wzrasta po
napromieniowaniu $wiattem, co potwierdzono w testach polimeryzacji tubuliny in vitro oraz w
obrazowaniu immunofluorescencyjnym. W badaniu cytometrii przeptywoej wykazano
dwukrotny wzrost liczby komorek w fazie G2/M po ekspozycji AzTax3MP na $wiatlo w
stosunku do kontroli. Dodatkowo wykazano, ze AzTax3MP moze by¢ stosowany do
odwracalnej fotomodulacji sieci mikrotubul oraz funkcji zwigzanych z mikrotubulami w
komorkach nowotworowych (HeLa) i neuronach (pierwotne neurony hipokampalne szczura) z

wysoka rozdzielczoscig czasowa oraz precyzja na poziomie pojedynczych komorek [72].
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1. Systematyczne badania nad oceng aktywnosci przeciwnowotworowej wybranych

pochodnych stilbenu oraz dibenzo[b,floksepiny [P3]
1.1. Synteza wybranych pochodnych stilbenu oraz dibenzo[b,floksepin

Po przeprowadzeniu krytycznej analizy literaturowej dotyczacej zwiazkéw
odzialywujacych z tubuling doszedlem do wniosku, ze pochodne oraz izostery stilbenu sa
istotng klasa zwiazkow bioaktywnych 0 potencjalnych wlasciwosciach
przeciwnowotworowych. Dlatego tez, podczas przeprowadzonych prac badawczych
syntezowano 28 pochodnych stilbenu oraz dibenzo[b,floksepin realizujac trzy etapy
syntetyczne. Zrealizowana $ciezka syntezy przedstawiona zostala na Rysunku 10. W
pierwszym etapie przeprowadzona zostata reakcja kondensacji pomiedzy 2,4-dinitrotoluenem
a odpowiednig pochodng 2-hydroksybenzaldehydu w obecnosci pirolidyny jako katalizatora
reakcji. Wydzielono 8 pochodnych 1la-h za pomoca krystalizacji z dodatkiem wegla
aktywnego. Jako rozpuszczalnika w procesie krystalizacji uzyto metanol lub etanol. Pochodnej
1h nie wydzielono, a surowa mieszanina poreakcyjna zostata uzyta w nastepnej reakcji. W
kolejnym etapem syntetycznym byta reakcja cyklizacji otrzymanych pochodnych 2,4-
dinitrostilbenu la-i do pochodnych dibenzo[b,floksepin w obecno$ci azydku sodu. W tym
etapie wydzielono 9 pochodnych nitrodibenzo[b,floksepin 2a-i stosujagc metode chromatografii
kolumnowej. Pochodng dibenzo[b,floksepiny zawierajacg podstawnik hydroksylowy 2i
poddano reakcji acetylowania wobec bezwodnika kwasu octowego oraz katalitycznej iloSci
kwasu siarkowego (VI). Otrzymang pochodna 2j oczyszczono za pomocag chromatografii
kolumnowej. W ostatnim etapie syntetycznym nitrodibenzo[b,floksepiny 2a-f, 2h, 2i poddane
zostaly reakcji redukcji grupy nitrowej do grupy aminowej z zastosowaniem aktywowanego
pytu cynkowego w kwasie octowym. Pochodna dibenzo[b,floksepiny zawierajaca dwie grupy
nitrowe 2g zostala selektywnie zredukowana do pochodnej 3g z wykorzystaniem
oktakarbonylku dikobaltu w wodzie jako rozpuszczalniku. W celu  okreslenia  struktury
produktow reakcji pochodnych stilbenéw 1a-i oraz dibezo[b,floksepin 2a-j, 3a-h, 3j wykonano
widma *H i 3C NMR wszystkich produktéw w roztworach deuterowanych rozpuszczalnikow.
Wartoéci statych sprzezenia 3Ju.n dla protondéw olefinowych w zwigzkach la-i wynosity w
przyblizeniu 16 Hz co odpowiada konfiguracji E badanych izomeréow. Podczas gdy, dla
zwigzkow 2a-j, 3a-h, 3j wartosci odpowiednich statych sprzezenia 3Ju.1 wynosity okoto 11 Hz

co potwierdza konfiguracje Z otrzymanych izomerow.
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i: R®=0Ac, R'=R%=H,R*=H
Rysunek 10. Schemat przedstawiajacy przeprowadzong $ciezke syntetyczng celem otrzymania

pochodnych stlibenéw oraz dibenzo[b,floksepin.

1.2. Badania aktywnosci cytotoksycznej otrzymanych pochodnych stilbenu oraz
dibenzo[b,floksepin [P3]
W celu zweryfikowania czy syntezowane pochodne stilbenu oraz dibenzo[b,floksepin
wykazujg aktywno$¢ cytotoksyczng in vitro wyznaczono przezywalno$é/zywotnos¢ komorek
okreslong jako procent ilosci zywych komoérek w badanej probee do ilosci zywych komorek w
probce kontrolnej. Badania przeprowadzono z uzyciem linii  komoérek ludzkiego
gruczolakoraka jelita grubego — HTC116. Do okre$lenia poziomu przezywalnosci komoérek
zastosowano test kolorymetryczny MTT. Oparty jest on na enzymatycznej redukcji
rozpuszczalnego w wodzie bromku 3-(4,5-dimetylotiazol-2-yl)-2,5-difenylotetrazolowego
(MTT) o barwie zottej do nierozpuszczalnego w wodzie formazanu o ciemnoniebieskiej barwie,
ktora zachodzi jedynie wewnatrz komorek aktywnych metabolicznie [73]. Na Rysunku 11.
przedstawiono przezywalno$¢ komorek linii HTC116 po 48 godzinach inkubacji w pozywce
zawierajacej 100 uM roztwor badanych pochodnych stilbenu oraz dibenzo[b,floksepin la—g,
1i, 2a-2j, 3a-3h, 3j. Sposrdd testowanych zwigzkoéw, cztery pochodne stilbenu (1a, 1c, 1d, 1i)
oraz trzy pochodne dibenzo[b,floksepiny (2i, 2j, 3h) wykazaly wysoka aktywnos¢
cytotoksyczng (zywotno$¢ komoérek < 30%), dlatego zwiagzki te zostaty wybrane do kolejnej
czesci badania, w ktorej wyznaczono warto$s¢ parametru 1Cso (ang. half maximal inhibitory
concentration) — okreslajacego st¢zenie potrzebne do zahamowania in vitro danego procesu
biologicznego (przezywalnosci komorek) o 50%. W badaniach uzyto dwoch linii komoérek
nowotworowych (ludzkiego gruczolakoraka jelita grubego — HCT116 oraz ludzkiego

gruczolakoraka piersi — MCF-7) oraz dwoch linii komoérek nienowotworowych (ludzkie
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komorki embrionalne nerki — HEK293 oraz ludzkie fibroblasty skorne — HDF-A). Na tej
podstawie wyliczony zostal indeks selektywnos$ci SI (ang. selectivity index) definiowany jako
stosunek warto$ci 1Cso linii nienowotworowej do wartosci ICso linii nowotworowej. Warto$¢
indeksu selektywnos$ci powyzej 1 oznacza wyzsza cytotoksyczno$¢ badanego zwigzku wobec
komoérek nowotworowych niz cytotoksyczno$¢ wobec komoérek normalnych. Otrzymane
wyniki zebrano w Tabeli 2.

100

Przezywalnos$¢ komorek (%)

20

0 & -

la 1b 1c 1d 1e 1If 1g 1i 2a 2b 2c 2d 2e 2f 2g 2h 2i 2j 3a 3b 3c 3d 3e 3f 3g 3h 3j

Rysunek 11. Wptyw zwiazkow la—-g, 1i, 2a-2j, 3a-3h, 3j na przezywalnos¢ komorek linii
HTC116 na podstawie testu MTT. (Roztwor badanej substancji w pozywce 100 uM, czas
inkubacji 48 godzin.)

Badane zwiazki hamowaty wzrost komorek w sposob zalezny od dawki i najczesciej silniejszy
efekt byl obserwowany dla komoérek linii HTC166 niz dla komorek linii MCF-7 oraz dla
komorek linii HEK293 niz dla komorek linii HDF-A.

33



Tabela 2. Obliczone wartosci parametru ICsg oraz indeksu selektywnosci dla zwigzkow 1a,
1c, 1d, 1i, 2i, 2j, 3h.

Zwigzek HEK293 HDF-A HCT116 Sl Sl MCF-7 Sl, Sl
1Cs0 (uM) 1Cs0 (LM)
la 18+1 38+1 23 +1 0.8 0.8 36 +2 0.5 1.1
1c 34+4 40+ 4 38+5 0.9 1.1 43+ 2 0.7 1.0
1d 33+2 40+ 2 18+3 1.8 2.2 47+ 1 0.7 0.9
1i 54 +2 41+£2 52+2 1.0 0.8 69 +3 0.8 0.6
2i 88+ 5 93 +7 55+4 1.6 1.7 676 1.2 1.4
2j 85+4 ND 53+3 1.6 Nd 36+3 2.4 ND
3h 48 +3 127* 66 +2 0.7 1.9 ND ND ND

Sli= 1Cs0(HEK?293)/ 1C50(HCT116); Sl2o= 1Cs0(HDF-A)/ 1Cs50(HCT116); Sls=
ICs0(HEK293)/ IC50(MCF-7); Sla= 1Cs0(HDF-A)/ IC50(MCF-7); *-przewidziana warto$¢
ICso (powyzej maksymalnego testowanego stezenia — 100uM); ND — nie obliczono

1.3. Wplyw wybranej pochodnej stilbenu na struktur¢ mikrotubul w komérkach
nowotworowych ludzkiego gruczolakoraka jelita grubego.
Warto$¢ ICsp stilbenu 1d uzyskana dla komorek linit HTC116 (18 uM) byta najnizsza uzyskang
wartos$cig spo$rod wszystkich badanych zwigzkow, podczas gdy indeks selektywnosci (SI)
nalezat do najwyzszych w poréwnaniu z obydwoma typami komoérek kontrolnych. Dlatego tez
postanowiono  zwizualizowa¢  cytoszkielet ~mikrotubularny za  pomocg  metody
immunofluorescencji. Na podstawie analiz immunobarwienia a-tubuliny wykazano, ze
komorki kontrolne zawieraty dobrze rozwinigty cytoszkielet mikrotubularny z gesta siecia
mikrotubul utozonych wzdtuz dtugiej osi oraz na brzegach komorek (odpowiednio strzatka i
grot strzatki na Rysunku 12a). Natomiast komorki HTC116 inkubowane z 60 uM roztworem
zwigzku 1d byly zaokraglone, a ggstos¢ sieci mikrotubul zmniejszyta si¢ (Rysunek 12b). Co
wigce] w wielu komodrkach obserwowano amorficzny material, ktorym by¢ moze byta
zdepolimeryzowana tubulina (strzatka na Rysunku 12b). W przeciwienstwie do komorek
kontrolnych, w przypadku komoérek inkubowanych z 60 puM roztworem zwigzku 1d
zaobserwowano wyrazne punkty organizacji mikrotubul (przypuszczalnie centrosomy) z

kilkoma prawdopodobnie najbardziej stabilnymi mikrotubulami (grot strzatki na Rysunku 12b).
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Powyzsze obserwacje potwierdzaja, ze zwiagzek 1d wptywa na cytoszkielet mikrotubularny, co

z kolei moze prowadzi¢ do $§mierci komorek.

10pm

Rysunek 12. Sie¢ mikrotubularna w komoérkach linii HTC116. a) Proba kontrolna — strzatka:
mikrotubule rozmieszczone wzdhuz dlugiej osi komorki; grot: mikrotubule uktadajace si¢ na
granicy komorki. b) Komorki inkubowane z zwigzkiem 1d — strzatka: amorficzna struktura

mikrotubul; grot: centrum organizacji mikrotubul z powstatlymi mikrotubulami.

1.4. Analiza obliczeniowa i dokowanie molekularne
Potaczenie metod eksperymentalnych i komputerowych odgrywa kluczowa rolg w odkrywaniu
i ulepszaniu nowych, skutecznych zwigzkéw przeciwnowotworowych [74]. Dokowanie
molekularne jest to metoda komputerowa polegajagca na badaniu, jak konformacja ligandu
dopasowuje si¢ do miejsca aktywnego w biatku lub makroczasteczce, az do osiggnigcia
minimalnej energii wigzania. Co istotne, technika ta umozliwia obliczanie energii wigzania,
uwzgledniajac procesy odpowiedzialne za rozpoznanie molekularne [75]. Na podstawie
dostepne;j literatury oraz otrzymanych wynikow dotyczacych cytotoksyczno$ci, spodziewano
si¢, ze wybrane pochodne stilbenu oraz dibenzo[b,floksepiny moga by¢ inhibitorami
polimeryzacji tubuliny, wiazacymi si¢ w miejscu wigzania kolchicyny. Dlatego tez, interakcje
pomigdzy najbardziej aktywnymi zwigzkami la, 1c, 1d, 1i, 2i, 2j, 3h a heterodimerem af-
tubuliny (kod PDB: 1SAOQ) analizowano za pomoca modelowania molekularnego. Strukture
zwigzkow optymalizowano metoda teorii funkcjonatu gestosci (DFT, ang. density functional
theory, (funkcjonat B3LYP w bazie 6-311++g (2d,p), z zastosowaniem metody PCM — the
polarizable continuum model — w celu modelowania efektow solwatacji) przy uzyciu programu

Gaussian 03W [76]. Dokowanie molekularne przeprowadzono z wykorzystaniem
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oprogramowania AutoDock Vina [77]. Protok6t dokowania zostat zweryfikowany przez
zadokowanie natywnego liganda — DAMA-kolchicyny, ktora zostala wyekstrahowana z
struktury krystalicznej zdeponowanej w bazie danych PDB. Zastosowany algorytm poprawnie
odtworzyl sposob wigzania natywnego liganda. W krystalicznej strukturze pierscien
tropolonowy kolchicyny jest stabilizowany przez kontakty van der Waalsa z VVal181, Serl78 i
Val315. Grupa karbonylowa jest stabilizowana przez wigzanie wodorowe z Vall81. Natomiast
pierscien z zawierajacy trzy podstawniki metoksylowe jest stabilizowany odziatywaniami
hydrofobowymi z Lys352, Asn350, Leu378, Ala316, Leu255, Lys254, Ala250 oraz Leu242.
Grupa metoksy w pozycji 3 uczestniczy w wigzaniu wodorowym z grupg cysteinowg Cys241.
Obliczone najnizsze wartosci energii wigzania badanych zwigzkow 1a, 1c, 1d, 1i, 2i, 2j, 3h
wahaty si¢ od -7,7 do -9,3 kcal/mol, w poréwnaniu z -8,9 kcal/mol dla ponownie zadokowanej
DAMA-kolchicyny. Analiza modelu wigzania najbardziej aktywnych zwigzkow do tubuliny
pozwolita na przewidzenie kilku interakcji miedzy badanymi zwigzkami, a resztami
aminokwasowymi w miejscu wigzania kolchicyny. Zwiazki 1a, 1c, 1d, 1i, 2i, 2j i 3h byly
stabilizowane przez interakcje hydrofobowe z resztami B-tubuliny (Leu242, Leu248, Ala250,
Lys254, Leu255, Lys352, 11e378, Val318). Cztery z tych aktywnych zwigzkow (1d, 1i, 2i, 3h)
byly dodatkowo stabilizowane przez wigzania wodorowe z heterodimerem tubuliny
(Rysunek 13). Jednak nie przewidziano zadnych wigzan wodorowych z Cys241, ktore sg
uwazane za kluczowe dla wysokiej aktywnosci biologicznej, co moze czgsciowo thumaczy¢

wysokg mikromolarng cytotoksycznos¢ testowanych zwigzkow [78,79].

36



Rysunek 13. Wizualizacja wynikow dokowania molekularnego oraz przewidziane interakcje
zwigzkow a)1d, b)1i, ¢)2i, d)3h z heterodimerem of-tubuliny (PDB: 1SAOQ). Dla przejrzystosci
pokazano tylko aminokwasy wchodzace w interakcje z ligandami. Niebieskie linie oznaczajg

interakcje wigzan wodorowych; przerywane szare linie oznaczajg interakcje hydrofobowe.

2. Synteza i badanie wlasciwosci spektroskopowych i biologicznych fotochromowych

pochodnych kolchicyny [P4]
2.1. Projektowanie i synteza fotochromowych pochodnych kolchicyny

Kontynuujagc badania w poszukiwaniu innowacyjnych rozwigzan terapeutycznych
postanowitem rozszerzy¢é tematyke zaprezentowang W poprzednim rozdziale, w ktorym
omoOwitem wyniki dotyczace przeciwnowotworowego potencjatu analogdéw stilbenow 1
dibenzol[b,floksepin o nowatorskie podejscie wykorzystujace fotoprzetaczalne zwiagzki oparte
o strukture kolchicyny. W prezentowanym badaniu moim celem bylo zaprojektowanie oraz
synteza fotochromowych przetacznikéw molekularnych zawierajacych uktad kolchicyny w
swojej strukturze. Drugim celem prezentowanych badan byla ocena aktywnosci

antyproliferacyjnej wobec wybranych nowotworowych linii komérkowych.

Zastosowana strategia syntetyczna opierala si¢ na zastgpieniu grupy acetamidowej kolchicyny
ugrupowaniem azobenzenowym, ktére bedzie petnito role przetacznika molekularnego
(Rysunek 14). Na podstawie wczesniejszych danych literaturowych mozna przypuszczac, ze

podstawienia w tej pozycji sg dobrze tolerowane i1 nie prowadza do utraty bioaktywnosci
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[60,61]. Dlatego spodziewalem si¢, ze takie podejscie pozwoli na utrzymanie dziatania
antyproliferacyjnego i jednoczesnie umozliwi precyzyjna czasoprzestrzenng kontrole nad

otrzymanymi zwigzkami za pomocg napromieniania §wiattem o okreslonej dlugosci fali.
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Kolchicyna o- m- p- (E)-8a-d o- m- p- (Z)-8a-d

Rysunek 14. a) Struktura kolchicyny oraz b) fotochromowych przetacznikéw molekularnych

opartych na jej strukturze.

W  pierwszym  etapie  syntetycznym  otrzymano  wybrane pochodne  kwasu
(fenyloazo)benzoesowego o-, m-, p-6a-d w tzw. reakcji Baeyer—Mills’a opisanej po raz
pierwszy w 1874 roku. Jest to reakcja kondensacji amin aromatycznych oraz pochodnych
N-nitrozobenzenu w $rodowisku stabo kwasowym, w ktorej powstaja odpowiedne pochodne
azobenzenu zwykle z duzymi wydajnosciami [80,81]. Wybrane pochodne aniliny 4a-d
utleniono do odpowiednich N-nitrozo pochodnych 5a-d za pomocg tagodnego, nietoksycznego
utleniacza jakim jest Oxone (s6l potrdjna - 2KHSOs-KHSO4-K2SOs) w dwufazowym
roztworze rownych objetosci wody oraz dichlorometanu. A nastepnie bez wyodrebniania z
surowej mieszaniny reakcyjnej przeprowadzono reakcje kondensacji z odpowiednig pochodng

kwasu orto-, meta- lub para-aminobenzoesowego (Rysunek 15).

NH, NO
R1\©/R3 a R1\©/R3 b sti;'/Rz aaR;=R,=R3=H
— —_— ANy b:Ry=R;=H,R,=F
HOZC{;/ R, c:R{=R,=F,R3=H
Ry Ry
4a-d 5a-d

d:R1=R3=F,R2=H
o, m, p - 6ad

Rysunek 15. Schemat $ciezki syntetycznej przeprowadzonej w celu otrzymania pochodnych
0-, m-, p-6a-d. (a) Oxone, dichlorometan/woda (1:1 v:v), (b) kwas orto-, meta- lub para-

aminobenzoesowy, AcOH, 24h.
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Produkt reakcji — azobenzeny o-, m-, p-6a-d wydzielono z zastosowaniem chromatografii
kolumnowej. Drugi etap syntetyczny zakladal kondesacje N-deacetylokolchicyny 7 z
otrzymanymi uprzednio azobenzenami o-, m-, p-6a-d. Reakcja ta podczas uzycia izomerow
meta- oraz para- azobenzendéw (m-, p-6a-d) przebiegla z zadowalajacymi wydajno$ciami
produktow (m-, p-8a-d). W reakcji z uzyciem izomeréw 0-6a-d uzyskano wiele produktow
ubocznych trudnych do oddzielania od spodziewanego produktu reakcji. W zwigzku z tym
zdecydowatem si¢ poddac reakcji N-deacetylokolchicyng 7 z chlorkiem kwasowym kwasu
2-aminobenzoesowego Ww obecnosci trietyloaminy, a nastepnic w kolejnym etapie
przeprowadzi¢ reakcje Baeyer—Mills’a z nitrozobenzenami 5a—d. Ta $ciezka syntetyczna

pozwolita uzyskac zaktadane zwigzki docelowe 0-8a-d (Rysunek 16).
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mp-8a:Ry=R;=R;=H (N-deacetylokolchicyna) 82 R. <R, < R 9'\;"8
mp-8b:R;=Ry=H, Ry =F ora TR
mp-8c:Ry=Ry,=F, Ry =H 0'8b:R1:R3:H,R2_—F
mp-8d:R;=R;=F, R,=H 0-8c:Ry=R;=F,Ry=H
0-8d:R;=Ry=F,R, =H

Rysunek 16. Schemat $ciezki syntetycznej przeprowadzonej w celu otrzymania przetacznikow
molekularnych o-, m-, p-8a-d; (a) m-, p-6a-d, HATU, DIPEA, DMF, RT, 24h; (b) chlorek
kwasowy kwasu 2-aminobenzoesowego, NEt;, DCM, 0°C -> RT, 12h; (c) 5a-d, AcOH/DCM
(1:1 v:v), 24h.

2.2. Charakterystyka spektroskopowa otrzymanych pochodnych

Wriasciwosci spektroskopowe przetacznikow 0-, m-, p-8a-d sg zalezne od typu azobenzenu
(0-, m-, p-6a-d) wbudowanemu w strukture macierzystego farmakoforu — kolchicyny. Dlatego
tez dokonano oceny wlasciwosci spektroskopowych uzyskanych
azobenzendw przy uzyciu spektroskopii magnetycznego rezonansu jagdrowego (NMR) oraz
spektroskopii UV-Vis. Do naswietlania probek podczas eksperymentow uzyto samodzielnie
wykonanego zestawu diod LED (ang. light-emitting diode). Zestaw ten sktadat si¢ z ptytek, w
ktore wlutowano cztery rzedy po 6 diod LED. Sterowania praca odpowiednich ptytek
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umozliwiala platforma rozwojowa Arduino Uno (zawierajagca mikrokontroler) potaczona z
modutem 8 przekaznikoéw (Rysunek 17). Proces fotoizomeryzacji azobenzenow
0-, m-, p-6a-d nie ulega istotnym zmianom po kondensacji z czasteczkg kolchicyny. Zatozono,
ze promieniowanie ultrafioletowe spowoduje fotokatalizowang degradacje pochodnych
kolchicyny o-, m-, p-8a-d. Rzeczywiscie naswietlenie pochodnej p-8b promieniowaniem
ultrafioletowym o dlugosci fali A=365nm prowadzito do powstania ztozonej mieszaniny
produktow. Na podstawie uzyskanego wyniku potwierdzono, ze $wiatlo ultrafioletowe jest
niekompatybilne z przelacznikami molekularnym opartymi o strukture kolchicyny. Wobec tego
okreslono rozktad procentowy izomerow E oraz Z azobenzenéw o-, m-, p-6a-d dla stanu

fotostacjonarnego podczas cigglego naswietlania swiattem z zakresu swiatta widzialnego (390-

610nm) stosujac analize widm 'H oraz 1°F NMR

Rysunek 17. (@) Arduino Uno potagczone 2z modutem 8 przekaznikow.
(b) ptytka z wlutowanymi diodami LED. (c) zestaw podczas naswietlania ptytki do badan

biologicznych. (d) zestaw podczas naswietlania probowek do spektroskopii NMR.
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Rysunek 18. (a) Rozktad procentowy izomerow E / Z azobenzenéw 0-, m-, p-6a-d dla stanu
fotostacjonarnego z zakresu $wiatta widzialnego (A=390-610nm). (b) Widmo UV-VIS 500 uM
roztworu zwigzku 0-6d w DMSO po naswietleniu probki swiattem zielonym (A=535nm) oraz
bez naswietlania. (¢) Proces fotoizomeryzacji obserwowany jako zmiana absorbancji
50 uM roztworu zwigzku 0-6d w DMSO podczas naprzemiennego na$wietlania $wiattem

zielonym (A=535nm) i niebieskim (A=430nm) przez 5 minut.

Uzyskane wyniki podsumowano na Rysunku 18. Gdy stosowano $wiatto zielone (A=535 nm)
uzyskano fotokonwersj¢ izomeru E do izomeru Z z najwiekszg wydajnoscig. Natomiast, gdy
uzyto $wiatta niebieskiego (A=390 — 430 nm) uzyskano odwrotng fotokonwersje — niewielki
procent izomeru Z. Najnizszg zawarto$¢ procentowg izomeru Z otrzymano dla pochodnych
niezawierajgcych atoméw fluoru w swojej strukturze tj. pochodnych o-, m-, p-6a (odpowiednio
46%, 35% oraz 35% dla A=535nm). Pochodne o-, m-, p-6b-c zawierajagce w pozycji 4- oraz
2,4-atom fluoru wykazywaty jedynie nieznacznie wigkszy procent izomeru Z w stanie
fotostascjonarnym w stosunku do pochodnych o0-, m-, p-6a. Azobenzeny zawierajace
podstawnik fluorowy w pozycji 2,6- czyli 0-, m-, p-6d odznaczatly si¢ najwickszg zawartoscia
izomeru Z dla stanu fotostacjonarnego (odpowiednio 88%, 77% oraz 71% dla A=535nm). Po
okresleniu optymalnej dlugosci fali (dla ktorej stosunek izomerow Z/E jest najwigkszy)
zarejestrowalismy widma absorpcyjne UV-VIS dla 500 uM roztwordéw azobenzendéw 0-, m-, p-
6a-d w stanie podstawowym oraz w stanie fotostacjonarnym (A=535nm) w celu wizualizacji
oraz analizy pasma odpowiadajacego przejéciu n — =m° o niskiej intensywnosci. Jako
rozpuszczalnik  zastosowano dimetylosulfotlenek. Otrzymane dane spektroskopowe

podsumowano w Tabeli 3.
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Tabela 3. Dane spektroskopowe dla 500 uM roztwordéw zwiazkéw 0-, m-, p-6a-d w DMSO w
temperaturze 25°C. Rozklad izomeréw w stanie fotostacjonarnym zostal wyznaczony za
pomoca spektroskopii °F lub TH NMR (c = 10 mM in DMSO-d6). Czas poltrwania (t1/2) zostat
wyznaczony dla 100 uM roztwordéw zwigzkdéw 0-, m-, p-6a-d w DMSO w 37°C.

izomer (E)* izomer (2)°

Mnax (%) Amax (M%) Amax (N-%) AL (n—*) tz  PPSE° PPSES

Zwiazek

[nm] [nm] [nm] [nm] (1 (%) (%)
0-6a 324 448 440 8 6 95 46
0-6b 326 445 437 8 5 99 48
0-6C 330 444 433 11 23 96 66
0-6d 315 450 420 30 >48 97 88
m - 6a 321 437 429 8 >48 94 35
m - 6b 322 431 423 8 >48 95 32
m - 6¢ 326 440 423 17 >48 96 46
m - 6d 315 448 417 31 >48 96 77
p - 6a 330 447 440 7 17 91 35
p - 6b 330 446 440 6 16 99 47
p-6c 334 448 437 11 23 93 47
p - 6d 322 454 421 33 >48 91 71

a — przystosowany termicznie; b — PPS po na$wietleniu $wiattem zielonym (535nm); ¢ — procent izomeru (E) w stanie

fotostacjonarnym dla A=430nm; d — procent izomeru (Z) w stanie fotostacjonarnym dla A=535nm.

Obserwowano intensywne pasmo odpowiadajace przejéciu 1 — m przy 315 — 334nm oraz
pasmo o mniejszej intensywnosci odpowiadajace przejéciu n — n° przy okoto 445 nm dla stanu
podstawowego (izomer E). Po naswietlaniu probki $wiattem zielonym (A=535nm,
powodujacym fotoizomeryzacje E — Z) nastepuje spadek intensywnosci pasma m — m oraz
wzrost intensywnosci pasman — nt . Co jednak istotniejsze dla zwigzkéw 0-, m-, p-6d na skutek
wprowadzenia podstawnika fluorowego w pozycji 2,6- powodujacego stabilizacje
niewigzacych par elektronowych wigzania azowego, zaobserwowano znaczng separacj¢ (o
okolo 30nm) pasma odpowiadajagcemu przejéciu n — =n” dla stanu podstawowego oraz stanu
fotostacjonarnego (A=535nm) dzigki czemu mozliwa jest selektywna fotoizomeryzacja
obydwu izomerow z zastosowaniem S$wiatla widzialnego. Zastosowanie naprzemiennego
naswietlania §wiattem niebieskim (A=430nm) oraz zielonym (A=535nm) roztworéw badanych
zwigzkow pozwala na fotoodwracalng izomeryzacje E <> Z bez zauwazalnej degradacji badz
dezaktywacji zwiagzkow. Jako, ze syntezowane pochodne kolchicyny miaty zosta¢ zastosowane

w badaniach biologicznych sprawdzona zostata ich stabilnos¢ w warunkach zblizonych do
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warunkéw obecnych w hodowlach komoérkowych (pozywka o wysokiej zawartosci glukozy,
4mM stezenie L-glutaminy, 10% dodatek DMSO, naswietlanie badanego roztworu impulsami
swiatta niebieskiego (A=430nm) lub zielonego (A=535nm) o czasie trwanie 500 ms co 15
sekund przez 48 godziny). Nie zaobserwowano zadnych zmian w widmie UV-Vis
wskazujacych na degradacje badanych zwigzkow. Obserwowano jedynie zmiane w widmie
zwigzang z fotoizomeryzacja E <> Z. Wszystkie badane przetaczniki molekularne wykazywaty
znacznie wolniejszg spontaniczng relaksacje izomeru Z do izomeru E niz skala czasowa
procesow  biologicznych  w  zywych  komérkowych  (czas  péltrwania  w

37 °C wynosit od 5 do ponad 48 godzin).

2.3.  Ocena aktywnosci cytotoksycznej na wybranych liniach nowotworowych.

Kolchicyna jest aktywnym inhibitorem polimeryzacji tubuliny, co prowadzi do zatrzymania
cyklu komorkowego w fazie mitozy, a nastgpnie $mierci komorki. Oczekiwano, ze
fotochromowe przetacznik molekularne zawierajace w swojej strukturze fragment kolchicyny
0-, m-, p-8a-d beda wykazywac¢ podobng aktywnos¢ antyproliferacyjng. Dlatego postanowiono
oceni¢ aktywno$¢ cytotoksyczng otrzymanych dwunastu pochodnych kolchicyny w warunkach
naswietlania §wiattem niebieskim (A=430nm — wicksza zawarto$¢ izomeru E) oraz §wiatlem
zielonym (A=535nm — wigksza zawarto$¢ izomeru Z). Do naswietlania hodowli komorkowych
wykorzystano samodzielnie zbudowany uktad 24 diod elektroluminescencyjnych (LED) o
niskiej mocy sterowanych za pomoca ptytki drukowanej Arduino. Tak skonstruowany oraz
zautomatyzowany system umozliwil precyzyjne, pulsacyjne oswietlanie ptytek do hodowli
komorkowych w dtugookresowych (>24 godzin) testach biologicznych. W pierwszym kroku
przeprowadzono przesiewowa ocen¢ aktywno$ci biologicznej badanych zwiazkéw na
nowotworowej linii komorkowej MCF-7 (ludzki gruczolakorak piersi). Dla zwigzkow
wykazujacych zalezng od §wiatta cytotoksyczno$¢ rozszerzono badania o lini¢ nowotworowsa
HCT116 (ludzki gruczolakorak jelita grubego) oraz lini¢ nienowotworowa HEK?293 (ludzkie

komorki embrionalne nerki). Otrzymane wyniki zostaly podsumowane w Tabeli 4.
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Tabela 4. Stezenie hamujgce zywotno$¢ komorek w 50% wyznaczone ha podstawie testu MTT.

ICso ICso0
Zwiazek Linia komérkowa (A=430nm) (A=535nm) stosunek ICso
(nM) (nM)
p—8a MCEF-7 (N=1) 48 +2 44 +2 1.1
p—8b MCEF-7 (N=1) 44 +1 43 +1 1.0
p-8c MCEF-7 (N=3) 50+1 36+1 1.4
p-8d MCEF-7 (N=1) 55+1 54 +1 1.0
m—8a MCEF-7 (N=1) 31+2 27 +1 1.1
m —8b MCEF-7 (N=1) 42 +1 40+1 1.1
m — 8¢ MCEF-7 (N=1) 49+1 47 +1 1.0
m—8d MCE-7 (N=1) 45 +2 46 + 1 1.0
0-8a MCEF-7 (N=1) nc nc nc
0-8b MCEF-7 (N=1) nc nc nc
0-8c MCEF-7 (N=1) 183 +2 174 +1 1.1
0o-8d MCEF-7 (N=3) 184 +4 126 £2 1.5
0-8d HCT116 (N=2) 187 +9 97 £2 1.9
0-8d HEK293 (N = 3) >250 >250 -
Kolchicyna MCE-7 122 - -
Kolchicyna HCT116 11° - -

a — bez naswietlania [82]; b — bez naswietlania [83]; nc — nie obliczono

Wszystkie badane zwigzki wykazywaty silng aktywnos$¢ antyproliferacyjng (ICso w zakresie od
27 do 187 nM) co wskazuje, ze wprowadzenie ugrupowania azobenzenowego do struktury
kolchicyny nie wptywa w znacznym stopniu na wigzanie si¢ z tubuling ani na przenikanie przez
btone cytoplazmatyczng. Dla serii zwigzkoéw zawierajgcych wigzanie azowe w pozycji meta m-
8a-d zaobserwowano zblizong aktywnos$¢ cytotoksyczng zarowno w warunkach naswietlania
Swiatlem zielonym jak i niebieskim. Dla zwigzkéw 0-8a-b otrzymano wyniki o duzym
rozrzucie, ktore uniemozliwiaty wyznaczenie wartosci ICso. Natomiast w przypadku izomeroéw
para- oraz orto- zauwazono dwa zwigzki p-8c oraz 0-8d roznigce si¢ W cytotoksycznos$ci w
zaleznos$ci od warunkow naswietlania. Podczas nas§wietlania $wiatlem zielonym (A=535nm —
stan fotostacjonarny z przewaga izomeru Z) p-8c oraz 0-8d wykazywaty wicksza aktywnosc¢
cytotoksyczng niz podczas naswietlania $wiattem niebieskim (A=430nm — stan fotostacjonarny
z przewagg izomeru E). Dla najbardziej obiecujacego zwigzku 0-8d zauwazono okoto
dwukrotny wzrost aktywnosci antyproliferacyjnej wobec komoérek HCT116 pod wplywem
naswietlania $wiattem zielonym w porownaniu do naswietlania Swiattem niebieskim (Rysunek

19a).
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Rysunek 19. (a) Krzywe przezywalnosci komorek linii HCT116 dla zwigzku 0-8d podczas
naswietlania $wiattem zielonym (A=535nm) lub niebieskim (A=430nm). (b) Wplyw
naswietlania $wiattem zielonym (A=535nm) lub braku naswietlania na polimeryzacje
oczyszczonej tubuliny. Roztwor 5 uM kolchicyny oraz kosolwent (DMSO) zostaly uzyte jako
odpowiednio pozytywna i negatywna kontrola.

2.4. Zaburzenie polimeryzacji tubuliny oraz wewnatrzkomérkowej organizacji

mikrotubul w sposob zalezny od Swiatla

Aby doktadniej zbada¢ molekularny mechanizm zaleznej od $wiatta aktywnosci cytotoksycznej
0-8d, przeanalizowano wplyw badanego zwigzku na polimeryzacje tubuliny w testach in vitro
z uzyciem oczyszczonej tubuliny. W stanie fotostacjonarnym z przewagg izomeru Z (po
naswietleniu $wiattem zielonym) 10uM roztwor 0-8d spowodowat okoto 40% inhibicje
polimeryzacji tubuliny w poréwnaniu do kontroli (odnoszac si¢ do DMSO jako 0%), podczas
gdy 10uM roztwor 0-8d zawierajacy jedynie izomer E spowodowal jedynie okoto 30%
inhibicj¢ polimeryzacji tubuliny. Dla pordwnania, 5 uM roztwor kolchicyny spowodowat okoto
70% inhibicji polimeryzacji tubuliny (Rysunek 19b). Aby zweryfikowa¢ wplyw zwiagzku 0-8d
na cytoszkielet mikrotubularny in vivo, przeprowadzono 24-godzinng inkubacje komorek
HTC116 z dodatkiem DMSO (kontrola) lub 0-8d, a nastepnie zwizualizowano go za pomoca
immunofluorescencji oraz fluorescencyjnej mikroskopii konfokalnej. Wszystkie probki
komorek byly naswietlane zielonym lub niebieskim $wiatlem podczas inkubacji. Jako
dodatkowa pozytywna kontrole zastosowano komorki traktowane 20 nM roztworem
kolchicyny bez naswietlania. W obu prébach kontrolnych zaobserwowano, ze komorki
niedzielace si¢ miaty gesta, dobrze rozwinigta sie¢ mikrotubul interfazowych, natomiast
komorki dzielace si¢ tworzyly prawidlowe dwubiegunowe wrzeciono mitotyczne (Rysunek

20a,b). Podobny fenotyp komorek zaobserwowano dla komorek inkubowanych z 100 nM oraz
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120 nM roztworem 0-8d, ktore naswietlano niebieskim $wiattem (Rysunek 20c,e). Natomiast,
w komorkach poddanych dziataniu 100 nM roztworu 0-8d i naswietlonych zielonym $wiattem,
cytoszkielet mikrotubularny byt tylko nieznacznie zaburzony w stosunku do préby kontrolne;.
Jednak zaobserwowano wigcej dzielacych sie komorek, u ktorych struktura wrzeciona
mitotycznego byta czesto nieprawidlowa, z wigcej niz dwoma biegunami lub nieprawidtowo
rozmieszczonymi mikrotubulami. (Rysunek 20d). Fenotyp ten byt jeszcze bardziej widoczny
w komorkach inkubowanych z 120 nM roztworem 0-8d i naswietlanych $wiatlem zielonym
(Rysunek 20f). Podobne zmiany zaobserwowano w komorkach inkubowanych z 20 nM
roztworem kolchicyny (Rysunek 20g). W celu weryfikacji tych obserwacji przeprowadzono
analiz¢ odsetka faz cyklu komorkowego w komorkach linii HCT166 z uzyciem cytometrii
przeptywowej FACS (ang. Fluorescence-Activated Cell Sorting; Rysunek 21). W prébach
kontrolnych okoto 31-34% komorek byto w fazie G1, 22-26% w fazie S, oraz 25-26% w fazie
G2/M. Zaobserwowano rowniez okoto 10-11% komorek poliploidalnych oraz 5-6% komorek
bedacych w stadium apoptozy. Dla komorek inkubowanych z 100 nM roztworem 0-8d oraz
naswietlane $§wiatlem niebieskim zaobserwowano podobng dystrybucje faz cyklu
komorkowego jak w probach kontrolnych. Natomiast w hodowli komorek inkubowanych z 100
nM roztworem 0-8d oraz nas§wietlanych §wiattem zielonym niemal dwukrotnie wigcej komoérek
znajdowato si¢ w stadium apoptozy (okoto 11%) lub w fazie G2/M ~40%. Podobny efekt
zaobserwowano dla 20 nM roztworu kolchicyny (zwigkszenie liczby komoérek bedacych w

fazie G2/M do okoto 45%; Rysunek 21).
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Rysunek 20. Analiza obrazu cytoszkieletu komoérek HTC116 po inkubacji z DMSO, 0-8d lub

kolchicyng.  Komorki  znakowano  przeciwcialem  monoklonalnym  przeciwko
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a-tubulinie (kolor zielony) oraz przeciwcialem przeciwko acetylowanej a-tubulinie (kolor
czerwony). Jadra komoérkowe wybarwiono DAPI (kolor niebieski). Wstawki pokazuja
powiekszenie struktury wrzeciona mitotycznego. Powigkszenia pokazuja struktury wrzeciona
mitotycznego. Skala na obrazach = 10pum. Komoérki kontrolne naswietlano $wiattem (a)
niebieskim lub (b) zielonym. Komoérki wykazuja gesty mikrotubularny cytoszkielet i normalny
ksztalt komorki. Widoczna jest gesta sie¢ mikrotubul oraz normalny ksztalt wrzeciona
mitotycznego. (c¢) Komorki inkubowane z 100nM roztworem zwigzku 0-8d naswietlane
$wiattem niebieskim. Cytoszkielet mikrotubularny zblizony do proby kontrolnej. (d) Komorki
inkubowane z 100nM roztworem zwigzku 0-8d naswietlane $wiatlem zielonym. Wrzeciona
mitotyczne czgsto wykazujg aberracje, wielobiegunowos$¢ 1 nieprawidlowe utozenie, a komorki
sg zaokraglone. (e) Komorki inkubowane z 120nM roztworem zwigzku 0-8d naswietlane
$wiatlem niebieskim. (f) Komorki inkubowane z 120nM roztworem zwigzku 0-8d naswietlane
$wiattem zielonym. Obecnych jest wiele komorek mitotycznych z nieuporzadkowanym i/lub
prawie catkowicie zdepolimeryzowanym wrzecionem mitotycznym. (g) Komorki inkubowane
z 20 nM roztworem kolchicyny. Uktad wrzecion mitotycznych jest podobny jak w komoérkach

inkubowanych z 100nM roztworem zwigzku 0-8d naswietlanym $wiattem zielonym.
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Rysunek 21. a) Analiza faz cyklu komoérkowego komoérek HTC116 po inkubacji z DMSO,
roztworem 0-8d lub roztworem kolchicyny i po wystawieniu na dziatanie $wiatta niebieskiego
lub zielonego. Wykresy przedstawiaja reprezentatywng analize cytometrii przeptywowej dla
kazdej probki. W tabeli przedstawiono $rednig z co najmniej dwoch eksperymentow dla kazdej
probki. Wzrost w stosunku do kontroli oznaczono kolorem czerwonym i strzatka w gore, a
spadek kolorem niebieskim i strzatkg w dot. Co istotne zwigkszenie stezenia 0-8d do 120 nM
spowodowato dalszy wzrost ilo$ci komorek bedacych w fazie G2/M do okoto 60% dla komorek
bedacych rownocze$nie naswietlanych $wiattem zielonym. Natomiast w populacji komorek
inkubowanych z takim samym stezeniem 0-8d ale naswiectlane $wiatlem niebieskim
zaobserwowano zblizony procent komoérek bedacych w fazie G2/M (~29%) co w probie
kontrolnej (~25%), jednakze zaobserwowano zwickszong liczbe komodrek apoptotycznych

(~11%).
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WNIOSKI ORAZ PODSUMOWANIE

Podsumowujac w pracach przegladowych [P1] [P2] omdéwiono budowe oraz dynamiczng
niestabilno$¢ mikrotubul oraz czynniki biologiczne regulujace stabilno$¢ oraz dynamike
mikrotubul takie jak modyfikacje potranslacyjne tubuliny oraz ekspresja roznych izotypoéw
tubuliny. Nastepnie skupiono si¢ na czynnikach chemicznych regulujacych stabilno$¢ oraz
dynamike mikrotubul, w szczegolnosci zwigzkach bedacych pochodnymi (izomerami oraz
izosterami) stilbenu. Omowiono w szczegdlnosci zwigzki oddzialujace z domeng
kolchicynowa. W nastepnej cze$ci rozprawy doktorskiej zaprezentowano koncepcje
fotofarmakologi oraz fotoprzelaczalne inhibitory/stabilizatory dynamiki mikrotubul z
szczegblnym uwzglednieniem zwigzkow zawierajagcych fragment azobenzenu w swojej
strukturze.

W pracy eksperymentalnej [P3] zaprojektowano i zsyntetyzowano biblioteke czeSciowo
nieopisanych wczesniej w literaturze, dziewigciu pochodnych stibenu, dziewigtnastu
pochodnych dibenzo[b,floksepin oraz nieopisanych wcze$niej w literaturze dwunastu
fotochromowych przetagcznikow molekularnych opartych na strukturze azobenzenu
potaczonego z kolchicyna, ktore powodujg zaktocenie dynamiki mikrotubul.

Dla pochodnych stilbenu oraz dibenzo[b,f]loksepin przeprowadzono badania dokowania
molekularnego do heterodimeru af-tubuliny, aktywnosci cytotoksycznej otrzymanych
zwigzkow na liniach komorkowych zaréwno nowotworowych jak i1 prawidlowych oraz
przeprowadzono analize struktury cytoszkieletu mikrotubularnego za pomocg metody
immunofluorescencji. Na podstawie otrzymanych wynikoéw wykazano, ze pochodne stilbenu
odznaczaly si¢ wyzsza aktywnoscig cytotoksyczng niz pochodne dibenzo[b,floksepin. Indeks
selektywnos$¢ w stosunku do komoérek nowotworowych (HCT116 i MCF7) w poroéwnaniu do
komoérek nienowotworowych (HEK293 1 HDF-A) =zostal okreSlony dla zwigzkow
wykazujacych najwigksza aktywno$¢ cytotoksyczng — czterech pochodnych stilbenu (1a, 1c,
1d, 1i) oraz trzech pochodnych dibenzo[b,floksepin (2i, 2j, 3h). Na podstawie dokowania
molekularnego i wizualizacji  cytoszkieletu — mikrotubularnego  udowodniono, zZe
cytotoksyczno$¢ otrzymanych molekut byla zwigzana z oddzialywaniem z tubuling 1 w
konsekwencji depolimeryzacja mikrotubul.

W nastegpnej czesci badan [P4] zaprojektowano oraz syntezowano dwanascie

fotochromowych przetacznikow molekularnych opartych na strukturze kolchicyny

50



0-, m-, p-8a-d. Wtasciwosci spektroskopowe tych zwigzkdéw sg zalezne od typu azobenzenu
(0-, m-, p-6a-d) wbudowanego w strukture macierzystego farmakoforu — kolchicyny. Dlatego
tez dokonano oceny wiasciwosci spektroskopowych uzyskanych azobenzendéw przy uzyciu
spektroskopii magnetycznego rezonansu jadrowego (NMR) oraz spektroskopii UV-Vis.
Naswietlanie falg elektromagnetyczng o dlugosci A=535 nm powoduje fotokonwersj¢ izomeru
E do izomeru Z. Natomiast $wiatlo niebieskie (A=390 — 430 nm) skutkuje odwrotng
fotokonwersja — niewielki procent izomeru Z. Opracowane przetaczniki molekularne mogg by¢
fotoizomeryzowane za pomocg $wiatta widzialnego, zamiast promieniowania UV, ktore jest
stosowane w Kklasycznych przetagcznikach molekularnych. Jest to kluczowe, poniewaz
kolchicyna ulega degradacji pod wptywem promieniowania UV. Co wigcej, promieniowanie
ultrafioletowe jest rowniez szkodliwe dla organizméw zywych i moze prowadzi¢ do
uszkodzenia DNA w zdrowych komoérkach. Za pomocg testu MTT wyznaczono aktywnos$¢
cytotoksyczng otrzymanych pochodnych kolchicyny w warunkach naswietlania $wiattem
niebieskim (A=430nm — wigksza zawartos¢ izomeru E) oraz §wiattem zielonym (A=535nm —
wigksza zawarto$¢ izomeru Z). Dla wiodacego zwigzku, 0-8d, wykazano zalezng od swiatta
cytotoksyczno$¢ zarowno w linii komorkowej] HCT116, jak 1 MCF-7 (zwigkszenie aktywnosci
cytotoksycznej podczas naswietlania Swiattem zielonym). Na podstawie przeprowadzonych
badan wykazano okoto dwukrotny wzrost aktywnosci antyproliferacyjnej zwigzku 0-8d wobec
komorek HCT116 pod wptywem naswictlania $wiattem zielonym. Inhibicja polimeryzacji
oczyszczonej tubuliny oraz zaburzenie organizacji mikrotubul podczas inkubacji z zwigzkiem
0-8d potwierdzaja, ze przetgcznik molekularne oparte na strukturze kolchicyny moga by¢
uzywane jako $wiatloczute zwigzki zaktocajace dynamike mikrotubul.

Podsumowujac, udowodniono, ze fotochromowe przetaczniki molekularne oparte na
strukturze kolchicyny stanowig podstawe do dalszych badan i rozwoju nowych klasy
$wiattoczutych inhibitorow polimeryzacji tubuliny, ktore moga znalez¢é zastosowanie w

przysztych badaniach i aplikacjach klinicznych.
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Abstract: Microtubules (MTs), highly dynamic structures composed of o- and p-tubulin heterodimers,
are involved in cell movement and intracellular traffic and are essential for cell division. Within the cell,
MTs are not uniform as they can be composed of different tubulin isotypes that are post-translationally
modified and interact with different microtubule-associated proteins (MAPs). These diverse intrinsic
factors influence the dynamics of MTs. Extrinsic factors such as microtubule-targeting agents (MTAs)
can also affect MT dynamics. MTAs can be divided into two main categories: microtubule-stabilizing
agents (M5As) and microtubule-destabilizing agents (MDAs). Thus, the MT skeleton is an important
target for anticancer therapy. This review discusses factors that determine the microtubule dynamics in
normal and cancer cells and describes microtubule-MTA interactions, highlighting the importance of
tubulin isoform diversity and post-translational modifications in MTA responses and the consequences
of such a phenomenon, including drug resistance development.

Keywords: a-tubulin;  p-tubulin; microtubule; post-translational modifications; cancer;
microtubule-targeting agents (MTAs); tubulin-binding agents (TBAs); resistance

1. Introduction

Microtubules (MTs), which are dynamic cytoskeletal components, are hollow-tube filaments
usually built up of 13 protofilaments composed of a- and p-tubulin heterodimers connected by
noncovalent bonds (Figure 1). In eukaryotic cells, the initiation of tubulin polymerization, so-called
nucleation, is associated with the presence of templates, including the y-tubulin ring complex {(y-TuRC)
or newly severed microtubule ends (so-called seeds) [1]. The elongation of polymerizing microtubules
results in the formation of a microtubular network which is involved in many cellular processes, such as
cell movement, cell shape determination, distribution of organelles, intracellular transport, and the
formation of the mitotic spindle, the key structure in chromosome segregation during cell division [2,3].
Moreover, microtubules form skeletons of complex eukaryotic structures such as centrioles, basal
bodies, and cilia [4]. Not surprisingly, defects in microtubule assembly or properties can lead to severe
diseases, including cancer [5].
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Figure 1. Scheme of the structure of microtubules, tubulin heterodimers, and functional surfaces
of tubulin.

Performing such different functions requires both the stability of microtubules and the
ability to quickly respond to cellular cues by shortening or directional growth. Within the cell,
microtubule dynamics depends on three intrinsic factors: (i) the isotype of the incorporated «-
and B-tubulins (as in most organisms, tubulins are encoded by multiple genes) [6—10]; (ii) the type
and level of post-translational tubulin modifications [11,12]; and (iii) interactions with non-tubulin
proteins, so-called microtubule-associated proteins (MAPs) [13,14]. Besides the intrinsic factors that
generate heterogeneous MTs, extrinsic physical factors (e.g., temperature) and chemical factors,
so-called microtubule-targeting agents (MTAs; also known as tubulin-binding agents (TBAs),
microtubule-interfering drugs, anti-microtubule drugs, or microtubule poisons) can influence MT
dynamics. Taking advantage of the possibility to externally modulate MT dynamics, several
microtubule-targeting agents have been employed as chemotherapeutic agents [15-17].

The effect of an individual anti-tubulin/anti-microtubule compound on the polymer mass, stability,
and dynamics of microtubules is very complex. Basically, MTAs can be divided into two main
categories. Compounds of the first category (microtubule-stabilizing agents (MSAs)), after binding
to the tubulin heterodimer, increase the lateral interactions between heterodimers, which at high
compound concentration leads to increased polymerization and stabilization of MTs, resulting in
increased polymer mass within the cell. Compounds from the second group (microtubule-destabilizing
agents (MDAs)) decrease or inhibit mainly longitudinal interactions between heterodimers at high
concentrations, resulting in MT depolymerization and decreased polymer mass. Notably, at lower
concentrations used in clinical applications, both types of MTAs only finely tune MT dynamics, with no
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effect on polymer mass or overall cytoskeleton features [16,18]. To date, six binding sites are recognized
in the tubulin surface and numerous small molecules or macrocyclic compounds that alter intra- and
intertubulin interactions by binding with these pockets [18].

In this review, we focus on the factors that determine microtubule dynamics in normal and cancer
cells. We describe the microtubule-MTA interplay, highlighting the significance of the diversity of
tubulin isoforms and their post-translational modifications in MTA response, and the consequences of
this phenomenon, including the development of drug resistance. Due to the large number of chemical
compuunds used in cancer the.rapi es, this paper covers on]y a narrow range of molecules.

2, Structure of Tubulin: Molecular Basis of MT Dynamics

The 3D structure of microtubule subunits was resolved in 1998 [19]. That study and subsequent
studies showed that o- and B-tubulins share high structural similarity; both are composed of several
large secondary structures, including 10 B-strands (51-510) and 12 «-helices (H1-H12) linked by
loops [19]. Additionally, six small helices (H1', H2', H2”, H3", HY, and H11") are located on loops near
the larger structures [20]. Helices H1-H12 and strands 51-10 constitute the protein body, which can be
divided into three main domains: an N-terminal, also called a nucleotide-binding domain, a so-called
intermediate domain, and a C-terminal part. The N-terminal domain (amino acids 1 to ~205) comprises
six parallel f-strands (S1-56) alternating with a-helices (H1-H7) linked by loops. The intermediate
domain (aa ~206-381) is formed by three helices (H8-H10) alternating with four p-strands (S7-510).
The C-terminal domain (aa ~382 to ~451) is composed of two a-helices (H11-H12), followed by several
unstructured amino acids that extend beyond the globular part as the so-called tubulin tail [19,20].

The nucleotide-binding and intermediate domains form the main part of the globular protein
body with four distinguishable functional surfaces: plus end, minus end, H3 surface, and ML surface
(Figure 1) [19,21].

The plus and minus ends of adjacent tubulins bind to each other, participating in longitudinal
tubulin interactions necessary for the formation of both heterodimers and protofilaments. The minus
end surface includes the amino acids of helix H10 and loops H3-54, T7, and H10-59 (Figure 1). The plus
end is composed of residues from helices H1, H6, and H11; strand 53; and loops T3, T5, H6-H7, and
HI1-H12 (Figure 1). Therefore, the plus end surface also includes the nucleotide-binding pocket (NBF)
where GTF/GDP is tethered (Figure 1). Importantly, the c-tubulin plus end is tightly associated with
the minus end of the B-tubulin within the heterodimer and, thus, its NBI is permanently associated
with GTF (so-called non-exchangeable or N-site). Its precise function is unknown, although mutations
that alter the GTP-binding site on o can be highly deleterious [22]. By contrast, the -tubulin plus
end, including NBP, is exposed, allowing exchange of GTP to GDP (so-called exchangeable or E-site).
The GTP-bound dimer acquires a so-called curved conformation, which allows it to be accommaodated
at the microtubule tip. In fact, cryo-EM studies show that the microtubule tip has a slightly “open”
morphology (see Figure 1) (reviewed in [18,23]). After being incorporated into a microtubule wall,
a heterodimer acquires a so-called straight conformation, which requires “compression” of the a-tubulin
intermediate domain by moving S8 and 59 closer to H8 [24].

The hydrolysis of a-tubulin-GTP causes compaction of the heterodimer and sub-nanometer
shortening of the protofilament, changing longitudinal but not lateral forces within the microtubule [25].
Although GTP-to-GDP conversion is an important factor that regulates microtubule dynamics by
triggering conformational changes in tubulin dimer, several studies suggest that other tubulin regions,
including intermediate and C-terminal domains, could also be involved in this process [26-28].

The H3 and ML surfaces are involved in lateral interactions between heterodimers of neighboring
protofilaments, leading to the arrangement of the protofilments into a cylindrical structure [19]. The H3
surface consist of helix H3 and strand 53 as well as loops H1-B1, H2-B2, and H4-54, while the ML
surface contains helices H6, H9, and H10 and leops H6-H7, 57-HY (M-loop), and H9-58 (Figure 1) [19].

The secondary structures of the C-terminal domain, helices H11-H12, are organized into the
so-called outside of the tubulin, which in the MT, is exposed to the cytoplasm. The two helices form a
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surface on which microtubule-associated and motor proteins can bind [19,20], while the unstructured
C-terminal amino acids (10 in x-tubulin and 18 in p-tubulin) form the tubulin tail. This region is
particularly variable, showing the most amino acid sequence differences between tubulin isotypes
{Table 1). Such sequence divergence may provide the structural basis for the construction of specific
types of microtubules and determination of their particular properties and functions [19,20].

3. Intrinsic Factors Affecting Microtubule Dynamics

3.1, Tubulin Isotypes and Microbubule Dynamics

The human genome encodes seven a- and nine fj-tubulin isotypes [29]. As a consequence,
MTs composed of mixed combinations of a- and B-tubulin isotypes show tissue and developmental
stage specificity and different properties in different cell types [30,31].

Human a-tubulins belongs to four classes (out of nine characterized in mammals; see [32,33]):
al (isotypes ala and alb), aIll, alV (isotypes alVa and «IVb), and «VIII (Table 1). Interestingly,
two classes show tissue-specific distribution, with «lll restricted mainly to testis and oVIII to heart
and skeletal muscle, while the other two are widely distributed [34-39]. Although the tissue or cell
type-specific functions of a-tubulin isotypes were only recently addressed for several isotypes (xla in
neuron migration [40], alVa in platelets [41], and «VIIL in brain and testis [42]), the role of a-tubulin
isotypes in MT dynamics remains unknown.

Human p-tubulins belong to seven classes (out of nine in mammals): I-VI and VIII {Table 1).
From published data and the publicly available National Center for Biotechnology Information (NCBI)
database, it seems that the most ubiquitously expressed isotypes are BI, BIVb, BV, and BVIII, while
other p-tubulins have more specific tissue distribution (Table 1) [43]. Interestingly, although they are
widely distributed, I, BV, and BVIII were shown to have nonredundant roles in specific cellular or
developmental processes. The silencing of 31 expression in differentiating human neuroblastoma cells
was lethal, while depletion of BI in undifferentiated cells had no apparent effect on cell survival [44].
On the other hand, #VIII is essential for oocyte maturation and early embryo development [45].

BIL BIIL and BIVa are mainly expressed in the brain (Table 1) [43,46,47]. Accordingly, experimental
data indicate their specific role in processes related to the nervous system. The silencing of Bl inhibits
neurite outgrowth in differentiating neuroblastoma cells, while BIII was suggested to protect cells
against oxidative stress [44]. However, more recent data with the use of Tubb3 knockout mice
indicate that the BIII isotype functions in the process of axon growth and nerve regeneration [48].
An interesting observation was made for pIVa: mutations in this tubulin can cause dysfunction of
neurons, oligodendrocytes, or both [49].

Not much is known about the functions of other B-tubulin isotypes, BI1Vb and BVL The latter
shows slightly higher expression in bone marrow (Table 1) and is essential for the formation of platelet
cytoskeleton (reviewed in [50]); in many publications, the TUBB1 gene product, following protein
names in the database, is called £1 or (3-1 instead of BVI).

How do particular o - and f-tubulin isotypes relate to MT dynamics? The answer to this question
came from studies focusing mainly on the comparison of the properties of three neuronal isotypes, BII,
[BIIL and BIV. The molecular surfaces of tubulins are very similar, considering the level of amino acid
similarity, which for a-tubulins reaches approximately 90-95%, and is slightly lower for §-tubulins at
~B5-95% (with BVI being the most divergent, with approximately 75% similarity to other isotypes).
Most amino acid substitutions are accumulated within the C-terminal tubulin tail (Table 1), suggesting
that this part could be responsible for the potential variation of properties of tubulin isotypes and,
subsequently, the differences in MT dynamics [29]. However, several [ isotypes also have unique
substitutions in other regions important for the formation of functional surfaces and pockets.
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Table 1. Features of human tubulin isotypes.

. Cell
':'ubulm Gene Name Expression Type-Specific Sequer!ce of' Reference
solype F - C-Terminus
unctions
ala TUBATA ubiquitous “:Lg;‘::gn VEGEGEEEGH [40,51]
alb TUBAIB ubigquikous VEGEGEE [52]
ale TUBAIC ubiguitous ADGFEDEGE [53]
celllc TUBASC testis VEAEAEEGEER [54]
allle TUBAJE testis VEAEAFEGEA 55]
alVa TUBA4A ubiquitous platelet YEDEDEGEL [41,56]
biogenesis
high: heart and
skeletal muscle
maoderate: brain, . . - e
WV i EEENEGEE 342,57
wVIIl TLBAS testis, and thyreid spermatogenesis FEEENEGEEF [3542,57]
very low: all other
tissues
survival of
Bl TUER ubiquitous differentiated FEEEDFGEEAEEEA [43,44,58]
neuroblastoma
high: brain neurite
E TLIBR2 . = a EFEEEEG 43,4450
Glla TLIEB2A very I(:i:suysl other outgrowth DEQGEF! GEDEA [43.44.59]
high: brain neurile
2 ey Lo ; EG 43,44, 60
[S1115] TUBB2E very I(:i:;‘:-]: other oulgrowth DEQGFEFEEEEGEDEA [43,44,60]
- moderate: brain ovidative stress — — — 2 .
Bl TUBE3 P axomand nerve  EEPGEMYEDDEEEESEAQGPK [43,44,48,61]
: regeneration
high: brain neurons and
BIVa TUBBIA moderate/low: other  aligodendrocyte FEGEFEEEAFFEVA [43,49,62]
tisses function
ubiquitously
expressed
TUBR4B/ high: testis, bone N—— 47 £
BNV TUBEXC marrow, and heart EEEGEFEEEAEEEVA 143,63]
mmaderate/low: other
tissures
- related to
BY TUBES ”“q“}:‘::s‘“ low | eletal muscle NDGEFAFFDEEEFIDG [43,54,65]
regeneration
very bow level in all
Hssues, highest in platelet . - y
v EEDEEVTEEAEMEPEDE: 43,
VI TUBB1 bone marrow and cytoskeleton VLEEDEEVTEEAEMEPEDKGEH [43,66]
spleen
very low in all |11a‘)lc:'£1lfcm
VI TUBBS tissues, highest in " EEEEDEEYAEEEEVA A7
& arly
bestis cary
development

Blue: negatively charged amino acids, red: positively charged amino acids, vellow: C-terminal tyrosine residue,
purple: phosphorylatable residue, ¥ sequences were taken from the NCBI database.

Among the investigated B-tubulin isotypes (BII, BIII, and BIV), BII is the most divergent,
with substitutions in globular protein body including: (i) helix H3 (serine in positions 124 and 126 is
substituted by cysteine and asparagine, respectively), (i) loops H1-52 and H2-53 (structures involved
in the formation of H3 surface), (iii) structures located proximal to the ML surface (H6-H7 loop
threonine 217 and 57-H9 loop serine 275 substituted to alanine) [68], and (iv) T7 loop (minus end
surface) near colchicine-binding site (cysteine 239 substituted by serine). Moreover, the C-terminal
tail of BII1 is very divergent. It contains positively charged lysine (Table 1) and a phosphorylatable
serine [69,70]. These variations are potentially important for the overall tubulin structure; in fact,
an atomic model of Blll-containing MTs shows slight but significant displacement of the H1-52 loop
and part of the ML surface-forming structures with respect to fllI-containing MTs [68]. However, how
(3111 substitution relates to its specific properties is mainly unknown.

For more than two decades, it has been known that MTs assembled from GIII tubulin are more
dynamic than MTs containing (31 or IV [9]. More recent data indicate that the main difference is caused
by the significantly increased catastrophe rate (depolymerization) of BIll-containing MTs [27,71,72],
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while the growth rate seems to be similar [27,71] or only slightly lower [72]. The dynamic features of
MTs assembled with specific isotypes were retained when the C-terminal tails of BII and BIII were
interchanged, indicating that the dynamic properties of these two tubulins are “encoded” within the
main globular protein body [71]. Remarkably, not only dynamics, but also resistance to depolymerizing
factors and structural features vary between pll- and Blll-containing MTs, with the former showing
lower resistance to depolymerizing agents and more protofilaments in the MT wall (14) than the
latter (BIII contains 13 protofilaments and shows more resistance to depolymerizing factors) [68].
lnl‘eresl'ingly, when two populal‘i(.ms of tubulin heterodimers are mixed with different stoichinrnetry,
assembled MTs show intermediate dynamics [68,71,72].

On the other hand, at low tubulin concentration, the MTs nucleate much more slowly if the
tubulin heterodimers contain BIII-tubulin compared to BII or BIV. Interestingly, this difference can be
abolished by the proteolytic removal of C-terminal tail [8]. This result indicates that although it is not
crucial for dynamic tubulin properties, the tubulin C-terminus can influence other features that could
be important for MT cytoskeleton formation within the cell.

To summarize, growing evidence indicates that the intrinsic properties of tubulin isotypes,
the expression of specific isotypes, and their ratio within the cell are significant factors influencing
MT dynamics.

3.2. Post-Translational Modifications of Microtubules

Tubulin modification sites, modifying enzymes, and functions of post-translational modifications
(PTMs), including the impact on MT dynamics, have recently been broadly reviewed [12,33,73,74].
Thus, here, we will only briefly summarize how PTMs affect MT dynamics.

Both x- and p-tubulin undergo a number of post-translational modifications that change the
properties of the free tubulin heterodimers and microtubules. Tubulin PTMs can modulate MT dynamics
directly or indirectly by influencing the interactions between MTs and microtubule-interacting proteins
(which can stabilize, destabilize, or cut microtubules).

While for the vast majority of modifying enzymes, a tubulin heterodimer already incorporated into
the microtubule lattice is a preferred substrate, in some cases, free fubulin heterodimers are effectively
modified. The latter can affect the binding of tubulin heterodimers to the microtubule plus end and,
thus, affect microtubule growth and stability. For instance, acetylation of lysine 252 of §-tubulin by San
acetyltransferase slows down the rate of tubulin incorporation into the microtubule and consequently
reduces the rate of MT assembly [75]. Phosphorylation of serine 172 of B-tubulin by minikinase/DYRK1a
(neurons) or cyclin-dependent kinase Cdk1 (mammalian mitotic cells) inhibits the incorporation of
tubulin heterodimers [76,77], while heterodimers containing alc-tubulin phosphorylated at serine
165 assemble more effectively than unmodified ones [78,79]. Serine and threonine residues of a- and
B-tubulin can also be modified by O-Gle-NAcylation [80,81] and, in vitro, such modified tubulins are
not incorporated into microtubules [81].

The presence of differentially modified MTs within the cell is crucial in the assembly, disassembly,
and rearrangement of the microtubular cytoskeleton [52]. Newly polymerized dynamic microtubules
are highly tyrosinated (besided «IVa, tyrosine is encoded in the C-terminus of a-tubulins, see Table 1),
With time, the tyrosine is removed by the vasohibin family, VASH1 and VASH2 tubulin detyrosinases,
generating so-called detyrosinated tubulin. Detyrosinated tubulin is found in spindle and is essential
for correct chromosome congression [#3]. Glutamic acid residue, which is the most frequent penultimate
residue in a-tubulin, can also be removed by cytosolic carboxypeptidases, irreversibly forming so-called
A2-tubulin [84-87]. After depolymerization, free detyrosinated a-tubulin can be re-tyrosinated by
tubulin tyrosine ligase (TTL) [58,89].

The a-tubulins I, II, I11, IV, and VII have a lysine at position 40. Acetylation of lysine 40 residue
by a-tubulin N-acetyltransferase 1 (ATAT1) has been known to mark stable microtubules [90-93].
The modification is reversible, and tubulin deacetylation is carried out by histone deacetylase 6
(HDACS6) [4] and Sirt2 deacetylase [95]. Recent analysis using high-resolution cryo-electron microscopy
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showed that the acetylation of lysine 40 restricts the range of motion of the loop containing K40, likely
weakening the lateral contacts between protofilaments [96] and thus increasing MT flexibility [97,95].

Polyamination of a- and B-tubulin by a transglutaminase causes the formation of hyperstable,
cold-resistant microtubules. This modification is important for neuronal development and axon
maturation [99]. The positions of the main polyamination sites near the GTP pocket (glutamine 15 in
f-tubulin) and e-tubulin minus end suggest that tubulin polyamination could affect GTP binding or
hydrolysis and microtubule lattice stabilization [99].

G]}tc}r]ation and glutam}rlal‘iun of o- and B-tubulin can occur as mono- or po]yrnodificat‘iun_ and
glyeyl or glutamyl residues are ligated to the glutamic acid residues within the C-terminal tail [73,92].
These tubulin modifications are catalyzed by enzymes related to TTL, called tubulin tyrosine ligase-like
(TTLL) [73]. The reverse reaction {deglutamylation) is carried out by cytoplasmic carboxypeptidases
(CCPs). To date, the identity of tubulin deglycylase remains unknown [92].

3.3. Microtubule-Associated Proteins and Microtubule Dynaniics

Microtubule-associated proteins (MAPs) are another intrinsic factor affecting microtubule
dynamics (reviewed in [100-102]). Generally, MAPs function as MT stabilizers or destabilizers; however,
stabilization/destabilization of MTs can be achieved by affecting one of several processes, including
MT nucleation [1] and stabilization/destabilization of the MT ends [2] or of the MT lattice [102,103].
For this reason, MAPs are divided into several functional categories: (i) microtubule nucleators,
(ii) MT end-bind ing proteins, (iii} lattice-bi nding proteins also known as structural MAPSs, (iv) enzymes
severing or depolymerizing microtubules, and (v) motor MAPs (kinesin, dynein) that generate forces
and use microtubules as tracks for intracellular transport [102]. Intriguingly, some MAPs can participate
in several MT dynamics-related processes. For example, XMAP215 can be classified as both an MT
nucleator and a plus end-binding protein [1,2] while kinesin-13 family proteins are motor proteins
that bind to microtubule plus ends and have MT-depolymerizing properties [104,105]. Because MAPs
form a large class of proteins and a number of high-quality reviews on this topic are already available,
we will only provide a short overview of these proteins, highlighting the relationship between MAPs
and MT dynamics.

Microtubule nucleators enhance the initiation of MT formation from both y-TuRCs and
microtubule seeds and stabilize growing MTs. This category of MAPs includes XMAP215/CKAPS, TPX2
(targeting factor for Xklp2), DCX (doublecortin}, CAMSAP {calmodulin-regulated spectrin-associated
protein)/Patronin, CLASF (cytoplasmic linker associated protein), and p150Glued proteins [1,23].
They are believed to act mainly as enhancers of longitudinal and lateral contacts between tubulin
dimers [1]. Interestingly, TPX2, besides its nucleating activity, also suppresses MT depolymerization
and shrinkage, and thus increases MT stability [106].

Proteins that bind to MT ends are specific to either the plus (so-called +TIPs [107]) or minus
end (so-called —TIPs [108]). Plus TIPs belong to approximately 20) different families of proteins [107].
EB (end-binding) proteins form a core of +TIP network and the majority of studies suggest that they
stabilize or protect the MT plus end [107]. EB proteins interact with both the MT plus end and other
+TIP proteins that can be either stabilizers (as CLIP-170 (cytoplasmic linker protein 170)/CLIP1 and
CLASP proteins), destabilizers (as kinesin-13 family proteins), or polymerases (as XMAP215 protein).
Within the cell, the interplay between these proteins results in MT growth or shrinkage (reviewed
in [2,23,107]).

Stathmin-1, also known as Op18 (oncoprotein 18), binds to the MT plus end but is not included in
the +TIP protein class. It was first discovered as an oncoprotein highly expressed in some types of
leukemia, breast, and ovarian cancers [109]. Stathmin-1 causes a decrease of the MT polymer mass
by two mechanisms: (i) by binding two tubulin dimers in a curved conformation and inhibition of
their incorporation inte microtubule and (ii) by interfering with the lateral bonding between tubulin
subunits, leading to destabilization of the microtubule tip and MT shrinkage [110,111].
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A recently described class of ~TIP, includes CAMSAP proteins and the KANSL complex [108].
In mammals, CAMSAFP proteins protect the MT minus end against the depolymerizing activity of
kinesin-13. Additionally, CAMSAP2 and 3 proteins decrease the rate of tubulin incorporation at the
minus end, decreasing its dynamics [112]. The functions of KANSL complex are still unknown [108].

The lattice-binding MAPs include classical MAPs, MAP1, MAP2, MAP4, MAPS, MAPY, and
Tau, which promote polymerization, stabilization, and bundling of microtubules (reviewed in [102]).
They also regulate the association of MTs with other cytoskeletal fibers, organelles, and membranes,
and influence the ratio of transport a]ung MTs and MT severing b}' physicall}r blocking the access
of motors and severing enzymes. Additionally, structural MAPs can regulate the number of MT
protofilaments [102]. Interestingly, it seems that MAP6 has unique properties and functions as itis a
microtubule luminal protein and protects MTs against drug and cold-dependent destabilization [113].
With the exception of MAP4, which is a ubiquitous protein, and the expression of MAF7 in epithelial
cells, the expression of structural MAPs is mainly restricted to the brain [114].

Microtubule organization is also regulated through the microtubule-severing proteins katanin,
spastin, and fidgetin, whose activity can lead to MT shortening or even depolymerization, but also to
the formation of numerous microtubule seeds that serve as MT nucleation templates and free tubulin
dimers that can be incorporated into new microtubules. Therefore, severing activity can have both a
negative and positive effect on MT dynamics and microtubule polymer mass (reviewed in [103]).

Itshould be noted that, within a cell, the organization and dynamics of MTs is a result of the interplay
between tubulin isotypes, their posttranslational modifications, and microtubule-associated proteins.
For example, tyrosination increases the affinity of MT to the stabilizing protein, CLIP-170/CLIP-1
but, also to depolymerizing proteins from the kinesin-13 family [115-117]. Similarly, tubulin
polyglutamylation affects the interactions of MT with several MAPs, including Tau, MAP1, and MAPZ,
but also with MT-severing proteins [118-120].

4. Extrinsic Factors Affecting Microtubule Dynamics

4.1. Microtubule-Targeling Agents

The surface of the globular part of tubulins contains several pockets that can be intercalation sites
for MTAs., These compounds, while embedded in the tubulin structure, can alter the microtubule
dynamics. This feature of MTAs is used in cancer therapy, as it was shown that treatment of cancer
cells with MTAs led to the mitotic arrest and consequent cell death [18,121]. Many MTA compounds
are produced by plants, fungi, and invertebrates as a natural defense against antagonists, competitors,
or parasites (for a review, see [122]).

Currently, six MTA-binding sites, named after the main compounds with affinity to them, have
beem described (Figure 2). Four pockets are located on B-tubulin: taxane, laulimalide/peloruside,
vinca, and maytansine sites. The colchicine site is islocated near the intradimer interface between
the o~ and @-tubulin subunits, while the pironetin site is a binding pocket located on the a-tubulin
surface (for a review, see [15]). Taxane and laulimalide/peloruside sites bind compounds that stabilize
microtubules (MSAs), while the other four pockets accommodate factors that destabilize MTs (MDAs).
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Figure 2. Location of the microtubule-targeting agent (MTA)-binding site on tubulin and the MTA
mechanism of action. Microtubule-stabilizing agents (MSAs) (taxane and laulimalide/peloruside-site
ligands) promote microtubule (MT) growth (red arrow) by stabilizing lateral contacts between
neighboring heterodimers (see text). MDAs inhibit MT growth and destabilize MTs (crossed out black
arrow) by inhibiting addition of new heterodimers at the MT plus end (maytansine- and pironetin-site
ligands) or by inhibiting transition of heterodimer structure to straight conformation (colchicine- and
vinca-site ligands) (see text).

4.2. Tubulin Pockets

4.2.1. Taxane Site

Paclitaxel, a tetracyclic diterpenoid originally isolated from Taxus brevifolia in the 1960s [123],
was approved for the treatment of ovarian cancer in 1992 by the US Food and Drug Administration (FDA)
as Taxol®. Now, paclitaxel is produced by a semi-synthetic route by modifying 10-deacetylbaccatins
III derived from the European yew Taxus baccata [124].

Paclitaxel and its derivates are used in diverse cancer therapies and are characterized by high
neurotoxicity, myelosuppression, poor water solubility, and the occurrence of multidrug resistance
(MDR) in treated tumors (see below). This led to the search for and discovery of other compounds that
enhance microtubule stabilization, including epothilones A, B, and D; discodermolide (DDM) and the
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DDM-paclitaxel hybrid KS-1-199-32; dictyostatin; taccalonolide A and ]; and zampanolide (Figure 3)
(for reviews, see [18,125,124]).

S
S
o DS
o S
rT
Epithilone B Epithilone D) Zampanolide
:.l__ -'-._‘_,m
'S N
- oo 3
<, g
7 W M e e I
. B L. T e
L1 _rr A, ~ ("“ ~ A s
e P [
Discodermolide Docetaxel

Taccalonolide A Tacealonolide | Dhctyostatin Paclitaxel

Figure 3. Structure of docetaxel; epothilones A, B, and D; discodermolide (DDM), KS-1-199-32;
dictyostatin; taccalonolide A and J; zampanolide; and paclitaxel.

Epothilones A and B are macrolide drugs (natural products that consist of a large macrocyclic
lactone ring) produced by the myxobacterium Serangium cellulosum [127]. Unlike paclitaxel, they are
highly soluble in water and are not a substrate for P-glycoprotein, which actively transports drugs
out of the cell. A semi-synthetic derivate of epothilone B, ixabepilone, was approved for cancer
treatment [128,129].

Zampanolide, a sponge-derived macrolide, and taccalonolide A and ], polycyclic steroids isolated
from plants of the genus Tacca, were more recently discovered and are still under investigation, but are
promising antitumor drug candidates [130]. They both have the unique ability to bind covalently to
taxane-site residues asparagine 228/histidine 229 and aspartic acid 226 [130,131].

Taxane-site targets are used in the treatment of various cancers, including ovarian (paclitaxel),
breast (paclitaxel, docetaxel, larotaxel, ixabepilone), lung (docetaxel, epothilone B, larotaxel), bladder
(larotaxel), hormone-resistant prostate cancer (cabazitaxel), and others [128,129,132-137].

The taxane (Figure 2) site is located near the ML surface, on the “inside” side of the tubulin {which
in MT, faces the lumen), and is formed by hydrophobic residues of H7, 57, and loops H6-H7, 57-H9
(M loop), and 59-510 (Figure 2) [19,20,138]. All compounds (Figure 3) that bind to the taxane site form
hydrophobic and polar contacts with pocket amino acids and strengthen the lateral contacts between
heterodimers of adjacent protofilaments, leading to MT stabilization (Figure 2). The mechanism of
microtubule stabilization is compound-specific [25,131,135,139]. Several compounds that contain
side chains, such as epothilone A and zampanolide, engage with the M loop, stabilizing it into a
short helix [138]. Significantly, a similar helical conformation of the M loop was observed in native
polymerized MTs [25,138], indicating its importance in the formation of stable MT. Other compounds
(e.g., taccalonolide A and ]) cause displacement of the M-loop into a more open conformation,
facilitating lateral interactions between adjacent protofilaments [131]. By contrast, paclitaxel was
suggested to stabilize MTs via an allosteric mechanism by preventing dimer compaction after GTP
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hydrolysis [25,138]. A similar indirect effect was also proposed as an additional mechanism of MT
stabilization for taccalonolide AJ] and zampanolide [130,131].

4.2.2. Laulimalide/Peloruside Site

Laulimalide and peloruside A (Figure 4), macrolides originally isolated from marine
sponges (Cacospongia mycofijiensis and Mycale hentscheli, respectively) [140-142], are promising
non-taxane-site MSAs. Although high-resolution X-ray crystallography and cryo-EM have resolved
the tubulin-compound interactions in detail [138,143], biological investigation of these MTAs is still
ongoing [144-146].

OH

M L \ly

Laulimalide (-) - Peroluside A

Figure 4. Structure of laulimalide and peloruside A.

The laulimalide/peloruside site is positioned at the opposite side of the ML surface with respect to
the taxane site, i.e., the “outside” surface of the MT wall (Figure 2), and is formed by hydrophobic and
polar residues of H9 (including a short loop that divides HY into H9 and H9’), H10, and loop H10-59
of B-tubulin (Figure 2) [138,143].

After binding laulimalide or peloruside to the B-tubulin pocket, MTs are stabilized by two
main mechanisms which strengthen the lateral contacts between neighboring protofilaments. First,
the B-tubulin M loop shifts to an “open” conformation (without forming the regular secondary
structure). Second, the position of both agents within the pocket allows their interaction with the
H3 surface of the adjacent heterodimer, which leads to bridging of neighboring protofilaments
(Figure 2) [143]. In the case of peloruside A, an especially strong effect is observed in the seam, where
the lateral contacts are weaker. It was also proposed that both compounds fix structures located near
the M loop and, thus, have an additional allosteric effect on MT stabilization [143].

4.2.3. Vinca Site

The naturally occurring vinca alkaloids (vincristine and vinblastine) were discovered in periwinkle
(Catharantus roseus G. Don.) in the late 1950s (Figure 5). These are first-generation vinca alkaloids
that have achieved significant clinical progress [147,148]. The therapeutic success of vinca alkaloids
in the treatment of hematological cancers (mainly childhood leukemia) [149] led to the development
of diverse semi-synthetic analogs (Figure 5) [150], including vindesine, vinorelbine, and vinflunine,
the latter used for the treatment of solid tumors, particularly metastatic breast cancer [151]. However,
similar to taxanes, vinca alkaloids have severe side effects (peripheral neuropathies and reversible
myelosuppression) [152,153].

68



Molecules 2020, 25, 3705 12 of 36

Vincristine Vinblastine Vinorelbine Vindesine
- = I
i 2% 5 Y L,
ABTO A2y &
Crypthophycin 1 Rg;‘li;i;g:sinf Halichondrin B Erilubin/E-7389

5o

%yﬁfﬁf@ Jﬁ?ﬁ%ﬂd T

[
Sablidotin/ TZT-1027 Dolastin 15 Dolastin 10 Vinflunine

Figure 5. Structure of vincristine, vinblastine, vindesine, vinorelbine, vinflunine, dolastatin-10,
dolastatin-15, TZT-1027, cryptophycin 1, FK228, halichondrin B, and E-7389.

Besides vinca alkaloids, several other groups of compounds were also shown to target the vinca site,
including peptides, depsipeptides, and macrolides, and some have been used in clinical trials (reviewed
in [18,125,154,155]). Currently, vincristine and vinblastine are used for the treatment of breast cancer,
lymphomas, and sarcomas [150], vinorelbine for breast and lung cancer, sarcomas, and glioma [150,156],
vindesine for lung cancer [150], vinflunine for urothelial cancer [157,158], vintafolide (vinflunine and
folate) for lung, ovarian, and endometrial cancer [159], eribulin for liposarcomas, bladder cancer, and
metastatic breast cancer [160,161], and dolastatin 10 for solid tumors [162].

The vinca site is located at the plus end surface of i-tubulin and is formed by residues of Hé
and loops T5 and H6-H7; however, several agents also bind to H7 and p-tubulin-bound nucleotide
sites [163-165]. The vinca-site ligands also form connections with a-tubulin of the subsequent dimer,
interacting with its minus end surface structures, including H10, 59, and T7 loop [163].

The binding of ligands to the vinca site alter the surface of the B-tubulin plus end, forming a
so-called wedge (Figure 2) [163], thus interfering with the incorporation of new heterodimers at the
MT plus end. As a result, the plus end heterodimers remain in curved conformation, which inhibits
formation of the MT wall and leads to destabilization [163]. It was also shown that vinca-site ligands
can cause the formation of ring-like tubulin oligomers, decreasing the level of free tubulin available for
polymerization (Figure 2) [163,166]. Additionally, several vinca-site compounds were shown to have
an allosteric effect on the inhibition of lateral contacts between dimers by stabilizing the M loop in the
interaction-incompetent conformation [165].

4.2.4. Maytansine Site

Maytansine and its derivatives were first isolated from an African shrub, Maytenus cvatus [167].
They belong to the natural product group of maytansinoids, macrolides of the ansamycin type
(Figure 6). Later, other groups of compounds, including macrocyclic polyketides (disorazole Z,
Figure 6), macrocyclic lactones (rhizoxin, Figure 6), lactones (plocabulin, PM060184, Figure 6),
and macrocyclic lactone polyethers (spongistatin 1, Figure 6) were isolated.
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Itis worth noting that PM0&0184 is currently under clinical evaluation [168], while ado-trastuzumab
emtansine was recently approved for adjuvant treatment of patients with HER2-positive early breast
cancer [169] and was shown to prolong patient survival with a manageable safety profile [170].

The maytansine site is located in close vicinity to NBP and the vinca site, but is formed by other
structures, including H3, H11, H11', and loops H11-H11", T3, and T5 (Figure 2) [171].
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Figure 6. Structure of maytansinoid, disorazole Z, emtasine, rhizoxin, PM060184, and spongistatin 1.

_<a

The experimen tal evidence indicates that the inhibitory effect of maytansine-site ligands
is a direct consequence of the occupation of the f-tubulin pocket. In growing microtubules,
the maytansine-binding pocket of the MT plus end p-tubulin accommodates the minus end structures
of the a-tubulin of a newly added heterodimer, including 58, H8, and loop H10-59 [171]. Incorporation
of maytansine-site ligands prevent this interaction, impeding MT elongation (Figure 2).

4.2.5. Colchicine Site

Colchicine (Figure 7) was isolated from autumn crocus Colchicum antumnale. This alkaloid contains
three rings, of which rings A and C bind to (3-tubulin, while aromatic ring B binds to a-tubulin [172].
Colchicine-tubulin binding is a slow, strongly temperature-dependent, and practically irreversible
process [173]. Although colchicine has been used clinically in the treatment of nonneoplastic diseases
(gout, familial Mediterranean fever), neither colchicine nor other related compounds were successful
as chemotherapeutic agents owing to their severe toxicity to normal tissues at doses required for
antitumor effects [174,175].
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Figure 7. Structure of colchicine, combretastatin A-1, combretastatin A-4, OXi 4503,
fosbretabulin, ombrabulin, 2-methoxyestradiol, chalcone: trans-1-(2,5-dimethoxy)-3-[4 (dimethylamino)
phenyl]-2-methyl-2-propen-1-one (MDL 27048), podophyllotoxin, indibulin, and THS88.

Over the last few decades, compounds of low toxicity which target the colchicine site have
been reported (Figure 7), including derivatives of stilbenoid-combretastatins (combretastatin A-1
phosphate/OXid503, combretastatin A-1, combretastatin A-4, fosbretabulin, ombrabulin), chalcones
(MDL 27048), compounds with furonaphthodioxole skeleton (podophyllotoxin), derivatives of indole
(indibulin}, and natural metabolite of estradiol (2-methoxyestradiol). While no colchicine-site MTAs
are currently approved for cancer treatment, several are in phase I/11I clinical trials [174] (for a review,
see [175]).

Recently, a compound initially designed as MTH1 (Mut T homolog 1) inhibitor, TH588, was shown
to dock into the colchicine-binding pocket [176]. By reducing microtubule plus end dynamics,
this cyclopropyl analog affects tubulin polymerization, resulting in disruption of mitotic spindles,
prolongation of mitosis and, eventually, apoptosis [176—178]. Preclinical studies show promising
results for the use of TH588 as an anticancer drug [179,180].

The colchicine-binding site is located near the plus end surface of f-tubulin in the center of
the tubulin heterodimer at the interface between o- and -tubulin. It is a big pocket formed by the
hydrophobic and polar residues of H7, H8, 57, 58, and loop H7-HS (T7 loop) that can be divided into
three zones: central zone 2 and two accessory zones, zone 1 facing x-tubulin and zone 3 buried deeper
within the B-tubulin pocket [181,182],

Binding of colchicine-site ligands to heterodimer causes its stabilization in the curved conformation
(Figure 2) [181]. As mentioned, during MT polymerization, tubulin dimers at the MT tip undergo a
transition from curved to straight conformation, which requires a shift of several p-tubulin structures
(58-59 and HBS) closer to each other. As a result, the colchicine pocket is contracted [24,181]. While
the colchicine pocket is occupied by a ligand, such conformational changes cannot occur, making
colchicine ligand-bound heterodimer incompetent for polymerization [24,181].

4.2.6. Pironetin Site

Pironetin (Figure 8), a polyketide, is a natural product that was first extracted from fermentation
broths of Streptomyces sp. [183,184]. It is worth noting that pironetin is, to date, the only known
compound that exclusively targets the a-tubulin subunit and covalently binds to Cys316 of
a-tubulin [185,186]. The molecule and its derivates are currently under investigation and display
promising anticancer properties (reviewed in [1587]).
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Figure 8. Structure of pironetin.

The pironetin-binding site is the only known pocket on a-tubulin targeted by MTAs. Its main
part is formed by residues of 58, 510, and H7, but residues of 54, 55, and 56 also participate in the
ligand accommaodation [185]. The binding of pironetin leads to conformational changes of a-tubulin
within the minus end, including disordering of loop H7-H8 (T7 loop) and part of H8 [1585]. Since
these structures are required for the formation of longitudinal interactions within protofilaments, it
was proposed that pironetin prevents MT polymerization by the formation of assembly-incompetent
pironetin-bound tubulin dimers (Figure 2) [185].

5. Factors Affecting Microtubule Dynamics in Cancer Cells

Carcinogenesis is a multistep process involving, among other actions, a remodeling of the
cytoskeleton. The transformation from highly polarized epithelial cells to multipolar spindle-like
metastatic cells that are able to detach from the extracellular matrix and migrate requires
extensive reorganization of the cytoskeleton, including microtubules, during a process called
epithelial-mesenchymal transition (EMT) (for a review, see [185]). The abnormalities of mitotic
spindle and consequent aberrant cell cycle progression and division lead to genomic instability (for a
review, see [159]). Thus, it is not surprising that numerous alterations in tubulins, including mutations
and variations in isotype expression level, post-translational modifications, and MAFP composition,
were identified in cancer cells.

5.1. Tubulin Isotypes in Cancer and Anticancer Drug Resistance

Altered expression of tubulin isotypes is considered to be a hallmark in a range of cancers.
Analysis of clinical specimens has shown that in many cancers, a high expression of several p-tubulin
isotypes correlates with aggressive clinical behavior, chemotherapy drug resistance, and poor
patient outcome [121]. Strikingly, little is known about the level of tubulin isoforms in primary
nontreated cancers, while numerous studies indicate their variations after chemotherapy, especially
after taxane-based treatment [121]. In fact, some data show that in cancer cell lines, paclitaxel can itself
induce the expression of specific tubulin isoforms [190].

An increase in Bl expression was observed in several cancers, including breast, colon, and
kidney cancer, while its level was decreased in prostate cancer (Table 2) [43,191-193]. In the case of
ovarian cancer, the data are inconsistent as both increased and invariant levels of BI expression were
reported [43,191,194,195]. High Bl expression is associated with the acquisition of chemoresistance
to MTAs and poor prognosis in ovarian serous carcinoma and lung adenocarcinoma, but not in
lung squamous cell carcinoma [191,193,196]. Interestingly, recent data show that experimentally
lowering BI level by siRNA or mir-195 microRNA sensitizes adenocarcinoma cell lines to paclitaxel
and eribuline [193], indicating a direct correlation between 1 level and MTA resistance, at least in
non-small-cell lung adenocarcinomas.

Blla and b differ by only two amino acids and, thus, the expression of these two isotypes can
be distinguished at the RNA level but not at the protein level. Using PCR, it was shown that [1la
is increased in NSCLC, prostate, and ovarian cancers, and decreased in kidney, colon, and breast
cancers [43], while BIIb is increased in ovarian cancer and decreased in kidney, colon, and breast
cancers [43]. Increased lIb isoform was also recently associated with the metastatic stage of melanoma,
indicating its role in EMT transition [197]. BII was also examined at the protein level in several cancer
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types, including head and neck carcinomas (LASCCHN), ovarian carcinoma, colorectal cancer, and

breast cancer cell lines [194,196,198].

Table 2. Tubulin isotypes as survival and MTA-resistance prognostic markers in cancer.

High Level o{ Tubulin G Prognosis Roxt to Ref.
Expression
ala renal poor n/a 38]
alb hepatocellular carcinoma poor paclitaxel [199]
renal, breast n/a [38]
liver, renal, pancreatic, colon, ”
e breast, lung RAVE nfa 131
alVa liver poor nja (38]
Bl ovarian not determined paclitaxel [191]
breast not determined docetaxel [200]
. paclitaxel and :
NSCLC adenocarcinomas poor Sbus [193]
Bl breast not determined docetaxel [196,201]
g samemmsmcne ol not determined padlitaxel (191]
plla urothelial poor nja [38]
renal good nfa [38]
Blib endometrial poor n/a [38]
BT prostate poor docetaxel [202,203)
colon poor paclitaxel [204]
R poor after paclitaxel “a
bladder, cisplatin resistant chemotherapy nfa [205]
gastric poor nja [206]
Sy poor after taxane 207
gastric metastatic chemotherapy nfa [207]
paclitaxel,
uterine serous carcinoma poor sensitivity to [208]
epothilone
lung carcinoma cell line nfa epothilone [209]
NSCLC poor vinorelbine [210]
NSCLC stage II/IV poor vinorelbine [211]
good after
. cisplatin/vinorelbine 515
NSCLC stage Il adpavare nja [212]
chemotherapy
ovarian poor nfa [213]
ovarian clear cell carcinoma good after taxane [214]
based chemotherapy .
breast poor n/a [215]
breast not determined sensivily:ta [216] *
taxanes
. ? aiooa sensitivity to 917
metastatic breast invariant docetaxel treatment [217]
difference not . i
melanoma statistically significarit paclitaxel [218]
Blva endometrial poor nfa [38]
BIVb liver poor n/a [38]
thyroid, endometrial good nfa 138]
renal, X
Bv urothelial POOL a 138
good response to
NSCLC good paclitaxel and [219]
vinorelbine
breast not determined aeneivity to [216] *
taxanes

* only mRNA level was determined.

Similar to I, in lung adenocarcinoma, breast cancer, and breast cancer cell lines, an increased
level of BII was associated with resistance to MTA [191,196,201], while in LASCCHN, it was associated
with poor survival after chemotherapy [198]. By contrast, in taxane-treated ovarian carcinomas, poor
outcome is associated with a low level of BII [194]. Interestingly, silencing of BII by siRNA in NSCLC
adenocarcinoma and large-cell carcinoma cell lines increases cell sensitivity to vinca alkaloids but not
to paclitaxel treatment [220].
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In a number of cancers (mainly of epithelial origin)} BII was observed within the nucleus of both
cancer cells and nontransformed cells in tissues adjacent to the cancer [221]. Nuclear localization of 11
was recently associated with poor outcomes in colorectal cancer patients [222].

It was surprising when the neural tubulin isoform BIII, which increases MT dynamics (see above),
was discovered to be expressed in tumors with different origins. An analysis of the significant number
of different types of tumors revealed that the contribution of 3111 to the total tubulin pool depended
on the cancer type [223]. For example, in nearly 70-80% of the examined cases of small-cell lung
cancer, mesothelioma, NSCLC, adenocarcinoma and ]arge-cel] cancer, neuroendocrine pancreatic
cancer, malignant melanoma, and gallbladder carcinoma, BIII was expressed at high levels [223].
By contrast, 70-95% of cases of breast cancer, colon adenoma, stomach cancer, basalioma, Warthins
tumor, and hepatocellular carcinoma were $lll-negative [223].

In a wide range of tumors and cancer cell lines, including small-cell lung carcinoma, NSCLC,
ovarian, prostate, bladder, uterine, upper gastrointestinal, colon, pancreatic, LASCCHN, and gastric
cancer, Bl upregulation is associated with the development of resistance to taxane-based chemotherapy
and poor clinical outcome [121,200,202-208,210-213,215,223-233]. Moreover, an increased BIII level
was also shown to be associated with EMT and cell maotility of colon cancer cell lines [234].

The role of the BIII isoform in tumorigenesis was confirmed in a pancreatic cell line model.
Silencing of BIII expression by shRNA or mir-200c microRNA reduced cancer cell growth and
tumorigenic potential both in vitre and in vivo in orthotopic and xenographic pancreatic cancer mouse
models [190,230],

A high level of BIII is generally believed to be a bad prognostic marker for MTA resistance
and survival. However, it was recently shown that a paclitaxel-resistant NSCLC adenocarcinoma
cell line with increased PIII expression was sensitive to vinblastine and its analogs to the same
extent as “parental” cells with low taxane resistance and lower 11l expression [235]. This indicates
that plll-induced taxane resistance may not influence resistance to other MTAs. In contrast to these
observations, overexpression of BIII-tubulin in ovarian clear cell adenocarcinoma is a predictor of a good
response to taxane-based chemotherapy, and cases with higher BIII-tubulin expression are associated
with a significantly more favorable prognosis than those with lower plll-tubulin expression [214].
A similar observation was made for early stages (I/Il) of breast cancer [212].

Altered expression of the IV isotype was also reported in numerous cancers, including ovarian,
lung, prostate, breast, and kidney cancers and breast and lung cancer cell lines [43,191,194,196,220);
the data, however, are frequently inconsistent. For example, some data indicate decreased BIV in lung
and breast cancer [43], while studies on cancer cell lines indicate increased BIV expression, especially
in taxane-resistant cell lines [191,196].

Similar to BII, BIVb overexpression is associated with resistance to vinca alkaloids rather than
taxanes. In fact, siRNA knockdown of IVb B-tubulin expression in NSCLC and pancreatic ductal
carcinoma cell lines increases the response to vinca alkaloids [220,236]. Interestingly, downregulation
of BIVb was recently observed in an EMT-induced colon cancer cell line and transformation of
epithelium-like to spindle-like cell morphology in these cells was reversed by BIVb overexpression [237],

The level of BV expression was tested on RNA and protein levels. The level of BV RNA was
shown to be reduced in most tumors (colon, ovary, prostate, breast, lung) except for kidney [43], while
[V protein level was shown to be elevated in lung, breast, and ovarian cancers and decreased in
prostate cancer [238,239]. In NSCLC, a low level of 3V-tubulin was associated with poor prognosis
after paclitaxel-based chemotherapy [219].

Based on the available data, it appears that different -tubulin isotypes play specific roles in
the cancer cell response to extrinsic factors influencing MT dynamics. For example, in breast cancer
patients with both 3l and BIII upregulation, response to taxane-based therapy was poor; in the group
with a low level of both, the majority of patients responded well to the therapy, while in groups where
one B-tubulin isotype high and another low, the response was intermediate [200]. Similar, in NSCLC
patients with a low level of BV and high level of BIII expression, the outcome was much worse than in
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patients with high BV and low III, while patients with either a high or low level of both isotypes had
an intermediate outcome [219].

Thus, the outcome of levels and ratios of particular ( tubulin isotypes in terms of the progression
of carcinogenesis appears to be specific to tumor type.

MTA resistance in cancer could also be related to mutations of f-tubulin. However, analyses of
the clinical samples revealed that mutations in B-tubulin are either not present or very rare. Thus,
it seems unlikely that mutations in B-tubulin could play an important role in drug resistance (reviewed
in [240]).

Studies conducted on cell lines showed that mutations of predominating -tubulin isotypes within
the taxane-, colchicine-, and vinca-binding sites can be associated with altered MT dynamics and/or
resistance to MTA (reviewed in [240-242]), Most f-tubulin mutations located within close proximity
to the taxane-binding site did not change the affinity of tubulin to taxanes or epothilones, but probably
destabilized MTs in the absence of any drugs [242]. Only mutation at F270V, T2741, and R282N residues
were reported to have a direct effect on drug-binding affinity [242]. A similar effect was observed
when point mutations were located in the M-loop (T2741, R282Q) or in helix H9, which is essential for
interdimer interactions (Q292E) [242].

A recent study on a large number of samples of breast cancer tumors identified several mutations
in pI, plla, and BIVb tubulins in which a gene-encoded residue was replaced by the amino acid present
in the corresponding position in BIII [243]. It was proposed that such mutations could influence the
clinical outcome in a similar manner as overexpression of BllI-tubulin [243].

5.2, Microtubule PTMs and Cancer

Changes in the level of tubulin modifications were linked to tumorigenesis (Table 3) [29,244].
Downregulation of TTL and increased o-tubulin detyrosination were reported during the
epithelial-mesenchymal transition (EMT) that occurs during tumor invasion [245] in prostate cancer
cells [246], in aggressive subtypes of breast cancer cells [247], and in primary neuroblastomas with poor
prognosis [248]. The recent discovery of the vasohibin (VASH)/small vasohibin-binding protein (SVBF)
complex, reported as a detyrosinating enzyme, tubulin carboxypeptidase (TCP) [249,250], provides
new links between this tubulin modification and already known associations between vasohibin
dysfunction and cancer [251,252].

A high A2 x-tubulin level in non-small-cell lung cancer (NSCLC) cells was associated with
shorter overall patient survival and resistance to vinorelbine [211]. On the contrary, A2 a-tubulin was
undetectable in prostate cancer cell lines (LNCaP and PC3), but was present in control cells [246].

Tubulin acetylation is associated with several types of cancer. An increased level of acetylation
was reported in head and neck squamous cell carcinoma, for which it can be used as a prognostic
marker [253]. An elevated level of tubulin acetylation in breast cancer cell line (MCF-7) is associated
with the development of colchicine-resistance [254]. Additionally, a higher level of acethylated
tubulin in primary breast tumors is linked to the basal-like subtype of breast cancer, in which it
promotes adhesion and invasion of breast cancer cells, increasing the risk of disease progression and
death [255]. Overexpression of ATAT1 in cultured nonmetastatic lines of breast cancer cells promoted
the formation of microtubule-based membrane protrusions, structures characteristic of metastasis [255].
The level of microtubule acetylation was also shown to affect epithelial-mesenchymal transition and
cell polarity [256].

Recent studies provide evidence that phosphorylation of serine 21 of HDAC6 by G protein-coupled
receptor kinase 5 (GRKS) promaotes deacetylase activity in ovarian (Hela) and breast (MDA MB 231)
cancer cell lines. An increased level of acetylated a-tubulin sensitizes these cells to the anti-apoptotic
activity of paclitaxel [257]. The high expression of HDAC# was also linked to poor prognosis of oral
squamous cell carcinoma (QOSCC) [258], oncogenic transformation [259], and EMT [260)],
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Table 3. Alterations in tubulin post-translational modifications (PTMs) in cancer.
PMT Changes Cancer Outcome Reference
o, Bl [:HV-.i ubulin elevated level breast cancer cell lines paclitaxel resistance [261]
tyrosination
a-tubulin TTL down a increasing metastasis and ok
d A . breast cancer lines, Z [245]
etyrosination regulation tumor aggressiveness
non-epithelial tumor of tumor growth correlates (262
different origin with loss of TTL activity 2
impaired neuronal
primary neuroblastomas differentiation and poor [248]
prognosis
A2 a-tubulin elevated level prostate cancer cell lines nfa [246]
non-small-cell lung poor outcome, [211]
cancer vinorelbine resistance >
breast cancers high aggress:\*enef\\.s and (247]
POOT prognosis
N - . increased in cancer with o
A2  IVb-tubulin hepatic carcinoma (rat) respect to healthy liver [263]
HDAC6 ovarian, breast
a-tubulin acetylation epidermoid carcinoma  mitotic arrest, and cell death [259)
knockdown A
cell lines
HDACS inhibition nscle cell lines marker of better prognosis [264]
HDAC6. breast cancer good prognosis [265]
overexpression
o5 SQUAINIY el correlates with tumor stage [258]
carcinoma
MEC-17 lung cancer animal cancer cells migration and 12561
overexpression model facilitated invasiveness o
MEC17 higher tumor grade [256]
downregulation 3
elevated level of . 5
e C elate: ¢ 253
tubulin acetylation head and neck cancer  correlates with tumor grade [253]
T rE—— correlates with metastatic (255]
primar ) h phenotype o
breast cancer cell lines colchicine-resistance [254]
ovarian and breast . 1o )
% paclitaxel sensitivity [257
cancer cell lines
Glutamylation elevated levels prostate cancer cells n/a [246]
breast cancer cell lines colchicine-resistance [254]
Glycylation TILG " colorectal cancer risk factor for carcinoma [266]
2 downregulation development
Thosphorylation of dephospharylated breast cancer cell lines hfn]::::f::::;:i:d [267]
a-tubulin (Ser 165) (5165D) «-tubulin - potential > S

Phosphorylation of a-tubulin at Ser 165 residue by protein kinase C, in turn, stimulates microtubule
dynamics in human breast cancer cells [78,79,267]. It seems that phosphorylation of a-tubulin at Ser
165 can act as a switch that controls the expression of EMT markers in nontransformed human breast
cells and the rate of proliferation of breast tumors [79,267].

A few studies suggested that changes in the levels of tubulin glutamylation [246] and
glycylation [266] are observed during tumorigenesis. Some unusual post-translational modifications
have been detected in lung and hepatic cancers. The removal of the final two residues of the §
IVb-tubulin C-terminal tail was identified in more advanced stages of liver cancer and metastasis to
lung in a rat model of hepatic carcinoma [263].

5.3. Microtubule-Associated Proteins and Cancer

The data concerning MAPs in cancer are limited. Up to now, only a few MAPs, including
Stathmin-1, EB1, CLIP-170/CLIP1, and some structural MAPs, have been associated with cancerogenesis,
outcome prognosis, and chemotherapy sensitivity [268-271].

As already mentioned, Stathmin-1 was originally identified as an oncoprotein. Elevated levels
of Stathmin-1 is a poor prognostic factor in many cancers, including leukemia, prostate, breast,
lung, ovarian, cervical, endometrial, oral nasopharyngeal gastric, and colorectal cancers [272-280].
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Some studies suggested that the silencing of the Stathmin-1-encoding gene can inhibit cancer cell
migration and metastatic potential [281]. The data concerning correlation of the level of Stathmin-1
expression and resistance of cancer to chemotherapy are contradictory. Several studies show that
Stathmin-1 overexpression increases the sensitivity of breast and lung cancer cells to taxanes and/or
vinca alkaloids [252,283]. However, in epithelial carcinomas, nasopharyngeal carcinomas, breast cancer,
and esophageal squamous cell cancer, the increased taxane sensitivity was correlated with Stathmin-1
silencing [284-288]. Interestingly, not only the protein level but also its phosphorylation state was
correlated with Cancerogenesis and dmg resistance [289].

Increased levels of EB1 and CLIP-17(/CLIP1, two +TIP proteins, enhances paclitaxel sensitivity in
breast cancer cell lines and the response to taxane-containing therapy in patients [290,291]. On the
other hand, a decrease of CLIP-170/CLIP1 expression correlates with patients survival in the case of
glioma [292].

Structural MAPs have also been related with carcinogenesis. The expression of neuronal MAPs,
Tau, MAP2, and MAP4 was detected in non-neuronal cancer tissues. For example, Tau overexpression
observed in breast and ovarian cancer cells was correlated with a poor outcome [293-295], while
downregulation of Tau in breast and ovarian cancer cell lines increased sensitivity to paclitaxel [293,295].
Because Tau and taxanes bind to the same tubulin surface, it was proposed that Tau may compete
with paclitaxel for binding to f-tubulin, causing taxane ineffectiveness [293,295]. On the other hand,
in mice, docetaxel-sensitive pancreatic neoplasms show a higher level of Tau and MAP2 with respect
to those that are docetaxel-resistant [296,297].

MAP2 was proposed as a diagnostic marker in pulmonary neurcendocrine carcinomas,
some non-small-cell lung carcinomas [298], Merkel cell carcinomas [299], and oral squamous cell
carcinoma [300], but not in metastatic melanomas (while abundant in primary melanomas) [301].
Owerexpression of MAPZ2 in melanoma cell lines leads to microtubule stabilization, associated with
G2-M phase cell cycle arrest, growth inhibition, and cancer cell apoptosis, both in vitro and in a nude
mouse model [301,302]. Decrease of MAP2c accompanied with a decrease in fIII-tubulin expression
was also observed in vinca-resistant neuroblastoma cell lines [303].

Recently, also, MAP1B was shown to be expressed and a marker of a poor outcome in urothelial
cancer [270]. Silencing of MAP1B in urothelial cancer cell lines decreased the cell migration and
invasiveness [270].

An elevated level of MAP4 and resistance to vinca alkaloids have been observed in childhood
acute lymphoblastic leukemia (ALL) cells [304], while leukemia cell lines resistant to the epothilone
and hypersensitive to microtubule-destabilizing agents increased the levels of both MAP4 and 111
tubulin [305]. In esophageal squamous cell carcinoma, an increased level of MAP4 was shown to
be a poor outcome marker, and its intratumor silencing inhibited cell growth in nude mice [306].
Very similar observations were also made in lung adenocarcinoma [307].

An increased level of MAP7 is a marker of poor prognosis in leukemia and cervical
cancers [269,308,309]. Moreover, it was shown that MAP? promotes migration and invasiveness
of cervical cancer cell lines by inducing EMT transition [309].

6. Conclusions and Perspectives

Microtubule dynamics play a key role in the proper execution of cell division. Thus, it is not
surprising that a large number of MTAs have found application as clinical drugs against different
types of cancers. Unfortunately, MTAs are also toxic to healthy tissues. Therefore, reducing the
toxicity of anticancer MTAs and understanding the causes of cancer cell resistance are extremely
important. The main direction of research worldwide includes: (i) a comprehensive understanding
of the tubulin code in cancer cells and the selective manipulation of tubulin isotype expression [121],
(i) an improvement of the potency of drugs and increased tumor specificity [18], (iii) combination
therapy, with nanoparticles and anticancer drugs working synergistically to delay the onset of drug
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resistance [310], and (iv) the use of antibody—-drug conjugates (ADCs) as a potent class of anticancer
therapeutics that confer selective and sustained cytotoxic drug delivery to tumor cells.
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Microtubules {composed of - and [-rubulin heterodimers) ubiquitous cellular polymers are important compo-
nents of the cyteskeleten and play diverse roles within the eell, such as maintenance of cell strueture, protein
trafficking or chremosomal segregation during cell division. The polymers of tubulin play a pivetal role in mitosis
and are regarded as an excellent target for chemotherapeutic agents to treat cancer. This review presents & brief
overview of the synthesis and mechanism of action of new compounds targeting the dynamic of microtubule

tibiilin pelymerization/depolymerization. It is divided into the following parts: section | concerns largeling
microtubules- tubulin-binding drugs derivatives of stilbene. In section 11 there are presented photoswitchable
inhibitors of microtubule dynamics. Section 11T concerns using macrocyclic compounds as tubulin inhibitors. In
this review, the authors focused primarily on reports produced inthe last five years and the latest strategies in this

field.

1. Introduction

Mictotubules ubiquitous cellular polymers are important compo-
nents of the cytoskeleton and play diverse roles within a cell such as
maintenance of cell structure, protein trafficking or chromosomal
segregation during mitosis [1,2]. These are cylindrical polymers
composed of - and p-tubulin heterodimers (subunits). The dimensions
of a heterodimer are; 4nmx5nm x 8nm and its molecular weight is
about 100 kDa. These subunits associate longitudinally to form proto-
filaments and the protofilaments associate laterally to genmerate a
microtiabile. As a result of the association, most often of 13 protofila-
ments, a microtubule forms hollow tubes (hollow rods) whose length
reaches several micrometres [3]. The result of this type of polvmeriza-
tion is that the two ends differ in their kinetics of attachment. At the
so-called "plus” end, polymerization and depolymerization are faster
than the "minus” end [4]. The ends of microtubules undergo rapid
lengthening and shortening by the addition and removal of tubulin
heterodimers, a phenomenon termed ‘dynamic instability” (Scheme 1),
Dynamic instability results from the hydrolysis of GTP bound to
f-tubulin during or shortly after polvmerization, which reduces its
binding affinity for adjacent molecules. Growth of microtubules con-
tinues as long as there is a high concentration of tubulin bound o GTP.

* Corresponding author.
E-mail address: h @eh.pw.edu.pl (H. Krawezyk).

https://doi.org/10. 1016/, biopha. 2020.110973

Mew GTP-bound tubulin molecules are then added more rapidly than
GTP is hydrolyzed, so a GTP cap is retained at the growing end. How-
ever, if GTP is hydrolyzed more rapidly than new subunits are added, the
presence of GDP-bound tubulin at the end of the microtubule leads to
disassembly and shrinkage. Microtubules play a pivotal role in cell di-
wvision and are regarded as an excellent target for chemotherapeutic
agents Lo treal cancer,

The compounds that targer microtubules and disrupt the normal
function of the mitotic spindle have proven to be one of the best class of
cancer chemotherapeutic drugs available in clinics to date. This group
includes tubulin-binding agents, containing the Vinca alkaloids (e.g.,
vinblastine (1) and vincristine (2}, used to treat breast cancer, lym-
phomas, sarcomas or vinorelbine (3) administered in breast, lung can-
cer, sarcomas) interfering with microtubule structure as destabilizers,
and the taxanes (e.g., paclitaxel (4) and docetaxel (5) treating ovarian,
breast cancer, lung cancer and many others) which promote microtubule
stabilization preventing their disassembly (Fig. 1), Because these com-
pounds have been widely discussed in the literature [5-9] we focused
primarily on the last five vears of research and the latest strategies in this
field [10-14]. We concentrated on novel derivatives as potent of
microtubule-targeting agents (MTAS), on azo compounds and investi-
gation of photopharmacology and macrocyclic compounds and their
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a) Structure of microtubules b) Dynamic instability of microtubules

Polymerisation Depolymerisation
p-Tubulin @ Tubulin dimer g Tubulin dimer
a-Tubulin @ bound to GDP boundtoGTP 8

Scheme 1. a) Structure and b) dynamic instability of microtubules.

4 5
Fig. 1. The chemotherapeutic drugs: vinblastine (1), vineristine (2), vinorelbine (3), paclitaxel (4) and docetaxel (5).

activity as MTAs. distinguished. One of them was created based on the binding site of a
given compound to a specific region of a heterodimer. The tubulin-

2. Targeting microtubules- tubulin-binding drugs derivatives of binding sites for microtubule targeting agents are: taxanes site, lauli-
stilbene malide /peloruside site and vinca alkaloids site, colchicine site, may-
tansine site and pironetin site [9]. Considering the mechanism of action,

Microtubule-targeting agents, constitute a various group of mole- there are two major types of microtubule targeting agents; a) microtu-

cules that bind to microtubules and affect their properties. Two general bule stabilizers (stabilizing binders - “microtubule-stabilizing” -
classifications of substances interacting with microtubules are increasing the microtubular mass)) - compounds bonding to sites of
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9 10 "

Fig. 2. The tubulin inhibi ing the colchicine binding site: colchicine (6), L in A-1 (7), b in A-4 (8), Oxi4503 (9), Fosbretabulin (10)
and Ombrabulin (11).

OMe

OMe NO, MeO. OMe
O i O OH O OH O OH o
o z z z
O NO, O NO, O NO, »

NO, NO, NO,

12 13 14 15 16
Fig. 3. The biologically active stilbene (12-15) and dibenzo[b, floxepin derivatives (16).

taxanes and of laulimalide/peloruside, and b) microtubule destabilizers colchicine (6) binding site (¥ig. 2). Such compounds e.g. com-
(destabilizing binders)- compounds bonding to sites of Vinca alkaloids, bretastatins analogs (Fiz. 2): combretastatin A-1(CAl, 7) and com-
colchicine, maytansine and pironetin [15]. It should be noted that both bretastatin A-4 (8) and their three prodrugs of monosodium phosphate
types of MTAs inhibit the dynamic instability of tubulin polymerization. salt two CA-1 P (Oxi4503, 9) [19] and CA4P (Fosbretabulin, 10) [20] or
There are some marked tubulin inhibitors - paclitaxel/taxol (4) [16], amino derivative AVE8062 (Ombrabulin, 11) [21] have been exten-
vinblastine (1) [17] and vincristine (2) [18]. They interact with tubulin sively studied [19 22]. They can be transformed into the active com-
with the taxane or vinca alkaloid binding sites. However, currently there ponents CA1 and CA4 in vivo [22], and have therapeutic advantages over
have not yet been approved drugs of tubulin inhibitors targeting the and vinca alkaloids, They can be administered orally, have less

a)

[o]
N n'\P° OIPEA, DOX \qu‘;r\fo de
Pl NJS ~¢ HATY NJ\S " "g\o w 9%

Fmoe-GPLGL Fmoc-GPLGL- DOX(MQ»DOX) 9

Fig. 4. a) Connecting combretastatin A4 nanodrug with MMP9-activated doxorubicin prodrug MMP9-DOX-NPs - nanodrug CA4-NPs (PLG-CA4, 17): b) Synthesis of
Fmoc-GPLGL-DOX (MMP9-DOX, 17a) (according to [35]).
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Fig. 5. The structure of photoresponsive hybrid prodrug (18) with which DOX
part A amd CA4 part B were covalently bonded.

drug-drug interaction potential, and are less prone to develop
multi-drug resistance [£]. Some studies have been suspended due to lack
of effects [24] or withdrawn due to the expected inability to recruit
study participants in a reasonable amount of time [25] or due to limited
funding [26]. Currently, only one research of OXi4503 is included in
clinical trials - in phase 1. It focuses on the maximum tolerated dose of
OXi4503 as a single agent and in combination with intermediate.dose
cytarabine in subjects with relapsed/refractory Acute Myelogenous
Leukemia or Myelodysplastic Syndromes [27].

Krawezyk et al. conducted a study concerning the synthesis and
search for biologically active stilbene [25] and dibenzo[b, floxepin [29]
derivatives. Dibenzo[b,floxepines have in their skeleton a (Z)-stilbene
motif (like combretastatins). Moreover, dibenzo[b,floxepine is an
important scaffold in medicinal chemistry, Its derivatives exhibit ang--
depressive [20], antipsychotic [21], anti-estrogenic [32], antitumor
[33] and ant-inflammatory [34] properties. The authors examined
substituted stilbenes and discovered that compound (12) (Fig. 3) is
effective against glioblastoma US7 cells with 1Cg, of 48.93 pM after 48 h.

For active compounds, 1C5p values were the lowest after 48h of
Cervical cancer Hela treatment for four stilbenes (12-15) and one
dibenzo[b,floxepin (16) and amounted 3.50, 17.18, 6.97, 17.05 and
18,54 pM, respectively, It is currently unclear if these compounds bind
tubulin, because only melecular docking studies were performed. The
interaction of (12) - (16) at colchicine binding site can be observed,
There are also promising studies on different forms of combretastating e.

= 0
£ 9
L O
MeO OMe o O
OMe Ho
19 20
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g. nanodrug (CA4-NPs, PLG-CA4, 17, Fig. 4) [35]. This compound was
built of a poly (L-glutamic acid) and combretastatin-A4 and its thera-
pentic  effect was examined and compared with commercial
combretastatin-A4 phosphate (CA4P) in a murine colon C26 tumor.
PLG-CA4 showed significantly prolonged retention in plasma and tumor
tissie.

The authors observed that the PLG-CA4 was mainly distributed
around the tumor vessels and that its tissue penetration in solid tumors
was low. Tumor suppression tests indicated that PLG-CA4 treatment
resulted in a tumor suppression rate of 74 % and the rate of the CA4P
group was 24 %. The authors also developed methods for the sequential
delivery of CA4-NPs and MMP9-DOX-NPs (17a, matrix metal-
loproteinase 9 (typical tumor-associated enzyme)- activated doxoru.
bicin prodrug, Fig. 4a) to enhance tumor-selective drug release in cancer
therapy and which exhibits enhanced antitumor efficacy with reduced
systemie toxicity compared with the noncooperative controls [36], The
MMP9-activated doxorubicin prodrug (Fmoc-GPLGLDOX, MMPS-DOX)
was synthesized by conjugation of doxorubicin to Fmoe-GPLGL
(Fig. 4b). MMP9-DOX was then encapsulated in methoxy poly
(ethylene glycol)-b-poly(l-glutamic acid-co-i-phenylalanine) nano-
particles to yield MMP9-DOX-NPFs. It was demonstrated that the com-
bination of CA4-Nps MMP3-DOX-NPs exhibited superior anticancer
efficacy compared with monotherapy. Recent studies of combretastatins
focus on the combination of photoresponsive hybrid prodrug (18) that
containg both doxorubicin (DOX, part A, Fig. 5) and combretastatin A4
(CA4, part B, Fig. 5) [37]. This is in order to apply photoremovable
protecting groups (PPGs) in the field of combination chemotherapy.

When a sequential light stimulation strategy was applied for hybrid
by 405 nm light for DOX and by 365 nm light for CA4 there was observed
triggered drug release. Prodrug (18) improved exhibited significant
eytotoxicity (cell viability assay) for MDA-MB—231 cells (human breast
adenocarcinoma) compared with DOX and CA4 alone treated groups in
both irradiated and nonirradiated conditions.

The search for tubulin inhibitors has also been conducted with de-
rivatives of resveratrol, which is one of the most widely studied bioac-
tive plant polyphencls having anti-cancer properties. The authors [35]
showed that the derivative of resveratrol (19) (Fig. 6), induced cyto-
toxicity in several cancer cell lines ex vive with an ICsp value of 3-5 pM.
Investigation of the effect of (19) in non-small cell lung cancer cell line
(A549) and T-cell leukemic cell line (CEM) demonstrated that it
inhibited tubulin polymerization during cell division causing cell cycle
arrest at GZ/M phase of the cell cycle in 12-18h period. Besides,
immunofluorescence smdies proved mitosis arrest after treatment (19)
and indicated that this molecule binds to tubulin with a dissociation
constant of 0.414 = 0,11 pM. In turn, docking studies confirmed that
(19) interacts with tubulin in colehicine binding site. ARA et al. [39]
presented a report regarding the development of a novel and primary
model of synthesized sulfonamide compounds encompassing a chro-
mene azo motif with the intent of becoming applicable for drug candi-
dates in the cases of drug-resistant pathogens. The obtained molecules
(20) and (21) (Fig. 6) were evaluated for their antibacterial and anti-
fungal activities and their eytotoxic screening was performed against
three cancer cell lines: human colon cancer cell line, human liver cancer

F
® o ®
-4 9
CN HN'ﬁ MN=M ]
] 3 (1]
07 “NH, HO' 07 NH,

21

Fig. 6. The structures of derivative of resveratrol (19) and azosulfonamide molecules (207 and (21) [destabilizing binders- compounds bending to sites

of colchicine).
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not yet at the stage of clinical development. It has a potential of appli-
cation in medicine because it could lead to the photo controlled,
reversible and selective addressing of targets in the human body by

P small comp —drugs (by modifying their structure upon

1rradlanon with light). Photopharmacological agents are bioactive
lecules modified with photoswitches, that is, scaffolds that change

photoswitchable

drugs drugs

Physioclogical

=
1
\

effect

lled ph itchable

Fig. 7. The idea of the light- harmacology- p
drugs that can be reversibly activated wnh light for interaction with their target

receptors or enzymes.

cell line and breast cancer cell line. The incorporation of the chromene
moieties into the azosulfonamide molecules improved cytotoxicity

& their cor ding precursors, Some of these 4H-chromene/sul-
fonamide derivatives displayed potent antiproliferative activities,
because they were more effective towards the examined tumor cell lines
in comparison with the doxorubicin reference drug. Authors also studied
the influence of two chosen derivatives (20) and (21) (Fig. 6) on the
tubulin polymerization, using the HCT-116 cancer cell line. The results
indicated the effect on the inhibition of the tubulin polymerization in
comparison to colchicine (compound 20 7.18pM, compound 21
8.84 M, colchicine 0.16 pM). As we can observe from the data, the
derivative (20) with an electron-donating substituent in phenyl ring
(4-CHj3) demonstrated more activity in the selective comparison with
(21) with an electronwithdrawing group in phenyl ring (4-F) for the
inhibition of the tubulin polymerization.

Dh
P

st ahable inhibi

3.

s of microtubule dynamics

Presently known inhibitors are nonspecific in the sense that their
bioactivity can be neither spatially nor temporally directed, e.g. against
selected cells and tissues, at defined periods. This restricts their range of
application in studies because it prevents their use in spatially or
temporally addressing the varied processes dependent on microtubule
dynamics. In the treatment of cancer, the time and spatial nonspecificity
cause severe systemic side effects such as cardi icity and
icity [40], which limit the doses at which chemotherapeutics can be
applied [41]. Photopharmacology [42] is a novel developing method,

(Fig. 7).

Ol PR
P

hahl

of microtubule polymerization have
recently been synthesized and studied [43 46]. An interesting novel
investigation of spatial and time-controlled compounds was presenled
by Borowiak et al. [13] They d d and sy ized the p
(22, Fig. 8) as reversibly ph itchable gs of comb in A-4
(CA-4). Because active cobretastatins have the Z -(cis) configuration and
E -(trans) CA-4 is several orders of magnitude less potent than the Z
isomer [47,48], they replaced the bridging C—=C double bond of the
stilbenoid combretastatins with an isosteric N=N double bond to give
the azobenzenes (22).

The compound (22) can be trans-/cis photoisomerized with full
reversibility and excellent photostability over many cycles by low-
intensity visible light. The switching of the (22) was demonstrated by
UV-vis spectroscopy: 380-420 nm light results in approximately 90 % Z
isomer. Longer wavelengths cause decreasing Z percentages until
500-530 nm gives approximately 85 % E isomer. Spontaneous (in the
dark) isomerization leads to 100 % E isomer, with half-lives from 0.8 to
120 min for different compounds (22). Next, the authors studied in-
fluences of ph p on microtubule. Obtained
molecules modulate microtubule dynamics with subsecond response
time and control mitosis in living organisms with single-cell spatial
precision. In cc the comy ds (22) are up to 250 times more
cytotoxic when lit with blue light than when kept in the dark in appli-
cations in cell culture and are promising as a new class of precision
chemotherapeutics whose toxicity may be spatiotemporally constrained
using light. In other studies, authors [44] reported azo analog of com-
bretastatin CA4 (22) and included data for in vitro and HeLa MTT assays,
which showed increased cytotoxicity of (22), like the cytotoxicity
observed for pure combretastatin-A4, in the presence of light. In turn,
authors [45] discovered that Z- (22) azo compound was with ease
reduced with glutathione, which can be a potent problem for biomedical
applications. However, the biological results of the cytotoxicity of (22)
in human umbilical vein endothelial cells and adenocarcinoma epithe-
lial cells fit with other reported findings [43,44]. Rastogi et al. [46] have
presented a study about combretastatins analogs in which an azo group
was incorporated into a molecule containing the key pharmacophore of
colchicine. They have performed cell assays on obtained new com-
pounds (Fig. 8) structurally related to the previously reported
azo-analog of combretastatin [473-46]. One of these compounds (23)
showed enhanced potency against HeLa (IC5q = 0.11 pM) and H157 cells
(IC50=0.20 pM) for cell studies under 400 nm irradiation and the
highest photoactivity (ratio: ICs with irradiation / ICsy in dark = 550).

ins

hahl
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Fig. 8. The structure of analogs of combretastatin A-4 (22) and (23) (colchicine binding site),
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MeD
26

Fig. 9. MNovel macrocyclic paclitaxel derivatives (24), (25) and novel 7,9-0-linked macrocyclic taxoids (26) and mimetic of IDN5390 (27).

For this compound, authors performed physicochemical and docking
studies o investigate ligand binding simulations for the
tubulin-combretastatin complex, Kinetic investigations in water reveal a
longer half-life for the Z isomer of (23) which may be the factor
responsible for the better 1Cy, values in cell assays and the improved
photoresponsive behavior. Basing on docking, it was calculated that the
aze compound (23) has nearly identical binding conformations and
closely overlaps the X-ray binding structure of combretastatin, One
difference between combrestastatin A4 and azo (23) is the orientation of
the para-methoxy group on the A-ring. The caleulated binding affinity
obtained for (23) was -7.6 keal /mol and was similar to combretastatin
and colchicine [46]. The docking caleulation was performed for other,
less active compounds and binding energies do not indicate a significant
difference. In conclusion, compounds (22), (23) and synthesis of the
azo-CA4 analogs represent a promising strategy for switchable potency
for the treatment of cancer. However, it should be emphasized that
although this novel developing method is attractive, there) are still
several limitations with the current photoactivatable MT targeting
drugs. The main problem is that the lower energy photons from the
UV Vis range are prone to both scattering in tissue and absorption by
endogenous chromophores or they contribute to the photodamage of
cells. Feringa et al. [42] presented in recent excellent eritical review of
the different pharmacological targets (i.e. diseases/organs) in the
human body, the prospects for delivering light to these organs, their
specific requirements for the molecular design of a photoactivatable
drug, and whether and how these challenges can be addressed.

4. Macrocyclic compounds as tubulin inhibitors

In this part, we will concentrate on macrocyclic compounds that are
also tubulin-binding agents. Paclitaxel (4) [16] is a macrocyclic com-
pound and chemotherapy medication used to treat various kinds of types
of cancer. Novel macrocyclic paclitaxel derivatives were designed to
imitate the bicactive conformation of paclitaxe] (24, 25) [49] (Fig. 9],
Studies revealed that (24) induced tubulin polymerization in the
absence of G.

TP in a similar way to that of paclitaxel. The microtubules formed
with (24) as well as paclitaxel were stable against Ca2+-induced
depolymerization. The compound (25) also exhibited the same or
slightly better activity than that of paclitaxel in the same assay (Table 1).

99

27

Table 1
Cytotoxicity of the (24), of the (25) and of the paclitaxel (4) against the five
cancer cell lines.

Five Cancer line - [C50 (nM)

‘Compounds ovarian cancer breast cancer colon carcinoma
MNCIFADR A2780 MCF-7 LOCE-WT HT-29

24} 183 a1 345 209 17

25} 592 114 123 122 292

4) 395 36.1 185 245 728

This result also supports the authors’ observation that (24) and {25)
are closely mimicking paclitaxel’s bioactive conformation. Evaluation of
the biological activities of (24, 25) novel macrocyclic taxoids has
revealed that their potency is highly sensitive to the small conforma-
tional differences as well as the rigidity of the compounds, Interesting
compounds of novel 7,9-0-linked macrocyclic taxoids (e.g. 26), mimetic
of IDN5390 (27) (C-seco taxane more active than paclitaxel in several
paclitaxel-resistant human ovarian adenocarcinoma cell lines eg.,
A27B0TCL, A27B0TC3, and OVCARZ, expressing high plll-tubulin and
F-gp levels) [50], together with modification at the €2 position were
synthesized. Moreover, their cytotoxicities against drug-sensitive,
P-glycoprotein and flll-tubulin overexpressed drug-resistant cancer
cell lines, were evaluated. This study demonstrated that C-seco taxoids
showed increased cytotoxicity on drug-resistant tumors overexpressing
both I plll-tubulin and P.glycoprotein. In 1988 seventeen-member
macroeyclic lactone- combretastating D1 (28), D2 (29), D3 (30) and
D4 (31) (Fig. 10) were discovered [51,52]. Cytotoxicity study (using
maouse leukemia cells) which has been reported, showed modest activity
(EDsg 3-5 pg ml-1) for these compounds [55].

Contrary to the cancer cell growth inhibitory activity exhibited by
combretastatin D1, D2, relatively minor structural modifications also
caused the elimination of those properties. These groups of cyclic
combretastatins, although intensively studied by the group of Pettit in
series of “Antineoplastic Agents” [50 53] are less potent as tubulin
polymerization inhibitors than the parent CA-4. Another new family of
macrocyclic derivatives of combretastatins B (32) (Fig. 10) connecting
oxygenated substituents on the phenyl rings and indole rings is
described [54]. The tubulin polymerization activity for this new class of
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Fig. 10. The structure of combretastarins D1 (28), D2 (29), D3 (30), D4 (31), the derivative of combretastatins B (32), (33), and of rhizoxin (34) and its analogs (35),
(36) and (37) (destabilizing binders- compounds bonding to sites of colchicine).
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Fig. 12, The structure of (+)-Cryptophycin 52 (44), of its derivatives (45), (46) (microtubule-destabilizing agents, binding site of the Vinca alkaloids) and of
macrocyclic bisbibenzyls: isomarchantins (47), neomarchantins (48), riceardin 11 (49), marchantins {50), marchantin C (51) and of (52) analog (inhibiting

microtubule polymerization).

macracycles (so-called p,p-dihydroxydibydrostilbenophanes) with sig-
nificant differences in the structural requirements, and the impact of
their conformational equilibria on the activity were analyzed. The
compound (33) was most active in this group in tubulin polymerization
nhibitory (TPI) {compound {33) 20 pM for 48 % TPl compared to the
most active of combretastanine CA4 3 M for 50 % TPI). The next
studied compound was Rhizoxin (34) (Fig. 10), which is an antimitotic
agent with ant-tumor activity [55]. Rhizoxin binds beta-tubulin in
evkaryotic cells disrupting microtubule formation [56]. This, in tumn,
prevents the formation of the mitotic spindle inhibiting cell division.
Rhizoxin binds to tubulin in the maytansine site and depolymerizes
assembled microtubules [57]. Derivative compoinds of rhizoxin (35],
(36) and (37]) (Fig. 10) have improved biological activity [55].

The celogentin/moroidin family (38, 39) (Fig. 11) of cyclic peptides
was iselated from the seeds of the cockscomb plant, Celosia argentea, and
exhibited potent inhibition of wbulin pelymerization [59]. The most
potent member of the family, celogentin C (38), presented greater
inhibitory activity than vinblastine [60]. Another compound - the
moroidin (39), also inhibited tubulin polymerization and is a peptide
composed of eight amino acids, with unusual leucine-tryptophan and
trvptophan-histidine cross-links that form its two rings. Celogentin C (in
the same family of compounds) is the most potent (ICsp 0.8 pM) - even
more potent than the anti-mitotic agent vinblastine (ICsg 3.0 pM) [56].
Moroidin has the same potency as vinblastine [61]. Because of its bio-
logical activity, compounds in this family are still being tested as anti--
cancer agents (compound 40, 1Csp=2.2 pM [62]. The following
microtubule-stabilizing macrolides, which were first isolated from the
myxobacterium Sorangium cellulosum by Reichenbach, Hofle, et al, [63]
in 1987, are epothilones A (41) and B (42) (Fiz. 11). Epothilones have
served as successful lead structures for the development of new anti-
cancer drugs [64]. The inhibition of cancer cell growth by epothilones is
hased on the suppression of cellular microtubule dynamics, which leads

to cell-cycle arrest in G2/M and the induction of apoptosis [65]. Epo-
thilones are interacting with f-tubulin in the taxol/epothilone binding
cavity [66]. Epothilone B (42) and several of its analogs have been
advanced into clinical trials on humans, and one of these compounds,
ixabepilone (43) also known as BMS-247550, was approved by the US
Food and Drug Administration for breast cancer treatment in 2007,
under the name Ixempra [67]. It should also be emphasized that the
structure-activity relationships (SAR) of epothilones have been studied
extensively, including the effects of changes in the configurations of the
various chiral centers, which is well described by the group of Altmann
[58]. The Cryptophycins are members of the macrocyclic depsipeptide
family prodiced by cvanobacteria of the genus Nostoc [69]. This group
of compounds inhibits the polymerization of tubulin by blocking
microtubule growth, destabilizing them in Vinca building domain. They
are the most potent compounds known in the dynamics of tbulin and
display remarkable cytotoxicity against multidrug-resistant cancer cell
lines [70].

In recent years extensive research has been done on structural
modifications of these molecules [71]. They led to the synthesis of
(+)-Cryptophycin 52 (LY355703) (44) (Fig. 12), which reached phase 2
clinical wials [72]. The multinational pharmaceutical company
Sanofie-Aventis also noticed the potential in this group of compounds
and published two patents on cryprophyein antibody-drug conjugares
(ADCs) for the treatment of lung cancer [73]. Studies on synthesized
analogs of cryptophycin are still underway. Shah et al. [74] designed
and synthesized novel cryptophycins based macrocyclic depsipeptides
with a truncated epoxide chain (45) and (46) (Fig. 1 2). The compounds
(45) and (46) exhibited good anri-cancer activity, induced apoptosis,
blocked/delayed G2/M cell cycle as well as significantly reduced the
expression of o- and i-tubulins, The next series of compounds in which
tubulin inhibitors are sought for is macrocyelic bisbibenzyls [75]. This is
the group of phenolic natural products that are mainly found in
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Fig. 13. Halichondrin B (53) and Eribulin (54) microtubule destabilizing agents, compounds that bind to the Vinca alkaloid site.

bryophytes [76]. The bishibenzyl skeleton comprises four aromatic rings
(arene A-D) and two ethano bridges (47), (48), (49) and (50) (Fig, 12),
lsomarchanting (47), neomarchantins (48), riccardin I (49) and
marchantins (50) are four main sub-classes of macrocyclic bisbibenzyls
that possess two diaryl ether sub-units as a commaon structural feature,
In turn, marchantin C (51) (Fig. 12), a natural macrocyelic bisbibenzyl,
was discovered to be a potent tubulin inhibitor that targets the
colchicine-binding site.

This compound was also found to exhibit multidrug resistance-
reversing activity by inhibiting the P-glycoprotein [77]. Because its
bisbibenzyl scaffold is similar to the cis-stilbencid anti-tubulin agents,
such as combretastatins (eg. 10, 11), a series of macrocyelic bisbibenzyls
with novel skeletons was designed, synthesized and evaluated for anti-
proliferative activity against five anthropic cancer cell lines [77]. It was
discovered that molecule (52) (Fig. 12} showed excellent anticancer
activity against cervical cancer cells, chronic myelogenous leukemia,
breast cancer cells, Caucasian colon adenocarcinoma grade I and
prostate cancer cell line, with ICsy values ranging from of
1.51 pM-5.51 pM. Compound (52) also effectively inhibited tubulin
polymerization in HCC1482 cells and induced HCC1482 cell eyele arrest
at the G2/M phase, at the colchicine-binding site. Next important
macracycle is halichondrin B (53) (Fig. 15) isolated from sea sponges of
the genus Halichondria and Axinella [78]. Lack of universal availability
of a natural compound has necessitated on scientists the creation of
artificial halichondrin and its analogs. Retaining similar properties to
the mnatural product, chemical compounds are classified as
non-competitive vinca alkaloid inhibitors, because their microtubule
binding site is not identical to the above domain. An example of a simple
analog halichondrin B is compound Eribulin ((53), E7389, Fig. 13),
which was approved by the US. Food and Drug Administration on
Movember 15, 2010 to treat patients with metastatic breast cancer who
have received at least two prior chemotherapy regimens for late-stage
disease, including both anthracycline- and taxane-based chemother-
apies [79]. There was an interesting study of this compound in 2016,
Doodhi et al. [80] demonstrated by X-ray microscopy that the binding of
a single eribulin molecules to a growing microtubule end could canse
MT lattice defects or induce MT catastrophe (depolvmerization). The
authors propound that eribulin amplifies a natural pathway toward
catastrophe by promoting the arrest of protofilament elongation. The
researchers proposed a general strategy to investigate and manipulate
the dynamics of cytoskeletal arrays at high resolution.

In conclusion, microtubule drugs have been vital to advances both in
medicine and basic sciences. Presented in this work derivative of stil-
bene, in particular, combretastatins, have taken the interest of the
research community since the discovery of their remarkable biclogical
activities, Such compounds as combretastating analogs combretastatin
A-1{CAL, 7) combretastatin A-4 (8) and their three prodriags of mono-
sodium phosphate salt two CA-1 P (Oxi4503, 9) CA4P (Fosbretabulin,
10) amino derivative AVEBOG2 (Ombrabulin, 11) along with biologi-
cally (12-15) and dibenzo[b,f]oxepin derivatives have been extensively

studied and some are already in use. Macromolecular conjugates and
nanocarriers of combretastatin CA4, have been developed and were
successful in improving drug solubility and bicavailability. Polymer-
based systems of CA4 (PLG-CA4, 17) were able to persistently disrupt
the vasculature of a murine colon C26 tumor model with a tumor sup-
pression rate of 74 % as opposed to 24 % obtained with CA4P. We
presented in this work both of the already-introduced drugs e.g. pacli-
taxel (4) as well as potential drugs and research directions that are being
conducted to obtain new drugs. The direction of creating macroeyclic
compounds seems to be very attractive, as well as the newly discovered
method of photopharmacology.
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Abstract: Cancer is one of the most commaon causes of human death worldwide; thus, numerous
therapies, including chemotherapy, have been and are being continuously developed. In cancer
cells, an aberrant mitotic spindle—a microtubule-based structure necessary for the equal splitting
of genetic material between daughter cells—leads to genetic instability, one of the hallmarks of
cancer. Thus, the building block of microtubules, tubulin, which is a heterodimer formed from
c= and f-tubulin proteins, is a useful target in anti-cancer research. The surface of tubulin forms
several pockets, i.e., sites that can bind factors that affect microtubules’ stability. Colchicine pockets
accommaodate agents that induce microtubule depolymerization and, in contrast to factors that bind
to other tubulin pockets, overcome multi-drug resistance, Therefore, colchicine-pocket-binding
agents are of interest as anti-cancer drugs. Among the various colchicine-site-binding compounds,
stilbenoids and their derivatives have been extensively studied. Herein, we report systematic
studies on the antiproliferative activity of selected stilbenes and oxepine derivatives against two
cancer cell lines—HCT116 and MCF-7—and two normal cell lines—HEK293 and HDF-A. The results
of molecular modeling, antiproliferative activity, and immunoflucrescence analyses revealed that
compounds 1a, 1c, 1d, 14, 2i, 2§, and 3h were the most cytotoxic and acted by interacting with tubulin
heterodimers, leading to the disruption of the microtubular cytoskeleton.

Keywords: dibenzo[l,fJoxepine; biological activity; cancer cell; microtubule; tubulin; colchicine-binding site

1. Introduction

Cancer, the leading cause of human death worldwide, remains difficult to treat, de-
spite a huge effort to develop novel therapies [1-6]. Chemotherapy, a traditional and
commonly used anti-cancer treatment, targets specific proteins and, as a consequence,
cellular structures or processes [7]. Among the most common targets of chemotherapy are
proteins involved in cell cycle progression [5]. In cancer cells, the mitotic spindle—a struc-
ture that is indispensable for cell division—frequently shows abnormalities, as it causes
the improper division of genetic material between daughter cells and, as a consequence,
genomic instabi]it_\,f [8]. The scaffold of the mitotic 5pind|e is formed by microtubules
(MTs), which are cylindrical, hollow biopolymers that are continuously polymerized and
depolymerized. MTs are composed of tubulin heterodimers consisting of two ~55 kDa
proteins, - and B-tubulin. In interphase cells, MTs form a network involved in different
cellular processes, including the establishment and maintenance of cell shape, intracellular
transport, organelle distribution, and cell motility [9]. Thus, in both interphase and dividing
cells, tubulin is among the most useful targets in chemotherapy [7].

The surface of tubulin contains so-called “pockets” or “sites” that can accommodate
small molecules, which are called microtubule-targeting agents (MTAs). Intercalation of
MTAs with the pockets affects MTs' polymerization,/depolymerization, leading to changes
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in the stability of MTs [9,10]. Of the six agent-binding pockets that have been identified,
four bind microtubule-destabilizing agents (MDAs): vinca, colchicine, maytansine, and
pironetin sites [9,10]. The binding of an MDA to tubulin causes MT depolymerization or
the inhibition of its polymerization, thus affecting microtubule-dependent processes and,
as a consequence, leading to cell death. The constant search for new and more specific
agents targeting MDA-accommodating pockets has driven many studies [11-16]. As a
result, several new compounds have been approved for cancer therapy [17,15].

Colchicine pockets, which are the largest MDA-accommeodating sites in tubulin [9,10],
bind structurally diverse molecules, which usually contain one phenyl ring and another aro-
matic ring—phenyl, indole, thiophene, or imidazole, which are separated by a linker [18].
Colchicine-site-binding agents (C5BAs) have drawn attention because, in contrast to other
MTAs, they overcome multidrug resistance [19]. Additionally, it was shown that CSBAs
may target not only the microtubular cytoskeletons of cancer cells, but also those of endothe-
lial cells that line the tumor vasculature (so-called vascular disrupting agents—VDAs];
thus, by disrupting existing vessels, they can reduce the feeding of a tumor and lead to its
necrosis [19,20]. Of the different types of double-target CSBAs, a large group, that of natural
stilbenoids and their derivatives, such as the combretastatin family (CA1P, CA4P, OXI14503
{Figure 1) [21,22]), have been studied as potential anti-cancer drugs [23,24]. In fact, currently,
a methoxy stilbenoid, combretastatin A-4 phosphate CA4P/fosbretabulin (Figure 1), is the
only CSBA that is currently approved by FDA for cancer treatment as a VDA [15,21].

H;CO

G X
HyCO OPO{OH),
OCH @
OPO(OH),
OCH;

CA1P

HyCO

@&

R
H,CO
OCH @ OPO(ONa),

OCH;

0Xi4503 fosbretabulin

Figure 1. Structure of natural stilbenoids with anti-cancer activity: combretastatin CAl and
CA4 phosphate (CA1P and CA4P, respectively), as well as their disodium salts (OXi4503 and
fosbretabulin, respectively).

On the other hand, CSBAs that include stilbenoids are poorly soluble in water, and
they cause strong side effects [19]. For example, CA4P / fosbretabulin, which is generally
well tolerated, causes acute but transient hypertension [25]. Therefore, efforts are being
made to develop new stilbenoid derivatives in the search for more potent anti-cancer agents
with improved features [26-31].

It was shown that the addition of functional groups, e.g., methyl, prenyl, O-allyl, or
methoxy groups, can enhance the biological activity of natural stilbenoids [32-38].

In our previous study [39,40], we synthesized and evaluated the cytotoxicity of five stil-
benes (1a-1e) and six dibenzao[b,floxepines (2a-2e, 2h) (the latter are frequently used as scaf-
folds in medicinal chemistry, they have a (£)-stilbene motif in their skeleton, and their aro-
matic rings are connected by oxygen). We showed that one substituted dibenzo[l,fJoxepine
and two stilbene derivatives, while operating through tubulin binding, acted more selec-
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tively toward cancer cell lines (HeLa and U87) than toward normal cell lines. In search of
novel compounds with higher cytotoxicity and selectivity toward cancer cells, we studied
previously obtained compounds and synthesized new derivatives of hydroxy, methoxy,
nitro, and amine groups with 4 stilbenes (1f-1i) and 13 dibenzo|b,fJoxepines (2f, 2g, 2i, 2j,
3a-3j). For the new compounds, we determined their structure by using NMR and theo-
retical calculations. For all 28 compounds, we evaluated cytotoxicity for the HCT116 and
MCEF-7 cell lines. We collected these compounds to conduct a systematic study of stilbenes
with methoxy and nitro groups and of dibenzo[b,fJoxepines with nitro, methoxy, and amino
groups. Our results indicated that the addition of a methoxy group could maintain or
abolish the cytotoxicity of stilbene derivatives in a position-dependent manner, while, with
some exceptions, the restriction of the double bonds that connected phenyl rings to create a
(Z)-stilbene motif with an oxygen bridge decreased the compounds’ activity. Moreover, we
demonstrated that three of the most active agents were selective toward cancer cell lines
and that they targeted tubulin, thus disrupting the microtubular cytoskeleton.

2. Results and Discussion
2.1. Chemistry and NMR Spectra

We synthesized a series of compounds 3a-h, 3j in three synthetic steps. The synthetic
routes are summarized in Scheme 1. Various stilbene moieties 1a-i were obtained by
starting from the condensation of suitable 2-hydroxyaldehyde and 2 4-dinitrotoluene with
pyrrolidine as a catalyst to obtain the substituted stilbene. The next step was the reaction
between a derivative of 2,4-dinitrostilbene 1a-i and sodium azide. In the reactions, the
corresponding nitrodibenzo[b,floxepine 2a-i appeared. Nitrodibenzo[b,floxepine bear-
ing a hydroxyl substituent 2i was protected in the reaction with acetic anhydride and
catalytic amounts of concentrated sulfuric acid, which yielded an acetoxy derivative of
dibenzo|b,f]oxepine 2j. Nitrodibenzo[b,f]oxepines 2a—f, 2h, 2j were converted into amino
derivatives 3a-f, 3h, 3j in the presence of Zn in acetic acid. Nitrodibenzo[b,f]oxepine with
two nitro groups 2g was selectively reduced to 3g by using dicobalt octocarbonyl in water.

Pyrrolidine

0. & Ydi O:N & R' i
NaN. 2
R on NO, _ Pymoidine ’ Woy; 1 ; o
R R' toluene, 100°C, 24h DMF,120°C,12n R
R! No; R R R

2: R'sR7¥RsR'sH

d: R'=OCH,,R'sR7*R"sH
e: R'=0CH,, R'sR’=R’=H

2a-i
Ac;0, H;S0,

2i: R =0H, R'=R"=H R'=H
l: 2j: R?=OAc, R'sR'=H R'=H

CH,COOH, | *(Co,(CO)yH;0),100°C, 5h
Zn,RT, 24h | from 2g:R*=NO, R'=R%=R"sH
to 3g: R*=NO, R'=R*=R'=H

1a-i

f: R?=0CH, R*=0CH, R'=R*=H

g: R*sNO, R'sR%=R*sH

R, AT

I: R? =OH,R'=R’=R‘sH
J: R?=0Ac, R'=R'=HR'=H

I'
RY & NH,
R)
3a-h, 3j
Scheme 1. Synthesis of stilbene 1a-i and dibenzo[b,fJoxepine 2a-j, 3a-h, 3j derivatives.

In order to determine the structures of the reaction products of the derivatives of stil-
benes 1a-i and dibazo[b,f]oxepines 2a—j, 3a-h, 3j in solution, the IH and 1*C NMR spectra
of all of the products were measured (see Figures S8-561 in the Supplementary Materials).
The coupling constants ('H-'H) were measured directly by using the resolution-enhanced
1D spectra and were confirmed, when necessary, through homo-decoupling. The coupling
constants ('H-'H) for olefin protons & and f in compounds 1a-i were about 16 Hz (E
configuration) and changed to about 11 Hz for molecules 2a-j, 3a-h, 3j (Z configuration).
In summary, we developed a method with mild conditions and operational simplicity for
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the versatile synthesis of derivatives of stilbenes or dibenzo[b,f]oxepines 1a-i, 2a-2j, 3a-h,
3j from substituted benzaldehydes and 2 4-dinitrotoluene.

2.2 Anti-Cancer Potential of Stilbenes and Oxepines

To verify if the synthesized compounds showed cytotoxic effects in cancer cells, we
determined the viability of compound-treated HTC116 cells by performing an MTT col-
orimetric assay (Figure 2) [41]. Besides compound 1a, in which only the hydroxy group
was present at position 2, the most active stilbenes were 1c, 1d, 1i; e.g., compounds that
were also at position 4 substituted with methoxy or hydroxy groups in 1c, 1i or in the
compound 1d containing a methoxy group at position 5. Generally, we observed that the
stilbene derivatives were more cytotoxic than the dibenzo[b,fJoxepine derivatives and that
the substitution of -NO; with -NH: decreased oxepine activity, but often improved its
solubility in organic solvents (such as dimethyl sulfoxide). The opposite tendency was
observed in the Zh, 3h series, bul these were the only derivatives in which the phenyl ring
was substituted by the naphthalene ring. In two series of derivatives, 1b, 2b, 3b and 1f,
2f, 3f, cell viability was only minimally affected. These agents had a methoxy group in
the orthe position or two methoxy groups in the mefa and para positions. Therefore, these
substitutions seemed to abolish the anti-cancer activity of stilbene and oxepine derivatives.

la 1b 1c 1d 1e 1f 1g 1i 2a 2b 2c 2d 2e 2f 2g 2h 2i 2j 3a 3b 3c 3d 3e 3f 3g 3h 3j

Figure 2. The cytotoxicity effect of tested compounds la-g, 1i, 2a-2j, 3a-3h, 3j at 100 uM on cancer
HCT116 cells based on MTT assay after 48h of treatment.

Interestingly, a previous report on the anti-cancer activity of compound 2h in U87
{glioblastoma) and HeLa (cervical cancer) cell lines [39] showed that it was significantly
more active than in the HTC116 (colon carcinomay) cells used in this study. On the other
hand, 2h also showed severe activity in normal cell lines [39].

Among the tested compounds, four stilbenes 1a, 1c, 1d, 1i and three dibenzo[b fJoxepine
derivatives 2i, 2j, 3h showed high potency against cancer cell lines (cell viability < 30%);
hence, these molecules were selected for the next part of the study.

To determine the selectivity of the chosen stilbenes and dibenzo[b,floxepine derivatives
1a, 1c, 1d, 1i, 2i, 2j, 3h toward cancer cells, we estimated the cell viability in a series of
increasing concentrations of these compounds by using two cancer cell lines ( human
colon carcinoma (HCT116) and human breast adenocarcinoma (MCF-7)) and two normal
cell lines (human embryonic kidney (HEK293) and human dermal fibroblasts (HDF-A})
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(Figure 3). The tested compounds inhibited cell growth dose-dependently, and generally, a
stronger effect was observed for HCT166 cells than for MCF-7 cells and for HEK293 cells
than for HDF-A cells.

HCT116 *1a MCF-7
= 1c e
120 -1d 120] =1c
gmo -1 F100 «1d
:E 80 .:; g 0 =1i
3 1 <2
2 80 8 3h S 60
2 =2 02
8 % 3 40
20 20
T 50 45 4.0 T 50 45 4.0
log[C], M log[C], M
HEK293 *1a HDF-A «1a
140 »1c »1c
430 «1d 120 «1d
é 100 -1 §5 100 -1
2 % 2 E‘ 80| 20
2 °2 8 e =3h
S 60 :
3w - 3o
20 20
o 9 -5.0 4.5 -4.0
log[C), M
Figure 3. Activity of compounds 1a, 1c, 1d, 1i, 2i, 2j, and 3h, in cancer cell lines (HCT116 and MCF-7)
and normal cell lines (HEK293 and HDF-A) as determined with an MTT assay after 48 h of treatment.
Experiments were performed in triplicate (N = 3). Data are presented as the mean =+ SD.

Next, based on the data presented above, we calculated the half-maximal inhibitory
concentration (ICsy) and selectivity index (SI). As observed here (Figure 2) and in previous
studies [39], in most cases, stilbenes exhibited stronger cytotoxicity than dibenzo[b,f Joxepines
did (Figure 3), but, with the exception of compound 1d, they showed no selectivity toward
cancer cells (Table 1). The highest selectivity indexes were obtained for stilbene 1d and
dibenzo[b,f]oxepine derivatives 2i, 2j, which varied between 1.4 and 2.4 (Table 1).

Table 1. Half-maximal inhibitory concentration (IC50) and selectivity index (SI) calculated for tested
compounds. Data are presented as the mean = standard error of the mean (SEM).
HEK293 HDF-A HCT116 MCEF-7
Comp SIy S, ——— S Sls
IC5p (uM)  ICsp (M) ICsg (M) ICsp (uM)
la 18+1 8+1 23+1 0.8 0.8 36+2 05 11
1c 34+4 40+ 4 38+5 0.9 1.1 43+2 0.7 1.0
1d 3B+2 40+2 18+3 1.8 22 47 +1 0.7 0.9
1i 5442 41+2 5242 1.0 0.8 69+3 0.8 0.6
2i 88 +5 93+7 55+ 4 1.6 1.7 67 6 12 1.4
2j 85 +4 ND 53+3 1.6 ND 36+3 24 ND
3h 48+3 127 * 66 +2 0.7 1:9:% ND ND ND

Sly = ICs(HEK-293)/1C5(HCT116); Sly = IC5(HDF-A)/1C5(HCT116); Sly = 1Cs(HEK-293)/ICs5,(MCF-7);
Sly = ICsp(HDF-A)/IC5(MCF-7); "*"—The predicted ICs (above the maximum concentration tested—100 uM);
“ND"—the ICs could not be calculated.
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2.3. The Structure of Microtubular Cytoskeleton in HT116 Cells Treated with Compound (1d)
The ICz; value of stilbene 1d obtained for HTC116 cells (18 uM) was the lowest ob-
tained in cancer cells for all tested compounds, while the selectivity index was among the
highest reached for HTC116 cells with respect to both types of control cells. Therefore,
we decided to visualize the microtubular nebwork within the control and 1d-treated HCT116
cells. Until now, the arrangement of microtubules during treatment with dibenzo[b,f Joxepine
derivatives has not been analyzed, but several results exist for stilbenes [42-44]. Immunos-
taining of a-tubulin showed that the control cells contained a well-developed microtubular
cytoskeleton with dense microtubules that were arranged along the long axis and on the
cells” borders in elongated cells (the arrow and arrowhead, respectively, in Figure 4a).

Figure 4. Microtubular networks in the control and 1d-treated HTC116 cells visualized by staining
with anti-e-tubulin 12g10 Ab. (a) Control cells—arrow: MTs arranged along the long cell axis;
arrowhead: MTs lining the cell border. (b) Cells treated with compound 1d—arrow: amorphous
material; arrowhead: center of microtubule organization with the arising microtubules.

In contrast, the HCT116 cells treated with 60 um of compound 1d were rounded, and
the density of the microtubular network was decreased (Figure 4b). Moreover, in many
cells, anti-e-tubulin stained an amorphous material, which was probably depolymerized
tubulin (the arrow in Figure 4b). In contrast to the control cells, in the 1d-treated cells, the
point of the organization of MTs, which was presumably a centrosome, was well defined,
with several MTs (probably the most stable) arising from it (the arrowhead in Figure 4b).
This observation confirmed that compound 1d affected the microtubular cytoskeleton,
which, in turn, could lead to the cells” death.

2.4. Computational Analysis and Molecular Docking Simulations

The combination of experimental and computational methodologies has been of con-
siderable importance in the discovery and further improvement of new candidates for
potent anti-cancer compounds [45,46]. Molecular docking methods rely on the exploration
of the ligand conformation within the active site of a protein or macromolecule until the
minimum energy is achieved. Notably, this technique allows the computation of the bind-
ing free energy by including processes that are responsible for molecular recognition [47,48].
As mentioned earlier, in the # derivatives of the stilbenes combretastatin CA1 and CA4
phosphate (CA1P and CA4P, respectively) and their disodium salts (OXi4503 and fos-
bretabulin, respectively), as well as dibenzo[b,f Joxepines, which have a (Z})-stilbene in their
skeleton, the motif docks at the colchicine-binding site [9,49]. Based on the available litera-
ture and our cytotoxicity results, we expected that selected stilbene and dibenzo[l,f Joxepine
derivatives could be potent tubulin inhibitors that bind to colchicine pockets [39,50-53].
Therefore, the interactions between the most active compounds 1a, 1¢, 1d, 1i, 2i, 2j, 3h
and tubulin heterodimer {crystal structure from PDB: 15A(0) were analyzed with molecu-

110



Molecules 2023, 28, 3558

7of18

lar modeling. The optimal structures of the compounds with the best biological activity
were calculated by using the DFT B3LYP/6-311G 6-311++g (2d,p) method (and with a
polarizable continuum model (PCM), Gaussian 03W) [54,55] (Figures S1-57, Tables S1-57).
Molecular docking was performed by simulating the incorporation of compounds 1a, 1c,
1d, 1i, 2i, 2j, 3h into the colchicine-binding site in tubulin (Figure 5, Table S8). The docking
protocol was validated by re-docking the DAMA—colchicine that was extracted from PDB
crystal structure. In the crystal structure, the tropolone ring of colchicine is stabilized by
van der Waals contacts with Val181, Ser178, and Val315. The carbonyl group is stabilized
by a hydrogen bond with Val181. The ring with trimethoxy substituents is buried in the
aliphatic part confined by Lys352, Asn350, Leu378, Ala316, Leu255, Lys254, Ala250, and
Leu242. The methoxy group at position 3 participated in a hydrogen bond with the -SH
group of Cys241 [56]. The algorithm that was applied correctly reproduced the binding
mode of the native ligand. The binding poses of all tested compounds exhibited a high
affinity for the target protein. The estimated binding free energy varied from —7.7 to
~9.3 kcal/mol, in contrast to the —8.9 kcal/mol of redocked DAMA-colchicine (for a
detailed list of the estimated binding free energies and the predicted interactions, see the
supporting information). Analysis of the binding model of the most active compounds
and tubulin allowed the discovery of several interactions with the protein residues in the
colchicine-binding site (Table S8). Compounds 1a, 1c, 1d, 1i, 2i, 2j, 3h were stabilized in
their binding poses by hydrophobic interactions with B-tubulin residues (Leu242, Leu248,
Ala250, Lys254, Leu255, Lys352, 11378, Val318). Of the active compounds, four ligands (1d,
1i, 2i, 3h) were stabilized in their binding poses by hydrogen bond interactions with the
tubulin heterodimer (Figure 5 and Figure S3). However, no hydrogen bonds with Cys241
were predicted, though these are considered to be the most crucial for high potency. This
may partially justify the high micromolar cytotoxicity of the tested compounds [57,58].

® ot L

Figure 5. Stick representation of the top-ranked docking poses (orange) and predicted interactions
of compounds (a) 1d, (b) 1i, (¢) 2i, and (d) 3h with af-tubulin (PDB code: 1SA0). For clarity, only
amino acids interacting with ligands are shown. Blue lines represent hydrogen bond interactions;
dashed gray lines represent hydrophobic interactions.

3. Conclusions

In this study, we report the synthesis and cytotoxic effects of nine stilbenoids 1a-i and
nineteen dibenzo[b,f]oxepine derivatives 2a-i, 3a-h, 3j. The compounds were obtained by
substituting a methoxy group in various positions of the 2-hydroxy-2,4'-dinitrostilbene
skeleton or nitro, hydroxy, acetoxy, or benzo groups of stilbene or dibenzolb,f]oxepine. For
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the most promising compounds, we performed molecular docking, anti-cancer activity,
measurements, and MT visualization through immunoflucrescence. Our results showed
that the stilbene derivatives were more active than the dibenzo[b.floxepine derivatives,
The most active compounds were 1a, 1¢, 1d, 1i, 2i, 2j, and 3h.

It is worth noting that for both stilbenes and the nitro or amine dibenzo[b,floxepines,
the molecular skeletons were the same, and the compounds differed in their substituents
and the positions that they took. Some regularities could be observed: The introduction of
electron-donating (EDG; enriched electron density in the aromatic ring) hydroxy, methoxy,
or acetyloxy groups into the ring in the para or orthe position in 1c, 1i, 1a and in the meta
position in 1d had a positive effect on the anticancer activity of both stilbene and nitro
dibenzolb,fJoxepine 2i, 2j. The last set of molecules consisted of amine dibezo[kf|oxepines
3a-3h, 3j. In this case, only compound 3h showed an effect, and there were little data for
investigating the effect of the electron density of the substituent on anticancer activity.

The se]ectivil'y toward cancer cells (HCT116 and MCF-7) was in\festigatﬂd in com-
parison with the selectivity toward normal cells (HEK293 and HDF-A) for stilbenes 1a,
1¢, 1d, 1i and dibenzo[b,fJoxepines 2i, 2j, 3h; this indicated that the three most promising
anti-cancer agents were compounds 1d, 2i, and 2j. The molecular docking and visualization
of the microtubular cytoskeleton in the stilbene and/or dibenzo|b,floxepine derivatives
confirmed that the cytotoxicity was related to their tubulin-targeting abilities and, as a
consequence, depolymerization of cytoplasmic MTs.

4. Materials and Methods
4.1. Cheniistry
4.1.1. PROCEDURE A—Obtained Compounds l1a-1i (Figure 6)

To a stirred mixture of 2 4-dinitrotoluene (12.00 mmol), appropriate aldehyde (12,00 mmol),
and toluene (200 mL) under argon, dry pyrrolidine (0.9 mL, 0.782 g, 11.00 mmol) was added.
After 24 h of heating at 100 °C, the solvent was distilled off on a rotary evaporator. Then,
ethyl acetate (150 mL) was added to the residue, and the resulting mixture was washed
with 0.5 M hydrochloric acid (2 » 40 mL) and water to neutral pH. Next, the mixture
was dried by the addition of anhydrous MgSOy and the solvent was removed in vacuo.
The crude product was purified by crystallization from methanol or ethanol with a small
amount of the activated charcoal (in order to absorb colored impurities).

o
=
R, H NOy Pyrrolidine
+*
Ry R toluene, 100°C, 24h
R? NOy

OCH,

@ OoH Q OH H,co OH
(1a) @ (m) (e @ {1d) @ e
nzntc; OH Q OH
NDy ur.:,
(g = (ih) @ an

Figure 6. The structure of: (E)-2-hyd ruxy—l',‘l’—dirlitmsliIberle (1a), (E)-2-hydroxy-3-methoxy-
2’ 4 dinitrostilbene (1b), (E}-2-hydroxy-4-methoxy-2' 4 -dinitrostilbene (1), (E)-2-hydroxy-5-
methoxy-2",4'-dinitrostilbene (1d), (E)}-2-hydroxy-6-methoxy-2' 4'-dinitrostilbene (1e), (E)-2-hyd roxy-
4,5-dimethoxy-2' 4'-dinitrostilbene  (1f), (E)-2-hydroxy-5,2" 4'-trinitrostilbene  {1g), (E)-1-(2,4-
dinitrostyryl)naphthalen-2-ol (1h) and {E)-2,4-dihydroxy-2",4'-dinitrostilbene (1i).
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4.1.2. PROCEDURE B—Obtained Compounds 2a-2i (Figure 7)

To the solution of appropriate stilbene (5.00 mol) in DMF (15 mL/mmol) NaN;
(9.50 mmol) was sequentially added and the reaction flask was fitted with a condenser.
The mixture was stirred at 120 “C overnight and concentrated in vacuo. The residue was
purified by flash column chromatography on silica gel with DCM as the mobile phase.

oM R
R' OH Q RrE o NOy
Y/ MO, Haby,
! e R,
DMF, 120°C, 12h =,
3
RR tad ® zad

Acy0, HyS0,
I: 2i: R2=0H, R'=R*=H,R*=H
2): R* =0Ac, R'=R%%=H,R*=H

@ ‘3 No, E%suog l-laco ':'F N::EO @ {3 m:l2 H c ‘3 Q NO;

(21) (2h) (20) @d) T e

::EZ"::NU:tNDzHONCk ErcNOz
(26) (2g) (2h) (2i) (2j)

Figure 7. The structure of: 3-nitrodibenzolb,f loxepine (2a), 6-methoxy-3-nitrodibenzo[b,floxepine (2b),
F-methoxy-7-nitrodibenzolb fJoxepine  (2¢),  2-methoxy-7-nitrodibenzo[b,floxepine  (2d),  1-
methoxy-7-nitrodibenzalb floxepine  (2e),  23-dimethoxy-7-nitrodibenzaolb floxepine  (2f), 2,7-
dinitrodibenzolb floxepine (2g), 9-nitrobenzo[blnaphthol1,2-f joxepine (2h), 7-nitrodibenzolb,f joxepin-3-
ol (2i) and 7-nitrodibenzo[b,floxepin-3-y] acetate (2j).

4.1.3. PROCEDURE C—Obtained Compound 2j (Figure 7)

The compound 2i (1.00 mmol} was dissolved in excess of acetic anhydride. A few
drops of concentrated sulfuric acid were added to the obtained selution and the mixture
was stirred at room temperature overnight. Next, the reaction was quenched by dropwise
addition of a concentrated aqueous solution of sodium bicarbonate (1 mL) and evaporated
under reduced pressure. The residue was re-dissolved in ethyl acetate and transferred to a
separatory funnel, washed two times with water and with brine. After solvent evaporation,
the residue was purified by flash column chromatography on silica gel with a 10% mixture
of ethyl acetate in hexane as a mobile phase.

4.1.4. PROCEDURE D—Obtained Compound 3a-3f and 3j (Figure 5)

To the solution of corresponding nitrodibenzo[b,fJoxepine (1.00 mmol) in acetic acid
{20.0 mL/mmuol) activated zinc dust was added (10 mmol) and the resulting slurry was
allowed to stir overnight at room temperature. Next, the mixture was filtrated through
a pad of celite and a solvent was evaporated under reduced pressure. The residue was
subjected to column chn:lmatography on silica gel with hexane: ethyl acetate 1:1 mixture
(:v) as the eluent,

4.1.5. PROCEDURE E—Obtained Compound 3g (Figure 5)

Dicobalt octacarbonyl (1.00 g, 3.00 mmol) was placed in a 50 mL three-necked flask
equipped with a reflux condenser. The vessel was purged with argon, and (1.76 mmol)
of 2.7-dinitrodibenzo[b,fJoxepine 2g and 20 mL of dimethoxyethane were added and the
solution was stirred under an argon atmosphere. After the precipitate had dissolved, 2 mL
of water was added and it was heated at 100 ° C for 5 h. Next, the mixture was cooled down
to room temperature and concentrated on a rotary evaporator. The resulting precipitate was

113



Melecules 2023, 28, 3558

100f 18

dissolved in chloroform and then purified by column chromatography using chloroform as
the eluent.

1
RS NOy CH;COOH, R L N,
R* B
= (Co;(CO)yH;0),100°C, Sh =

R* 2a-h, 3j for substrate 20 3a-h, 3j
NH;
e o
i'in) (3h) (3d) (3¢)
:iEZO,. rees”
(3h) 131}

Figure 8. The structure of: dibenzo[b,fJoxepin-3-amine (3a), 6-methoxydibenzo[b,fJoxepin-3-
amine (3b), 7-methoxydibenzolb floxepin-3-amine (3¢), S-methoxydibenzo[b,floxepin-3-amine
(3d), 9-methoxydibenzo[b,fJoxepin-3-amine (3e), 78-dimethoxvdibenzo[b.floxepin-3-amine
(3f), &-nitrodibenzo[b,floxepin-3-amine (3g), benzo[blnaphtho[1,2-f]oxepin-9-amine (3h) and
7-aminodibenzolb floxepin-3-yl acetate (3j).

(E)-2-hydroxy-2’,4’-dinitrostilbene (1a), Yield 12% (0.412 g). mp. 192 °C. TH NMR
(500 MHz, DMSO-dg, 298 K): 5 (ppm): 10.18 (br. s, 1H), 8.70 (d, | = 2.4 Hz, 1H), 8.44
(dd, | = 8.8 Hz, 1H), 8.20 (d, 1H), 7.66 (d, [ = 16 Hz, 1H), 7.59 (d, | = 16 Hz, 1H), 7.54 (dd,
| =7.5Hz, | =1.5Hz, 1H), 7.20 (t, ] = 8.5 Hz, 1H), 6.90 (dd, | = 1 Hz. 1H), 6.85 (td, 1H). 1*C
NMR (125 MHz, DMSO-dg, 298 K): & (ppm): 156.3, 147.2, 145.5, 138.3, 133.5, 130.7, 128.8,
128.5,127.2,122.5,120.7, 120.3, 119.5, 116.2.

(E)-Z-hydmx}r-s-meﬂmxy-z’,tl'-dinitmstilhene (1b), Yield 50% (1.8%96 g). mp. 182 °C.
TH NMR (500 MHz, CDCl3, 298 K): & (ppm): 8.79 (d, | = 2 Hz, 1H), 8.40 (dd, | = 8.8 Hz, 1H),
8.03(d, ] = 8.8 Hz, 1H), 7.72 (d, | = 16 Hz, 1H), 7.62 (d, | = 16 Hz, 1H), 7.19 (dd, [ = 7.5 Hz,
| =2 Hz, 1H), 6.90 (dd, | = 8 Hz, TH), 6.87 (dd, 1H), 3.94 (s, 3H). *C NMR (125 MHz, CDCl3,
298 K): & (ppm): 146.8, 144.7, 139.4, 132.7, 128.9, 1269, 121.9, 121.7,120.6, 120.0, 119.6, 111.3,
56.2. HRMS (ESI-) cale. for [M-H]~ {(Ci5H13 N2Og ) 315.0623, found 315.0624

(E)-2-hydroxy-4-methoxy-2',4'-dinitrostilbene (1c), Yield 53% (2.01 g). mp. 175 °C.,
1H NMR (500 MHz, CDCl3, 298 K): § (ppm): 875 (d, ] = 2.4 Hz, 1H), 8.35 (dd, | = 8.8 Hz,
] =24 Hz, 1H), 7.88 (d, | = 8.8 Hz, 1H), 7.57 (s, 2H), 7.50 (d, | = 8.8 Hz, 1H), 6.54 (dd,
| =7.7 Hz, | = 2.4 Hz, 1H), 381 (s, 3H). 13C NMR (125 MHz, CDCls, 298 K): & (ppm): 162.0,
135.6, 147.0, 145.4, 139.7, 133.0, 129.4, 128 4, 126.8, 120.7, 118.9, 116.25, 107.3, 102.0, 55.5.
HRMS (ESI-) cale. for [M-H]™ (Cy5HyiN20g): 315.0623, found 315.0622.

(E)-2-hydroxy-5-methoxy-2',4’-dinitrostilbene (1d), Yield 56% (2.123 g). mp. 168 °C.
TH NMR (500 MHz, DMSO-d;, 298 K): & (ppm): 9.75 (br. 5, 1H), 8.73 (d, | = 2.5 Hz, 1H),
847 (dd, ] = 8.5 Hz, 1H), 821 (d, 1H), 7.65 (d, | = 11.5 Hz, 1H), 7.61 (d, 1H), 7.12 (t, ] = 2 Hz,
1H), 6.84 (d, 2H), 3.72 {5, 3H). 1*C NMR (125 MHz, DMSO-dg, 298 K): & (ppm}): 152.3, 1504,
147.2,145.6, 138.3, 133.4, 128.9, 127.2, 122.8, 121.1, 120.3, 117.19, 117.02, 112.27, 30.70. HRMS
(ESI-) calc, for [M-H]™ (C15H1N»Oy) 315.0623, found: 315.0624.

(E)-2-hydroxy-6-methoxy-2",4"-dinitrostilbene (le), Yield 69% (2.616 g). mp. 212 °C,
TH NMR (500 MHz, DMSO-dg, 298 K): 6 (ppm): 10.33 (s, 1H), .72 (d, | = 2.5 Hz, 1H), 8.44
(dd, | =9 Hz, 1H), B.14 {d, 1H), 7.96 (d, ] = 16.5 Hz, 1H), 7.71 {d, 1H), 7.16 (t, | = 8.5 Hz, 1H),
6.56 (dd, | = 0.5 Hz, 1H), 6.54 (dd, 1H), 3.84 (s, 3H). 13C NMR (125 MHz, DMSO-d;, 298 K):
& (ppm): 159.1, 157.7, 147.1, 145.2, 139.2, 130.8, 129.6, 128.1, 127.1, 122.2, 120.1, 111.3, 108.7,
102.2, 55.8. HRMS (ESL) cale. for [M-H]~ (CysH,;N2O) 315.0623, found: 315.0625.

(E)-2-hydroxy-4,5-dimethoxy-2’ 4'-dinitrostilbene (1f), Yield 75% (3.114 g). mp. 221 °C.
TH NMR (500 MHz, DMSO-dg, 298 K): & (ppm): 9.91 (s, 1H), 8.69 (d, | = 2.4 He, 1H), 8.42
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(dd, ] = 8.8 Hz, [ = 2.4 Hz, 1H), 8.17 (d, [ = 8.9 Hz, 1H), 7.67 (d, ] = 16.1 Hz, 1H), 7.46 (d,
] =16.1 Hz, 1H), 7.11 (s, 1H), 6.53 (s, 1H), 3.76 (s, 3H), 3.73 (s, 3H). *C NMR (125 MHz,
DMSO-dg, 298 K): & (ppm): 151.8, 151.6, 146.8, 144.8, 142.3, 138.8, 133.7, 128.1, 127.0, 1204,
117.5,113.8, 111.3, 100.5, 56.2, 55.4, 40.0, 39.9, 39.7, 39.5, 39.4, 39.2, 39.0. HRMS (ESI+) calc.
for [M+H]* (C15H5N207): 347.0874, found 347.0867.

(E)-2-hydroxy-5,2' 4'-tridinitrostilbene (1g), Yield 8% (0.317 g). mp. 241 °C. TH NMR
(500 MHz, DMSO-dg, 298 K): & (ppm): 8.73 (d, | = 2.3 Hz, TH), 8.54 — 8.44 (m, 2H), 8.24
{d, [ =88Hz, 1H), 811 (dd, ] = 9.0 Hz, [ = 2.8 Hz, 1H), 7.84 (d, ] = 16.3 Hz, 1H), 7.64 (d,
] =16.3 Hz, 1H), 7.07 (d, | = 9.0 Hz, 1H). *C NMR (125 MHz, DMSO-dg, 298 K): § (ppm):
162.3, 147.5, 146.0, 139.8, 137.8, 131.3, 129.2, 127.3, 126.0, 124.7, 124.0, 123.2, 120.2, 116.6,
40.0,39.9, 39.7, 39,5, 39.4, 39.2, 39.0. HRMS (ESI+) calc. for [M+H]* (C4HoN3O7): 331.0440,
found 331.0438.

(E)-1-(2,4-dinitrostyrylinaphthalen-2-ol (1h), Not isolated. Crude product mixture
was used as a substrate in a subsequeﬂl reaction.

(E)-2,4-dihydroxy-2’ 4'-dinitrostilbene (1i), Yield 12% (0.434 g). mp. 201 °C. 'H
NMR (500 MHz, DMSO-dg, 298 K): & (ppm): 10.13 (s, TH), 9.83 (s, 1H), 8.69 (d, | = 2.4 He,
1H), 840 (dd, | =89 Hz, | =24 Hz, 1H), 8.17 (d, ] = 8.9 Hz, 1H), 7.63 (d, ] = 16.1 Hz, 1H),
7.42(d, [ = 16.1 Hz, 1H), 7.38 (d, | = 8.6 Hz, 1H), 6.37 (d, ] = 2.3 Hz, 1H), 6.31 (dd, [ = 8.5 Hz,
| =23 Hz, 1H). ¥C NMR (125 MHz, DMSO-d;, 298 K): & (ppm): 160.3, 158.0, 146.7, 144.6,
1389, 134.5, 130.1, 1279, 126.9, 120.3, 116.4, 114.4, 107.9, 102.6. HRMS (ESI+) calc. for
[M+H]" (Cy5Hy5N207): 302.0539, found 302.0543.

3-nitrodibenzo[b,floxepine (2a), Yield 95% (1.135 g). mp. 156 “C. TH NMR (500 MHz,
DMSO-dg, 298 K): & (ppm): 8.10 (d, ] = 2.5 Hz, 1H), 8.04 (dd, | = 8.5 Hz, | = 2.4 Hz, 1H),
7.57(d,J=8.5Hz, 1H), 744 (ddd, | =75 Hz, | = 7 Hz, | = 1.5 Hz, 1H), 7.40 (dd, | = 1.5 Hz,
1H), 7.36 (dd, | = 8 He, 1H), 7.24 (ddd, 1H), 7.03 (d, | = 11.5 Hz, 1H), 6.92 (d, | = 11.5 Hz,
1H). ¥C NMR (125 MHz, DMSO-dg, 298 K): & (ppm): 156.0, 155.9, 148.2, 137.1, 133.5, 131.2,
130.2,129.9,129.5, 128.2, 125.8, 121.4, 120.4, 114.5.

6-methoxy-3-nitrodibenzo[b,floxepine (2b), Yield 99% (1.331 g). mp. 184 °C. 'H
NMR (500 MHz, CDCl3, 298 K): § (ppm): 8.16 (d, [ = 2.3 Hz, 1H), 7.98 (dd, | = 8.5 Hz,
[=23Hz, 1H), 7.30 (d, | = 8.5 He, 1H), 7.10 (dd, | = 8.1 He, | = 7.7 Hz, 1H), 6.99 (dd,
[=82Hz, [ =1.5Hz, 1H), 6.90 (d, | = 11.4 Hz, 1H), 6.80 (1H, dd, Hy), 6.77 (d, | = 11.4 Hz,
1H), 3.96 (s, 3H). *C NMR (125 MHz, CDCls, 298 K): & (ppm): 156.9, 151.8, 148.4, 144.7,
137.5,133.5,131.0, 129.1, 128.2, 125.5, 120.8, 112.0, 117.6, 113.3, 56.2.

3-methoxy-7-nitrodibenzo(b,floxepine (2¢), Yield 98% (1.318 g). mp. 189 °C. 'H
NMR (500 MHz, CDCls, 298 K): & (ppm): 8.00 (d, | = 2.3 Hz, 1H), 797 (dd, | = 8.4 Hz,
[=2.3Hz, 1H), 7.26 (d, | = 8.5 Hz, 1H), 7.09 (d, | = 8.5 Hz, 1H), 6.7% (d, [ = 11.4 Hz, 1H),
6.76 (d, [ = 25 Hz, 2H), 6.72 (dd, [ = 8.4 He, | = 2.5 Hz, 1H), 658 (d, | = 11.3 Hz, 2H), 3.84 (s,
3H). ¥C NMR (125 MHz, CDCls, 298 K): & (ppm): 162.4, 157.8, 156.3, 148.2, 137.8, 133.5,
130.6,129.3,125.7, 122.4, 120.1, 117.1, 111.7, 106.9, 55.5.

2-methoxy-7-nitrodibenzo[b,floxepine (2d), Yield 98% (1.318 g). mp. 167 °C. 'H
NMR (500 MHz, CDCl3, 298 K): & (ppm): 7.03 (d, [ = 8.5 Hz, 1H), 6.93 (d, | = 8 Hz, 1H), 6.77
{dd, [ =3 Hz, 1H), 6.63 (d, 1H), 6.59 (d, [ = 11 Hz, 1H), 6.49 (d, 1H), 6.45 (d, 1H), 6.41 {dd,
1H), 3.76 (s, 3H). *C NMR (125 MHz, CDCls, 296 K): & (ppm): 158.9, 156.4, 150.5, 148.7,
131.7, 130.6, 130.5, 126.4, 121.9, 1209, 114.5, 113.4, 111.3, 107.5, 55.6. HRMS (ESI+) calc. for
[M]* (CisHyi NOy) 269.0688, found: 269.0690.

1-methoxy-7-nitrodibenzo[b,floxepine (2e), Yield 96% (1.291 g). mp. 178 °C. 'H
NMR (500 MHz, CDCls, 298 K): & (ppm): 8.00 (d, [ = 2.5 He, 1H), 7.97 (dd, | = 8.5 Hz, TH),
7.31(t, [=85Hz, 1H), 7.27 (d, 1H), 7.21 (d, ] = 11.5 Hz, 1H), 6.85 (dd, | = 0.5 Hz, 1H), 6.74 (d,
1H), 6.49 (dd, 1H), 3.86 (s, 3H). 1C NMR (125 MHz, CDCl, 298 K): & (ppm): 158.5, 1574,
156.9, 148.3, 138.0, 131.2, 129.2, 128.6, 127.0, 120.1, 119.0, 117.0, 113.6, 107.6, 56.0. HRMS
(ESI+) calc. for [M]* (Cy5Hyy NOy) 269.0688, found: 269.0683.

2,3-dimethoxy-7-nitrodibenzo(b, floxepine (2f), Yield 96% (1.435 g). mp. 165 “C. 1H
NMR (500 MHz, CDCls, 298 K): & (ppm): 8.00 (d, | = 2.3 Hz, 1H), 7.96 (dd, | = 8.4 He,
[=23Hz, 1H), 7.25 (d, | = 8.4 Hz, 1H), 6.78 (s, 1H), 6.77 (d, | = 11.2 Hz, 1H), 6.65 (d,
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[ =11.2 Hz, 1H), 6.63 (s, 1H), 3.93 (s, 3H), 3.85 (s, 3H). *C NMR (125 MHz, CDCl3, 298 K);
& (ppm): 156.7, 151.3, 150.4, 148.3, 146.5, 137.6, 133.5, 129.3, 126.5, 121.3, 120.0, 116.9, 111.4,
105.2, 56.3, 56.2. HRMS (ESI+) calc. for [M]™ (C15Hi3NOs): 299.0794, found 299.0786.

2,7-dinitrodibenzo[b,floxepine (2g), Yield 80% (1.136 g). mp. 216 °C. 'H NMR
(500 MHz, DMSO-dg, 298 K): & (ppm): 832 (d, | = 2.8 Hz, 1H), 8.29 (dd, | = 8.8 Hz,
| =2.9Hz, 1H), 8.23 (d, ] = 2.4 Hz, 1H), 8.10 (dd, | = 8.5 Hz, | = 2.4 Hz, 1H), 7.68 (d,
| =8.8Hz, 1H), 7.63 (d, | = 8.5 Hz, 1H), 7.17 (d, | = 11.5 Hz, 1H), 7.08 (d, | = 11.5 Hz, 1H).
13C NMR (125 MHz, DMSO-dj, 298 K): 5 (ppm): 1604, 155.2, 148.6, 145.1, 136.3, 131.7, 130.7,
130.6, 130.2, 126.2, 125.3, 123.0, 121.0, 117.0. HRMS (ESI+) calc. for [M]* (C4HaN2Os):
284.0433, found 284.0439.

9-nitrobenzolblnaphtho [1,2-floxepine (2h), Yield 98% (1.416 g). mp. 197 °C. 'H
NMR (500 MHz, CDCls, 298 K): & (ppm): 8.09 (d, | = 2.3 Hz, 1H), 8.07 — 8.03 (m, 1H), 8.00
(dd, ] =84, 23 Hz, 1H), 7.89 (d, | = 8.8 Hz, 1H), 7.66 — 7.81 (m, 1H), 7.65(d, ] = 11.6 Hz, 1H),
757 (ddd, [ =84 Hz, | = 6.9 Hz, | = 1.4 Hz, 1H), 7.48 (ddd, | = 8.0 Hz, ] = 6.9 Hz, [ = 1.1 Hz,
1H), 7.42 (d, ] = 8.8 Hz, 1H), 7.35 (d, | = 8.5 Hz, 1H), 7.04 (d, ] = 11.6 Hz, 1H). *C NMR
{125 MHz, CDCly, 298 K): & (ppm): 157.6, 155.9, 148.6, 137.8, 131.8, 131.5, 131.4, 130.0, 129.1,
129.0, 128.6, 1274, 125.6, 123.3, 123.2, 120.9, 120.2, 116.9. HRMS (ESI+) calc. for [M+H]*
(C16H,5N,07): 289.0739, found 289.0728.

7-nitrodibenzo[b,floxepin-3-ol (2i), Yield 30% (0.382 g). mp. 164 °C. TH NMR
(500 MHz, DMSO-dg, 298 K): & (ppm): 10.10 (s, 1H), 8.02 (d, | = 2.4 Hz, 1H), 7.99 (dd,
| =84 Hz, | =24 Hz, 1H), 747 (d, | = 85 He, 1H), 713 (d, | = 8.4 Hz, 1H), 6.86 (d,
J=11.3Hz, 1H), 6.75 (d, | = 2.4 Hz, 1H), 6.67 (d, | = 11.3 Hz, 1H), 6.63 (dd, | = 8.4 Hz,
] =24 Hz, 1H). 1¥C NMR (125 MHz, DMSO-d;, 298 K): & (ppm): 160.8, 157.2, 155.3, 147.7,
137.8, 133.7, 130.9, 129.8, 124.8, 120.7, 120.3, 116.6, 112.9, 108.4. HRMS (ESI-) calc. for
[M-HJ~ (Cy4HgNOy): 254.0459, found 254.0456.

7-nitrodibenzo[b,floxepin-3-yl acetate (2j), Yield 63% (0.187 g). mp. 133 °C. "H NMR
(500 MHz, DMSO-dg, 296 K): & (ppm): 7.96 — 7.93 (m, 2H), 7.25 (d, | = 9.1 Hz, 1H), 7.17
(d, ] =84 Hz, 1H), 7.00 (d, ] = 2.2 Hz, 1H), 6.93 (dd, | = 8.3 Hz, | = 2.3 Hz, 1H), 6.80 (d,
J=11.4Hz, 1H), 6.66 (d, | = 11.4 Hz, 1H), 2.31 (s, 3H). *C NMR (125 MHz, DMSO-dj,
298 K): & (ppm): 169.0, 156.9, 156.4, 152.6, 148.3, 137.0, 132.7, 130.1, 129.5, 127.8, 1274,
120.2, 1189, 117.0, 115.2, 21.02. HRMS (ESI+) cale. for [M+H]" (C1,H2NOs): 298.0710,
found 298.0709,

Dibenzol[b,floxepin-3-amine (3a), Yield 59% (0.123 g). mp. 155 °C. TH NMR (500 MHz,
CDCls, 298 K): & (ppm): 7.25 — 7.22 (m, 1H), 7.14 — 7.04 (m, 3H), 6.93 (d, | = 8.2 Hz, 1H),
6.58 (d, [ =11.3 Hz, 1H), 6.51 (d, ] = 25 Hz, 1H), 6.50 (d, | = 11.3 Hz, TH), 6.42 (dd, | = 8.2 Hz,
| = 2.3 Hz, 1H). *C NMR (125 MHz, CDCl3, 298 K): & (ppm): 158.6, 156.7, 148.6, 131.1,
130.4, 130.1, 129.2, 129.1, 126.5, 124.8, 121.3, 121.1, 111.4, 107.7. HRMS (ESI+) cale. for
[M+H]* (C14H2NO): 210.0913, found 210.0910.

6-methoxydibenzo[b,floxepin-3-amine (3b), Yield 85% (0.203 g). mp. 179 °C. 'H
NMR (400 MHz, CDCly, 298 K): & (ppm): 7.02 (t, ] =7.9 Hz, 1H), 6.95 (d, | = 8.1 Hz, 1H),
6.87 (dd, ] = 8.1 Hz, | =1.2 Hz, 1H), 6.73 (dd, | = 7.7 Hz, | = 1.1 Hz, 1H), 6.66 (d, [ = 2.0 Hz,
1H), 6.64 (d, ] = 11.2 Hz, 1H), 6.53 (d, ] = 11.2 Hz, 1H), 6.43 (dd, | = 8.2 Hz, | = 2.3 Hz, TH),
3.91 (s, 3H), 3.80 (br. s, 2H). *C NMR (100 MHz, CDCl3, 298 K): & (ppm): 158.4, 151.7, 148.6,
144.7, 132.4, 130.3, 130.0, 126.4, 124.6, 121.3, 120.5, 111.7, 111.4, 108.3, 56.1. HRMS (ESI+)
calc. for [M+H]™ (CisH g NOs): 2401019, found 240.1016.

7-methoxydibenzo[b,floxepin-3-amine (3¢), Yield 84% (0.200 g). mp. 156 °C. 'H
NMR (400 MHz, CDCls, 298 K): & (ppm):7.02 (d, | = 8.4 Hz, 1H), 6.92 (d, | = 8.2 Hz, 1H),
6.69 (d, | = 2.6 Hz, 1H), 6.65 (dd, | = 8.4 Hz, | = 2.6 Hz, 1H), 6.52 (d, | = 2.3 Hz, 1H),
6.49-6.41 (m, 3H), 3.80 (s, 3H). '¥C NMR (100 MHz, CDCls, 298 K): & (ppm):160.9, 157.9,
157.6, 147.8, 130.2, 129.7, 127.8, 126.4, 123.7, 121.5, 111.7, 110.8, 107.9, 106.8, 55.5. HRMS
(ESI+) calc. for [M+H]* (Cy5H s NOy): 240.1019, found 240.1015.

8-methoxydibenzo[b,floxepin-3-amine (3d), Yield 84% (0.200 g). mp. 158 °C. 1H
NMR (500 MHz, CDCls, 298 K): 5 (ppm): 7.03 (d, ] = 8.5 Hz, 1H), 6.93 (d, | = 8 Hz, 1H), 6.77
(dd, ] =3 Hz, 1H), 6.63 (d, 1H), 6.59 (d, ] = 11 Hz, 1H), 649 (d, 1H), 6.45 (d, 1H), 6.41 (dd,
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1H), 3.76 (s, 3H). *C NMR (125 MHz, CDCl3, 298 K): & (ppm): 158.9, 156.4, 150.5, 148.7,
131.7, 130.6, 130.5, 126.4, 121.9, 120.9, 114.5, 113.4, 111.3, 107.5, 55.6. HRMS (ESI+) calc. for
[M+H]* (C15H13NO2+H) 240.1019, found: 240.1019.

9-methoxydibenzo[b,floxepin-3-amine (3e), Yield 71% (0.170 g). mp. 170 °C. 'H
NMR (500 MHz, CDCls, 298 K): & (ppm): 7.19 (t, | = 8.5 Hz, 1H), 6.94 (d, | = 8 Hz, 1H),
6.84(d, [ =11.5 Hz, 1H), 6.77 (dd, ] = 0.5 Hz, 1H), 6.65 (dd, 1H), 6.64 (d, 1H), 6.49 (1H, d,
] = 2.5 Hz, Hg), 6.42 (dd, 1H), 3.83 (s, 3H). 13C NMR (125 MHz, CDCl,, 298 K): & (ppm):
158.6, 158.5, 157.0, 1485, 130.1, 129.3, 129.3, 121.6, 121.3, 120.2, 113.8, 111.5, 107.6, 106.9, 55.9.
HRMS (ESI+) cale. for [M+H]* (Cy5H13NO2+H) 240.1019, found: 240.1019.

7,8-dimethoxydibenzo[b,floxepin-3-amine (3f), Yield 29% (0.078 g). mp. 223 °C.'H
NMR (400 MHz, CDCls, 298 K): & (ppm): 6.93 (d, [ = 8.2 Hz, 1H), 6.69 (s, 1H), 6.59 (s, 1H),
6.56 — 6.48 (m, 2H), 6.48 — 6.38 (m, 2H), 3.88 (s, 3H), 3.83 (s, 3H). "*C NMR (100 MHz,
CDCls, 298 K): & (ppm}): 158.2, 150.1, 149.7, 147.7, 145.8, 130.3, 128.6, 126.4, 122.5, 121.5,
111.8, 110.8, 107.8, 105.1, 56.1, 56.0. HRMS (ESI+) cale. for [M+H]* (Cy4HsNO3): 270.1125,
found 270.1121.

8-nitrodibenzo[k floxepin-3-amine (3g), Yield 72% (0.322 g). m.p. 138 °C. 1H NMR
(500 MHz, DMSO-dg, 298 K): & (ppm): 8.14 - 8.10 (m, 2H), 7.33 (d, | = 9.7 Hz, 1H}, 6.94 (d,
] =83 Hz, 1H), 6.68 (d, | = 11.3 Hz, 1H), 6,53 (d, | = 11.3 Hz, 1H), 6.41 (d, | = 2.2 Hz, 1H),
6.35 (dd, | = 8.2 Hz, J = 2.2 Hz, 1H). C NMR (100 MHz, DMSO-dg, 298 K): & (ppm): 160.3,
157.0, 152.3, 144.4, 132.7, 132.4, 130.8, 124.3, 124.2, 1226, 122.6, 116.9, 110.8, 105.7. HRMS
(ESI+) cale. for [M+H]* (CiaH1N2O3): 255.0764, found 255.0763.

benzo[blnaphtho [1,2-floxepin-9-amine (3h), Yield 25% (0.065 g). mp. 172 °C. 'H
NMR (500 MHz, CDCl5, 298 K): & (ppm): 8.09 (d, | = 8.5 Hz, 1H), 7.83 — 7.75 (m, 2H), 7.52
(ddd, [ =84 Hz, | =68Hz, [ =14 Hg, 1H), 743 (ddd, ] =8.0Hz, =68 Hz, | = 1.1 Hz, 1H),
7.34(d, [ =88Hz, 1H),7.29 (d, ] = 11.4 He, 1H), 7.01 (d, ] = 8.2 Hz, 1H), 6.93 (d, | = 11.4 Hz,
1H), 6.57 (d, | = 2.3 Hz, 1H), 6.44 (dd, | = 8.2 Hz, | = 2.3 Hz, 1H), 3.79 (s, 2H). *C NMR
{125 MHz, CDCl3, 298 K): & (ppm): 159.2, 155.9, 148.8, 131.5,131.3, 131.1, 130.0, 129.9, 128.3,
126.5, 124.9, 124.4, 123.4, 122.9, 121.5, 121.4, 111.6, 107.3 HRMS (ESI+) cale. for [M+H]*
(C1H14NO;3): 259.0997, found 259.0993.

7-aminodibenzo[b,floxepin-3-y] acetate (3j), Yield 38% (0.101 g). mp. 145 °C. 'H
NMR (500 MHz, CDCls, 298 K): & (ppm): 7.09 (d, | = 8.4 Hz, 1H), 6.91 (d, ] = 8.2 Hz, 1H),
6.90 (d, | = 2.3 Hz, 1H), 6.84 (dd, | = 8.3 He, | = 2.3 Hz, 1H), 6.55 (d, | = 11.3 He, 1H),
6.46-6.44 (m, 2H), 6.42 (dd, | = 8.1 Hz, | = 2.3 Hz, 1H). "*C NMR (125 MHz, CDCls, 298 K):
& (ppm): 169.1, 158.1, 157.0, 151.3, 148.7, 130.4, 130.0, 129.3, 129.0, 125.6, 120.8, 118.0, 115.0,
111.6, 107.7, 21.1. HRMS (ESI+) calc. for [M+H]* (CigH s NO4y): 268.0968, found 268.0964.

4.2, NME Measurements

All the spectra were recorded using a Varian VNMRS spectrometer operating at
an 11.7 T magnetic field. Measurements were performed for ca. 1.0M solutions of all the
compounds in DMSO-dg or CDCl3. The residual signals of DMSO-dg (2.54 ppm) and CDCl5
(7.26 ppm) in "H NMR and of the DMSO-d;, signal (40.45 ppm) and of CDCl, (77.0 ppm)
in 1*C NMR spectra were used as the chemical shift references. Spin multiplicities are
described as s (singlet), d (doublet), t (triplet), q (quartet), m {multiplet), and dd (double
doublet). Coupling constants are reported in hertz. All the proton spectra were recorded
using the standard spectrometer software and parameters set: acquisition time 3 s, pulse
angle 30°. The standard measurement parameter set for 1*C NMR spectra was: pulse
width 7 us (the 90° pulse width was 12.5 us), acquisition time 1 s, spectral width 200 ppm,
1000 scans of 32 K data point were accumulated and after zero-filling to 64 K; and the FID
signals were subjected to Fourier transformation after applying a 1Hz line broadening,

4.3. Biological Evaluation
4.3.1. Cell Culturing

Cells were cultured in a humidified incubator at 37 °C under 5% CO;. Human
colorectal carcinoma (HCT116) cells were grown in McCoy's 5A Medium (ATCC, Catalog
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No, 30-2007), human breast adenocarcinoma (MCF-7) and human dermal fibroblasts (HDFE-
A) cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma D5546)
supplemented with 2 mM L-glutamine. Human embryonic kidney (HEK293) cell line was
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco 31966-021). All culture
media were supplemented with 1% Penicillin-Streptomycin (Sigma-Aldrich, P4333) and
10% fetal bovine serum (Gibco, 10270-106). Cells were sub-cultured at approximately
80-90% confluency to maintain the culture in the logarithmic growth phase.

432, MTT Cytotoxicity Assay

Cells were seeded at a 96-well plate at the density of 7 x 10% cells per well and
allowed to grow for 24 h. Afterward, the medium was aspirated and fresh medium was
added (200 pL) with serial dilutions (100 — 10 uM]} of tested compounds or DMSO at
corresponding concentrations as a control. Following 48 h of incubation, the medium was
replaced with phenol red-free medium (100 uL) con taining MTT (3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyl-2H-tetrazolium bromide, 0.5 mg/mL}) and replaced in the incubator for
4 h. The formed formazan was dissolved in DMSO (100 uL}) followed by incubation of
the mixture at 37 °C for 10 min. The absorbance was measured at 540 nm. After blank
subtraction, the half maximal effective concentration (ECsg) was calculated by GraphPad
Prism software (GraphPad Software Inc, San Diego, CA, USA).

4.3.3. Immunofluorescence

Cells were seeded on coverslips at a 24-well plate at a density of 5 x 10* cells per well
and allowed to grow overnight. Next medium was replaced with a medium containing
60 uM solution of the selected compound and incubated for 24 h. Then, cells were fixed
and permeabilized with 100% methanol at —20 “C for 15 min and subsequently washed
three times with PBS at room temperature. After 1 h blocking with 3% BSA/PBS at4 °C,
slides were incubated with anti-alpha-tubulin 12G10 primary antibody (Developmental
Studies Hybridoma Bank, University of lowa, lowa City, IA, USA) (diluted to 2 pg/mL in
3% BSA/PBS) overnight at 4 “C. After 3 x 10 min washing with PBS, slides were incubated
with AlexaFluor 555-conjugated secondary antibody (diluted to 50 ng/mL in 3% BSA /PBS)
{Thermo Fisher Scientific, Waltham, MA, USA, A31570) for 1 h at room temperature. After
washing (3 x 10 min with PBS), slides were mounted in Fluoromount-G (Southern Biotech.,
Birmingham, AL, USA). Cells were recorded using Leica TCS SP8 (Leica Microsystems,
Wetzlar, Germany) confocal microscope.

4.4. Computational Aspects

The optimum ground-state geometry for selected compounds 1a, 1c, 1d, 1i, 2i, 2j, and
3h was calculated using density functional theory (DFT) [54]. The B3LYT functional and
6-311++g (2d,p) basis set and the continuum model (PCM; Gaussian 03W) [55] were used
to simulate the effects of the solvent -DMSO. All calculations were performed on a server
equipped with a 16 quad-core XEON (R) CPU E7310 processor operating at 1.60) GHz. The
operating system was Open SUSE 10.3.

Selected compounds were docked into the 3D X-ray structure of ap-tubulin het-
erodimer (PDB code: 15A0) [59] using the Auto-Dock Vina software (the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) method) [50]. The PyMOL graphical user interface and python
scripts provided by AutodockTools [61] were employed to set up the aff-tubulin struc-
ture: chains C, D, and E were removed as well as small melecules {(magnesium ion,
GDT, GTP, and DAMA-colchicine), and all hydrogens were added. Next python script
prepare_receptord.py was used for .pdbqt file generation. The 3D structures of ligand
molecules were built, optimized (B3LYP functional and 6-311G 6-311++g (2d,p) basis set
level), and saved in .pdb format. The python script prepare_ligand4.py was employed to set
up the ligand and the pdbqt file was saved. Auto-Dock Vina software was employed for all
docking calculations. The AutoDockTools program was used to generate the docking input
files. In docking, a grid box size of 56 % 56 x 56 points in x, y, and z directions was built,
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and the maps were center located (39.82, 53.24, —8.21) in the binding site of the protein. A
grid spacing of 0.375 A (approximately one-fourth of the length of a carbon-carbon covalent
bond) was used for the calculation of the energetic map. All computations were performed
on an Intel® Core™ and 7-4702MQ 3.2 GHz processor running Ubuntu 18.04 Workstation
Linux distribution. PyMOL software (www.pymol.org/ (accessed on 1 January 2021)) was
used to analyze the docking results [62]. The Protein-Ligand Interaction Profiler (PLIP}
was used to predict protein-docked ligand interactions (the default threshold was used for
detection steps: 4.0 A max. distance of carbon atoms for a hydrophobic interaction; 4.1 A
max. distance between acceptor and donor in hydrogen bonds) [63].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article /103390 /molecules28083558 /s1. Figures 51-554. NMR spectra of obtained
compounds. Tables $1-57. The calculated coordinates of compounds (1a, 1c, 1d, 1i, 2i, 2j and
3h). Figures 555-561. Visualization of calculated geometry of compounds (1a, 1, 1d, 1i, 2i, 2j, 3h).
Table S8. Estimated binding free energy, visualization of binding pose and predicted interactions
with afi-tubulin heterodimer for compounds (1a, 1c, 1d, 1i, 2i, 2j, 3h).
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Abstract: Compounds that disrupt microtubule dynamics, such as colchicine, paclitaxel, or Vinca
alkaloids, have been broadly used in biological studies and have found application in clinical anti-
cancer medications. However, their main disadvantage is the lack of specificity towards cancerous
cells, leading to severe side effects. In this paper, we report the first synthesis of 12 new visible light
photoswitchable colchicine-based microtubule inhibitors AzoCols. Among the obtained compounds,
two photoswitches showed light-dependent cytotoxicity in cancerous cell lines (HCT116 and MCF-7).
The most promising compound displayed a nearly twofold increase in potency. Moreover, dissimilar
inhibition of purified tubulin polymerisation in cell-free assay and light-dependent disruption of
microtubule organisation visualised by immunofluorescence imaging sheds light on the mechanism
of action as microtubule photoswitchable destabilisers. The presented results provide a founda-
tion towards the synthesis and development of a novel class of photoswitchable colchicine-based
microtubule polymerisation inhibitors.

Keywords: photopharmacology: colchicine; tubulin; photoswitches

1. Introduction

Photopharmacology is an emerging method based on incorporation of photoswitch-
able component—molecular switches into the skeleton of a parent compound with expected
biological activity. The goal of photopharmacelogy is to reduce the effects of drug sub-
stances apart from the cellular target and severe systemic/environmental side effects by
establishing an external and selective means of controlling the activity of these compounds
with time and spatial precision. It involves the design, synthesis, research, and applica-
tion of drugs in the form of photochromic molecular switches which can be regulated by
light [1-4]. Although photopharmacology is a relatively new technique that has not yet
found clinical application, recent years have abounded with outstanding research towards
the development of novel photoresponsive bicactive compounds including G protein-
coupled receptors (GPCRs) agonists [5-7], ion channels activity modulators [5-10], and
enzyme inhibitors [11]. Azobenzenes are photoswitches that can have many applications
in photopharmacology. They can be switched between the (E) and (£) configurations
by light [12,13]. Due to their small size, high quantum efficiency, high extinction coeffi-
cients, low photobleaching factor, and easy synthesis, they are perfect structural elements
for creating complex optical tools—they require low-intensity light and, because of their
stability, they can be switched many times in a large number of cycles [14-16]. For exam-
ple, the action of photopharmaceuticals containing skeletal fragments of azobenzene as a
functionalizing unit allows for control of biological functions with precision in space and
time [17-20]. Classical azobenzenes also have disadvanta ges that limit their practical use
in biological sciences. The first is the necessity to use destructive and harmful-to-cells UV
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light necessary to induce (E) — (Z) isomerisation by excitation of m — 7*, The second is
incomplete reverse (Z) — (E) photoisomerisation, caused by radiation with the maximum
absorption in the visible region, in which the n — 7* bands of (E) and () isomers overlap,
which makes it impossible to selectively analyse each of the geometric isomers and select
excitation. Therefore, azobenzenes should be modified by introducing various substituents,
e.g., halogen, alkoxyl, etc, [21-23]. Implementation of ortho-fluorine atoms renders the
separation of the n — 7n* absorption bands in the UV-VIS spectrum possible. This en-
ables selective addressing of each geometric isomer and its selective activation [24=27].
Microtubules (MT) are vital cytoskeletal constituent present in eukaryotic cells which
are involved in many cellular processes. MT are hollow cylindrical polymers composed
of af-tubulin heterodimers noncovalently bounded longitudinally and laterally. Their
abilit’y to rapidl_\,r reorganise from growing (by incorporating new afp-tubulin subunits
at the (+) end of MT) to shrinking (by removal of ap-tubulin subunits) and vice versa,
known as "'dynamic: {nstability", is crucial for MT biuadi\-‘ity and can be modified by small
melecules known as microtubule-targeting agents (MTAs). These compounds can be di-
vided into two main groups, depending on their influence on polymerised tubulin mass at
high concentrations, namely microtubule-stabilising agents (e.g., taxanes and epothilones)
and microtubule-destabilising agents (e.g., vinca alkaloids, maytansines, and colchicine
derivatives) [28,29]. In turn, when low concentrations are applied, both classes suppress mi-
crotubule dynamics [30-32]. Importantly, microtubule-targeting agents disrupt formation
and proper activity of mitotic spindle, leading to impaired chromosome segregation during
mitosis and, consequently, cell death [33]. Over the past few decades, hundreds of MTAs
have been synthesised and evaluated for their bioactivity [34-36]. However, there are only
a handful of classes of photoswitchable microtubule-targeting agents (PMTAs) that are
currently known [19]. Studies from three independent groups have described the first po-
tent photoswitchable analogues of combretastatin A-4 CA4, namely photostatins PTS-1, in
which the isosteric nitrogen-nitrogen double bond replaces the carbon—carbon double bond
of CA4 (Figure 1a) [37-39]. Since then, other photoswitchable microtubule-destabilising
agents based on CA4 analogues have been developed, e.g., hemithioindigos HOTub-
31, PHTub-7 [40-42], spiropyrans [43,44], and styrylbenzothiazoles (SBTub-A4) [45,46]
(Figure 1a). Recently, photoswitchable plinabulin-based microtubule inhibitors have been
developed [47]. Despite extensive research towards novel PMTAs, no colchicine-based
photoswitchable microtubule-destabilising agents have yet been described. In contrast,
only two classes of photoswitchable microtubule-stabilising agents have been published:
paclitaxel-based [45] and epothilone-based photoswitchable microtubule stabilisers [49]
(Figure 1b). Each set of compounds has its own disadvantages and advantages. In cases
where UV light is used to induce photoisomerization in a biological context, several in-
herent limitations have to be taken into account. UV light has low tissue penetration
ability [50], and hard UV light might lead to DNA mutations; thus, it is toxic to normal
cells. Furthermore, high-energy UV light can cause irreversible photolysis (e.g., photoox-
idation, photoisomerisation, free radical formation) and thus cannot be applied in some
pharmacophore structures. It was shown that exposure to UV light irradiation of colchicine
causes the formation of p-lumicolchicine, y-lumicolchicine, e-lumicolchicine, and loss of
biocactivity [51,52].

In this study, our goal was to develop novel visible light photoswitchable colchicine-
based microtubule disrupting agents and assess their antiproliferative activity against
selected tumorous cell lines.
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Figure 1. Structures of (a) combretastatin A-4 CA4 and known photoswitchable microtubule desta-
bilisers and (b) stabilisers.

2. Materials and Methods
2.1. Synthesis

Compound characterisation and copies of NMR spectra are provided in the Supporting
Information.

(R)-N-deacetyl colchicine was synthesised according to a protocol previously pub-
lished [53].

General procedure A: the aqueous solution (35 mL) of oxone” (3.5 mmol) was added,
dropwise, to the solution of aniline derivative 1a-d (1 mmol) in dichloromethane (20 mL).
The reaction mixture was vigorous stirred at room temperature. After disappearance of the
starting material (analysed by TLC), the reaction was quenched by addition of NaHCO;.
After separation, the aqueous phase was extracted twice with DCM. The combined organic
layers were dried over MgSOy and concentrated in a vacuum. The residue containing
nitrosoarene 2a-d was dissolved in acetic acid (50 mL) and appropriate isomer of aminoben-
zoic acid (1 mmol) was added. The reaction was stirred at room temperature for 24 h and
then poured into water. The crude product was collected by filtration and recrystallized
from ethyl acetate to afford the analytically pure product. For soluble products, the solvent
was evaporated, and the residue was subjected to column chromatography with 1% of
acetic acid in DCM used as eluent.

General procedure B: a solution of appropriate azobenzene ni-, p-3a-d obtained from
procedure A (0.3 mmol) in DMF (5 mL) was added to (R)-N-deacetyl colchicine (0.15 mmol),
HATU (0.15 mmol), and DIPEA (0.9 mmol) under argon atmosphere. The mixture was
stirred at room temperature for 4 h and then diluted with ice-cooled water and extracted
with ethyl acetate (2 x 40 mL). Combined organic layers were washed with brine dried
over MgSQOy and evaporated under reduced pressure. The residue was purified by silica
gel column chromatography (DCM/MeOH 9:1).

General procedure C: thionyl chloride (5.0 mmol) was added to a solution of 2-
aminobenzoic acid (1.05 mmol) in toluene (5 mL), and the mixture was refluxed for 4 h.
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Next, the solvent was evaporated under reduced pressure to obtain the crude acid chloride
as yellow oil, which was used immediately in the next step without any purification. Et;N
{1.05 mmeol) was added to a solution of (R)-N-deacetyl colchicine (1.0 mmol) in DCM
{10 mL) at 0 °C and stirred for 15 min. The solution of acid chloride in methylene chloride
{5 mL) was added dropwise to the latter mixture at 0 °C and stirred overnight. Thereafter,
the solvent was removed under reduced pressure and the residue was purified by column
chromatography (ethyl acetate /acetone 4:1) to afford intermediate 51. In subsequent reac-
tions, nitrosobenzenes 2a-d (obtained as in general procedure A, 0.2 mmol) was dissolved
in acetic acid (5 mL) and intermediate 51 (.15 mmol) was added in DCM (5 mL). The
reaction was stirred at room temperature for 24 h and then the solvent was evaporated, The
residue was dissolved in ethyl acetate (10 mL), washed with NaHCQO5 (2 x 2 mL) water
(2 mL), dried over MgS0,, and concentrated in a vacuum. The product was purified by
silica gel column chromatography (DCM/MeOH 95:5).

2.2. Tubulin Polymerisation Assay

Tubulin from porcine brain was purified according to a protocol published previ-
ously [54]. The tubulin polymerisation reaction was conducted at 3.5 mg,/mL tubulin, in a
tubulin polymerisation buffer (80 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES)
pH=6.9;0.5 mM EGTA; 2 mM MgClz), in a 96-well plate (100 pL}, ina EnSpire® multimode
plate reader (PerkinElmer, Turku, Finland) with temperature maintained at 37 °C. Tubulin
was initially preincubated for 30 min at room temperature with (Z) enriched isomer (green
light pre-illuminated) or with all (E) isomer (thermally adapted in dark) of 0-AzoCol26DF
{10 uM) in buffer with 1% DMSQ, without GTFP. A sample with 1% DMSO alone was used
as a control. GTP was added to the concentration 1 mM, and the change in absorbance
at 340 nm was monitored at 15 s intervals for 20 min. A solution of colchicine (5 pM) or
cosolvent (DMSO) was used as a control.

2.3. Cell Culturing

Cells were cultured in a humidified incubator at 37 *C under 5% COs. Human breast
adenocarcinoma (MCF-7) cells were maintained in phenol red-free Dulbecco’s Modified
Eagle’s Medium (Thermo Fisher Scientific, Waltham, MA, USA, 11054020) supplemented
with 2 mM L-glutamine, and human colorectal carcinoma (HCT116) cells were maintained
in the same medium but supplemented with 4.5 g/L glucose and 4 mM L-glutamine.
All culture media were supplemented with 1% Penicillin-Streptomycin (Sigma-Aldrich,
Burlington, MA, USA, P4333) and 10% fetal bovine serum (Gibco, Billings, MT, USA, 10270-
106). Cells were sub-cultured at approximately 70-90% confluency to maintain the culture
in the logarithmic growth phase.

2.4, MTT Cytotoxicity Assay with Green and Blue Light Irradiation

Cells were seeded in a 96-well plate at the density of 7 x 10% cells per well and
allowed to grow for 24 h. Afterwards, the medium was aspirated, and a fresh medium
was added (200 pL) with serial dilutions of tested compounds or DMSO at corresponding
concentrations as a control. Following 48 h of incubation under 500 ms pulsed green or blue
light irradiation every 15 s, the medium was replaced with a medium (100 uL) containing
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium bromide, 0.5 mg,/mL) and
incubated at 37 °C for 4 h. The formed formazan was dissolved in DMSO (100 pLl.) and
incubated at 37 “C for 10 min. The absorbance was measured at 540 nm. After blank
subtraction, the half maximal effective concentration {ICsy) was calculated by GraphPad
Prism software version 7 (GraphPad Software Inc., San Diego, CA, USA). Each independent
experiment was performed in triplicate.

2.5, Immunofluorescence

Cells were seeded on coverslips on a 24-well plate at a density of 5 x 10* cells per
well and allowed to grow overnight. Next, the medium was replaced with a medium
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containing the 0-AzoCol26DF or the colchicine (without illumination) or DMSC as control
and incubated for 24 h under 50 ms pulsed green or blue light irradiation every 15s.
Then, cells were fixed and permeabilised with 100% methanol at —20 “C for 15 min and
subsequently washed three times with PBS at room temperature, After 1 h blocking
with 3% BSA/PBS at 4 °C, slides were incubated with anti-ec tubulin 12G10 antibody
{Developmental Studies Hybridoma Bank, University of lowa, Iowa City, 1A, USA) (diluted
1:300 in 3% BSA/PBS) and anti-acetylated o- tubulin antibody (Cell Signalling, Danvers,
MA, USA) (diluted 1:1000 in 3% BSA /PBS) overnight at 4 “C. After 3 = 10 min washing with
PBS, slides were incubated with AlexaFluor555-conjugated anti-rabbit and AlexaFluor488-
conjugated anti-mouse secondary antibodies (diluted 1:400 in 3% BSA/FPBS) (Thermo
Fisher Scientific, Waltham, MA, USA, A31570) and with DAPI (50 ng,/mL]} for 1 h at room
temperature. After washing (3 x 10 min with PBS), slides were mounted in Fluoromount-G
{Southern Biotech., Birmingham, AL, USA). Images were recorded using Leica TCS SP8
(Leica Micrusystems, Wetzlar, Germany) confocal microscope and anal}rsed using Image]'
1.53t software.

2.6. Cell Cycle Stages Analysis

Appmximat‘ely 107 cells were plaled and treated with DMSQO, colchicine, or 0-AzoCol26DF.
Next, the medium was replaced with a medium containing solution of the 0-AzoCol26DF
or solution of the colchicine (without illumination) or DMSO as control and incubated for
24 h under 500 ms pulsed green or blue light irradiation every 15 s, as described above.
After 24 h, cells were harvested, fixed with 70% ethanol, and stained with 50 pg/mL
propidium iodide with presence of 50 pg/mL RNAse A. Stained cells were immediately
analysed in Cytometer BD FACSCalibur (BD, Franklin Lakes, NJ, USA).

3. Results and Discussion
3.1. The Computational Study

As mentioned in the introduction, the implementation of fluorine atoms makes it
possible to separate the n — 7* absorption bands in the UV-VIS spectrum and to separate
them from the m — 7" band. This is why we first computed and analysed the geometry
proposed by using compounds, o=, m-, p-3a-d for (E) and (Z) isomers, using the density
functional theory (DFT). In the calculations, the B3LYP functional, -31G*, and basis set was
employed and the continuum model (PCM; Gaussian 03W, see Supporting Information)
was used to simulate the effects of the solvent, DMSO [55,56]. This method successfully
reproduces the relative energies of the isomers of many azobenzene derivatives, including
bridged azobenzenes [57,58]. The SCF energy for the (E) and (Z) isomers of o-, m-, p-3a—d is
presented in Table S1 in the Supporting Information. For all compounds, the (E) isomer
has a lower energy (mostly 55.8-59.8 k] /mol). The smallest differences were observed for
(E}-p-3d/(Z)-p-3d and (E)-m-3d/(Z)-m-3d at 43.38 k] /mol and 45.98 k] /mol, respectively.
Moreover, for compounds (E)-0-3b/(Z)-0-3b and (E)-0-3a/(Z)-0-3a, due to the large spheri-
cal hindrance, differences are the largest at 81.08 k] /mol and 80.61 kJ/muol, respectively. In
the case of (E)-0-3d /(Z)-0-3d and (E)-0-3¢/(Z}-0-3¢, the hydrogen bonds between fluor of
first ring and hydrogen of second ring can be observed, such bonds reducing the energy
difference between the (E) and (Z) isomers (56.13 k] /mol and 56.78 k] /mol, respectively, see
Supporting Information). The geomelry of the respective photoswitch has a strong influ-
ence on the n — 7* excitation energies. To determine whether the conformational changes
of the photoswitch structures provide shifts in the excitation energies, we calculated the
energy of (E) and (Z) orbitals HOMO and LUMO for switches o-, m-, p-3a—d (Table S2). It is
known from the framework of MO theory that the lowest excited states of azobenzenes
can be quite well described using singly excited n —+ 7" and 7 — 7* configurations [59].
The separation of n and m orbitals by symmetry is easy for the planar (E) isomers, and the
relevant orbitals, i.e., 7, n, and 7%, are readily recognised in MO calculations also for the
differently shaped (Z) isomer. Analysing the obtained data, we can observe that, for all
compounds, the 7* orbital level is much higher in the (Z) isomer relative to the (E) isomer.
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This relates to the fact that in the (Z) isomers the m-electron delocalisation is reduced due to
the large dihedral angles about the N—C single bonds. The n-orbital energy level in the (Z)
isomer is also much higher than in the E-isomer. This effect is connected with the linearity
of the (E) isomer and the interaction of the lone pair orbitals on the two neighboring N
atoms through bonds. In the case of the nonlinear (£) isomer, the lone pair orbitals interact
much more strongly through space. As described by Hecht [24,26], the repulsive interac-
tion of the nitrogen lone pairs increases the n-level in azobenzenes and the introduction
of a fluorine atom {o-electron withdrawing groups) to aromatic ring; especially in ortho
position, it should lower the n-orbital energy. It is worth noting that the n — 7* excitation
energies are very similar for both (E) and (£) isomers, This conclusion is consistent with the
results of Ali et al. and Hecht et al. obtained for other fluorinated compounds [24,59]. The
energy differences of the (E) and (Z) orbitals HOMO and LUMO are small, ranging from
3.597 eV to 3.935 eV. The information obtained theoretically was verified by synthesis of o-,
ii-, p-Sa—d compou nds {Figure 2) and by measuring their UV-Vis spectra (see Suppurting
Information).

green light o

0 .
N O blue light or kg T o

o

o- m- p- (E)-AzoCols o- m- p- (Z)-AzoCols
Figure 2. Structure of colchicine and rationale design of azobenzamides-colchicines AzoCols.

3.2. Design and Synthesis of Azocolchicines

Our synthetic strategy towards photoswitchable azobenzamides-colchicnes AzoCols
is based on the replacement of the acetoamide group of a well-known and potent micro-
tubule disrupting agent, colchicine, with an azobenzene unit (Figure 2). Previous data
suggest that substitutions at this position are well tolerated and do not lead to loss of
bioactivity [60,61]. Hence, we anticipated that this approach would maintain the antiprolif-
erative activity and simultaneously allow for precise spatiotemporal control of its activity
with light irradiation. Recently, we explored the various synthetic methods to obtain azo
compounds. Utilising the optimised conditions, we focused on a one-step method with
oxone synthesis [62]. We started from aniline derivatives substituted with a fluorine atom
at various positions 1a-d and oxidised them to corresponding nitroso compounds 2a-d by
reaction with potassium peroxymonosulfate in biphasic dichloromethane /water solution.
Obtained nitroso derivatives were used in Baeyer—Mills reactions with ortho-, meta-, and
para- aminobenzoic acid affording azobenzenes o-, m-, p-3a-d (Scheme 1) [14]. A one-pot
condensation reaction between N-deacetycolchicine 4 and meta- or para-3a—d isomers al-
lowed for a straightforward synthesis of photoswitchable azobenzamides-colchicines mi-,
p-AzoCols. Unfortunately, reactions with ertho-3a—d resulted in a complicated, inseparable
products mixture. Thus, we decided to react 4 with 2-aminobenzoyl chloride in the presence
of triethylamine and, in the following step, with nitrosobenzene 2a—d. This synthetic route
resulted in the desired target compounds ortho-AzoCols (Scheme 2).
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3.3. Photochemical Characterisation

Photochemical properties of AzoCols photoswitches are attributed to azobenzene
3a—d moiety incorporated into the parent pharmacophore structure; therefore, we evalu-
ated the photochemical properties of obtained azobenzenes by NMR spectroscopy and
UV-Vis spectrophotometry. As a solvent, we chose DMSO due to its ability to dissolve polar
and nonpolar molecules, which is crucial for the analytical methods used in this study. Ad-
ditionally, its intermediate polarity allows for good approximation of organic and aqueous
solvents. Furthermore, in the context of photopharmacology, DMSO is used for stock solu-
tion preparation which is illuminated and then diluted into aqueous systems for biological
activity assessment [63-05]. The photoisomerisation of azobenzenes 3a—d is not altered
upon condensation with colchicine (see Supporting Information Figures 52 and 53). We
assumed that ultraviolet light would cause photocatalyzed degradation of azobenzamides-
colchicines AzoCols. Indeed, irradiation of p-AzoCol4F with UV light (365 nm) lead to the
formation of a complex mixture of products (see Supporting Information Figure S4). This
result confirms that ultraviolet light is incompatible with photoswitchable ligands based on
the colchicine structure. Therefore, we determined the distribution of (E) and (Z) isomers
for azobenzenes o-, m-, p-3a—d at the photostationary state (PSS) under constants illumina-
tion with selected wavelengths of the visible spectrum (390-610 nm) by 'H or "*F NMR
analysis (see Supporting Information Figures S6-517). The obtained results are summarised
in Figure 3a. The green light (505-535 nm) induced (E) — (Z) photoconversions, affording
the highest PSS ratios. On the other hand, blue light (390-430 nm) induced reverse (Z) —
{E) photoconversion, affording low PSS compositions. The lowest PSS percentages were
obtained for compounds without a fluorine substituent, i.e., o-, m-, p-3a (46, 35, and 35%,
respectively), while introducing a fluorine atom at 4- and 2,4-positions in compounds o-,
-, p-3b-c caused only a slight increase in PSS ratios. The azobenzenes bearing an ortho-
fluorine substituent, i.e., o-, m-, p-3d, displayed the highest PSS compositions (88, 77, and
71%, respectively). After selection of optimal wavelengths, we acquired UV-Vis absorption
spectra for azobenzenes o-, m-, p-3a-d in dimethyl sulfoxide at 500 uM concentrations
for visualisation and analysis of weak n—m* bands. Spectroscopic data are summarised in
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Table 1. In general, the strong m—n* transition band was observed at 315330 nm and the
weaker n—m* band at approximately 445 nm for (E) isomers, After illumination with green
light (causing photoconversion to the (£) isomer), a decrease in m=m* band intensity and
an increase in n—m* bands were observed. Most importantly, for compounds o-, m-, p-3d,
due to the introduction of an ortho-fluoro substituent, causing stabilisation of nonbonding
electron pairs of the azo-bond, significant separation of the n —» m* transition band of
the (E} and (Z) isomers (around 30 nm) was observed (Figure 3b), allowing for selective
addressing of both isomers with visible light. Multiple cycles of photoreversible switching
under alternating green and blue light irradiation without noticeable photobleaching or
degradation confirmed repeatable and robust photochromic conversion of the obtained
azobenzenes (Figure 3c). Moreover, we checked photochemical stability of 0-AzoCol26DF
and corresponding azobenzene 0-3d in cell growth media at conditions similar to pho-
topharmacological assays (high glucose medium supplemented with 4 mM L-glutamine,
500 ms pulses of green or blue light every 15 s for 48 h, 10% of DMS0). No changes in spec-
trum indicating degradation were observed. The only change in spectrum was atiributed
to (E) — (Z) photoconversions (see Supporting [nformation Figure S5). All photoswitches
displayed substantially slower spontaneous (Z) — (E) relaxation (the half-life at 37 “C
varied from 5 h to =48 h) than the biological assays timescale. Stability in organic and
aqueous media, near-ideal photochemical characteristics, and bidirectional photoswitching
showed that the obtained molecular switches can be used in photopharmacological assays
OF 11 VIVDO.

(b)

—themmally adagted
green light

Absorbance [AU]

(c)

il

Absorbance at A,,,, [AU]

1 . [] ]
Cycle

Figum 3. (a) Fholgs{alionary state (PSS) composi{ions for azobenzenes p-, m-, p-Sa-d determined
by TH or "YF NMR analysis (c = 10 mM in DMSO-dg); (b) representative UV-Vis absorption spectra
of thermally adapted and green light (535 nm) irradiated 500 uM ¢-3d in DMS0; (c) representative
multiple photoswitching rounds of 50 uM 0-3d in DMSO by pulsed green (535 nm) and blue (430 nm)
light illumination,

3.4. Photocontrollable in Cellulo Studies

Colchicine is a potent microtubule polymerisation inhibitor leading to mitotic arrests
and, as a consequence, cell death [66]. We expected photoswitchable azobenzamides-
colchicnes AzoCols to show similar antiproliferative activity. Therefore, we decided to eval-
uate in cellulo cytotoxicity for twelve obtained colchicine analogues at the most favourable
illuminating conditions (430 nm for predominantly (E} and 535 nm for predominantly
{£) isomer, respectively). For irradiation of cell cultures, we used self-built arrays of
24 low-power light-emitting diodes (LED) controlled by the Adurino board (see Supporting
Information). Such an automated system allowed for precise pulsed illumination (500 ms
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pulses of light every 15 s in our experiments) during long-term assays. Most importantly,
it has been proven to be compatible with cell culturing conditions [37,40,42,45,46]. We
first screened for bicactivity on an MCF-7 cell line as a model for human breast adenocar-
cinoma (N = 1). For lead compound exhibiting light-dependent cytotoxicity, we further
expanded our research to include a HCT116 cell line (human colorectal carcinoma) and
a HKE293 cell line (human embryonic kidney). The obtained results are summarised in
Table 2. Notably, all AzoCols showed potent antiproliferative activity (ICsg ranging from
28 to 187 nM), clearly demonstrating that incorporation of azobenzene moiety neither
suppress binding to tubulin nor disrupt permeation through the cytoplasmic membrane.
The meta-AzoCols set of compounds displayed equipotent bioactivity under illumination
with green or blue light. In contrast, throughout para- and ortho- isomers, p-AzoCol24DF
and 0-AzoCol26DF showed dissimilar cytotoxicity, dependent on the irradiation condi-
tions, However, for 0-AzoCol and 0-AzoCol4F, we obtained somewhat inconsistent results.
In the predominantl}' (Z) isomer state (green |ight illumination), phAzoColzleF and o-
AzoCol26DF showed higher potency than in the predominantly (E) isomer state (blue light
illumination). The most promising compound, 0-AzeCol26DF, displayed c.a. a double
potency shift on HCT116 cells upon illumination with green light.

Table 1. Spectroscopic data for 500 uM solution of o-, m-, p-3a-d in DMSO at 25 C. The photostation-
ary state (P55) composition was determined by 9F or 'TH NMR (c == 10 mM in DMSO-dy ). Thermal
relaxation half-life (ty ;) was measured for 100 pM DMSO solutions at 37 “C.

(El-isomer * {Z)-isomer ?

A T Ao 1) Agae (07 AN fn70%) PSS PSSy
Compound [nm] Inml [run] fnm] tuzlhl (%) 4 (35)
32 324 48 0 B 3 93 m
0-3b 326 445 57 B 5 99 48
o3¢ 330 441 33 1 23 9% 66
o3d 315 450 420 30 e o7 88
m-3a 321 437 29 8 48 04 35
m-3b 32 31 a3 8 248 93 32
-3¢ 32 440 23 17 =48 95 16
-3d 315 48 a17 3 248 9% 77
p3a 330 447 40 7 17 91 35
p-3b 330 446 40 & 16 99 ¥
p-3c 334 448 37 1 23 93 a7
p-3d 32 454 a 33 =48 91 71

# Thermally adapted; ® PSS after irradiation with green light (535 nm); © Percentage of (E) isomer at 430 nm PSS;
@ Percentage of (Z) isomer at 535 nm PSS,

Table 2. Light-dependent cytotoxicity of AzoCols from MTT assay.

Compound Cell Line 1Cgy Blue Light (nM) ICsy Green Light (nM) IC Ratio
p-AzoCol MCF-7 (N=1) HL2 4442 11
p-AzoCol4F MCF-7 (N =1) 44 +1 43=1 1.0
pr-AzoCol24DF MCOF-7 (N =3) 50 +1 I+ 1.4
p-AzoCol26DF MCF-7 (N =1) 85+ 1 1 1.0
m-AzoCol MCF-7{N=1) +2 7=1 1.1
ni-AzoColdF MCF-7 (N=1) 2+1 0=1 1.1
rit-AzoCol24DF MCF-7 (N=1) 49+1 71 1.0
m-AzoCol26DF MCF-7 (N=1) ESES) 46 = 4 1.0
o-AzoCol MCF-7 (N=1) ne ne nc
o-AzoColdF MCF-7 (N=1) ne ne ne
o-AzoCol24DF MCF-7 (N=1) 183 174 1.1
a-AzoCol26DF MCF-7 (N =3) 184 + 4 126 +2 1.5
o-AzoCol26DF HCTI6 (N =12) 187 £ 9 7=z 1.9
o-AzoCol26DF HEK293 (N = 3) =250 =250 -
Caolchicine MCF-7 122 - -
Colchicine HCT116 1k = -

# without illumination ref. [67]; " without illumination ref. [68].; ne—not calculated,
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3.5. 0-AzoCol26DF Disrupt Tubulin Polymerisation and Cellular Microtubule Organisation in
Light-Dependent Manner

To further explore the molecular mechanism of 0-AzoCols light-dependent cellular
activity, we examined the influence of 0-Az0Col26DF on tubulin polymerisation in cell-free
assays with purified tubulin. In the mainly (Z) isomer state (green light), 10 pM solution of
0-AzoCol26DF resulted in ca. 40% inhibition of polymerisation over control (referenced
to DMSO as 0%), while the thermally adapted state yielded only a 30% polymerisation
inhibition. In comparison, 5 uM selution of colchicine caused ca. 70% of tubulin polymeri-
sation inhibition (Figure 4b). It is worth noticing that this is a highly nonlinear assay in an
environment far from cellular conditions. Thus, these results cannot be used for evaluating
potencies, but rather to shed light on the mechanism of action as microtubule destabilis-
ers, as the parent colchicine is, To verify the effect of 0-AzoCol26DF on the microtubular
cytoskeleton in vivo, we incubated HTC116 cells for 24 h with either DMSO (control) or
0-AzoCol26DF. During the incubation, all cell samples were illuminated with green or blue
light as described in the Material and Methods section. As an additional positive control, we
used cells treated with 20 nm colchicine without light illumination. In both control samples,
non-dividing cells had a dense, well-expanded network of interphase microtubules, while
dividing cells formed a bipolar mitotic spindle (Figure 5a,b). A similar cell phenotype was
observed in 0-AzoCol26DF-treated, blue-light-illuminated cells (Figure 5¢c). In cells treated
with 100 nM o-AzoCol26DF and activated by the green light, the interphase microtubular
cytoskeleton was only slightly less prominent with respect to the control. However, we
observed more dividing cells, and the mitotic spindle structure was frequently abnormal,
with more than two spindle poles or misaligned microtubules (Figure 5d). This phenotype
was even more pronounced in 120 nM p-AzoCol26DF-treated and green-light-illuminated
cells (Figure 5f). Importantly, similar changes were observed in cells treated with 20 nM
colchicine (Figure 5g).

HCT1186 (b) = Gosaivent
= o AmColPOF 10uM dork
o0 = 0 - AzoCol 36F green light 3.Anculum=m.u frwen bgeL
® 0 - AzoCol26F bius ligt 015 -~ Colhicine 5 uM
an
W
60 EU.“J
Fa¥a " dhanul o VN
ey W ey
40 § ~
Z 005 .
20 B
7. 70 &5 £.0 000, 500 1000
log(C) [M] time [s]

Figure 4. {a) Cell viability curves for 0-AzoCol26DF under green (535 nm} or blue (430 nm) light
irradiation displayed approximately a double shift in potency on HCT116 cells (MTT assay, N = 2);
{b) light-dependent influence of 0-AzoCol26DF (10 pM) on tubulin polymerisation in cell-free assays.
Solution of colchicine (5 uM) or cosolvent (DMSO) used as a control (curves represent mean from
two replicates).

To verify these observations, we determined the distribution of cell cycle stages
using FACS analysis (Figure 6). Under the control treatment, within the HTC116 samples,
~31-34% cells were in G1 phase, 22-26% in S phase, and 25-26% in G2/M phases. We also
observed some polyploid and apoptotic cells (Figure 6). In 100 nM 0-AzoCol26DF-treated
and blue-light-illuminated cells, the distribution of cell cycle stages was similar to that
in control cells; however, we observed a higher number of apoptotic cells. In contrast, in
green-light-illuminated 100 nM 0-AzoCol26DF-treated cells, the number of G2,/M cells
increased to ~40%, while the number of apoptotic cells was the same as that in blue-light-
illuminated cells. Treatment of cells with 20 nM colchicine raised the number of G2/M
cells to ~45%, indicating that, likely, 100 nM 0-AzoCol26DF has similar activity to 20 nM
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colchicine. Importantly, the increase in the concentration of 0-AzoCol26DF to 120 nM
elevated the number of G2/M cells to ~60% in green-light-illuminated cells, while in the
corresponding blue-light-treated cells G2/M cell numbers remained at 29%.

430 nm

0-AzoCol26DF 120 nM  0-AzoCol26DF 100 nM DMSO

colchicine 20 nM

Figure 5. Analysis of HTC116 cells upon treatment with DMSO, 0-AzoCol26DF, or colchicine. Cells
were stained with 12G10 monoclonal antibody against total «-tubulin (green) and with anti-acetylated
a-tubulin antibody (red). Nuclei stained with DAPI (blue). Insets show magnification of the mitotic
spindle structure. Bars in all subfigures = 10 um. Control cells (DMSO) illuminated with blue
(a) or green (b) light, respectively. Cells show dense microtubular cytoskeleton and normal cell shape.
(c) Cells incubated with 100 nM 0-AzoCol26DF illuminated with blue light. Notice that microtubular
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cytoskeleton resembles control. (d) Cells incubated with 100 nM 0-AzoCol26DF illuminated with
green light. Mitotic spindles frequently are aberrant, showing multipolarity and misarrangement.
(e) Cells incubated with 120 nM 0-AzoCol26DF illuminated with blue light. (f) Cells incubated
with 120 nM 0-AzoCol26DF illuminated with green light. Many mitotic cells with disarranged
and/or nearly completely depolymerized mitotic spindle are present. (g) Cells incubated with
20 nM colchicine. The arrangement of mitotic spindles is similar as in cell treated with 100 nM
0-AzoCol26DF illuminated with green light.
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Figure 6. Analysis of cell cycle stages of HTC116 cells upon treatment with DMSO, 0-AzoCol26DF,
or colchicine and blue or green light exposure. Graphs show representative flow cytometry analysis
for each sample. In the table, the mean of at least two experiments for each sample are included. The
increase with respect to the control is marked by the red color and upwards arrow, while the decrease
is marked by the blue color and downwards arrow.

To summarise, under used conditions, we were able to control the activity of 0-AzoCol26DF
and, consequently, disrupt microtubular cytoskeleton leading to mitotic arrest and, eventu-
ally, cell death.

4. Conclusions

In this study, we successfully designed and synthesised a set of novel photoswitchable
colchicine-based microtubule dynamics disrupting agents. The developed photoswitches
can be photoisomerised by visible light instead of UV light, which is used in classical
photopharmaceutical reagents. This is crucial due to colchicine instability under UV light
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irradiation. For the lead compound ¢-AzoCol26DF, we demonstrated light-dependent
cytotoxicity in both the HCT116 and the MCF-7 cancerous cell lines. Inhibition of purified
tubulin polymerization, as well as disruption of microtubule organization, support proof-
of-concept of using AzoCols as photoswitchable microtubule dynamics disrupting agents.
In summary, we have proven that AzoCols provide the basis for further improvement
and development of the novel class of photoswitchable colchicine-based microtubule
polymerisation inhibitors that could be used in future studies and applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com /article /10339 / cells12141866/51, Chemistry: General information and general pro-
cedures; Characterization of obtained compounds; NMR & UV-VIS Data; Photostationary State (PS5)
Analysis; Photoswitching and Half-Life Determination.; Biological assays; Copies of NMR spectra
and Computational calculations.

Author Contributions: Conceptualization, FB., H.E, H.K. and EJ.; Data curation, F.B. and HK;
Formal analysis, EB. and PT.; Funding acquisition, HK. and EJ.; Investigation, EB., PT, HE,
H.K. and E.J.; Methodology, F.B. and H.K.; Project administration, H.K. and FB.; Resources, H.F,
H.K. and E.J.; Supervision, H.K. and E.J.; Validation, FB., PT. and E].; Visualization, EB. and E.J.;
Writing—original draft, EB. and H.K.; Writing—review and editing, FB., HF, HK. and EJ. All
authors have read and agmnd to the pub]ishcd version of the manuscript.

Funding: This research was funded by National Science Centre, Poland grant no. OPUS15 2018/29/B/
NZ3 /02443 to E.]. This work was implemented as a part of Operational Project Knowledge Education
Development 2014-2020 co-financed by the European Social Fund, Project No POWR.03.02.00-00-
1007/ 16-00 {POWER 2014-2020).

Institutional Review Board Statement: Not app]icab]e.
Informed Consent Statement: Not applicable,
Data Availability Statement: The data presented in this study are available in Supplementary Materials.

Acknowledgments: The monoclonal anti-ce-tubulin 12G10 antibody developed by . Frankel and E.
M. Melsen was obtained from the Developmental Studies Hybridoma Bank developed under the
auspices of the National Institute of Child Health and Human Development and maintained by
the Department of Biology, University of lowa, lowa City, IA. The immunofluorescence confocal
imaging was performed in the Laboratory of Imaging Tissue Structure and Function, Nencki Institute
of Experimental Biology, PAS. Cell cycle analysis was performed in the Laboratory of Cytometry of
the Nencki Institute of Experimental Biology.

Conflicts of Interest: The authors declare no conflict of interest.

References

2,

Lerch, MM.; Hansen, M.J.; van Dam, G.M.; Szymanski, W.; Seymanski, W.; Feringa, B.L.; Feringa, B.L. Emerging Targets in
Phnmpharmacg]ogy. Auguw. Chem. Int. Ed. 2016, 55, 10878<10999, [CrossRef] [PubMed]

Velema, W.A.; Szymanski, W.; Feringa, B. Photopharmacology: Bevond Proof of Principle. [ Am. Chem. Soc. 2014, 136, 2178-2191.
[CrossRef] [PubMed]

Fuchter, M.J. On the Promise of Photopharmacology Using Photoswitches: A Medicinal Chemist’s Perspective. [ Med. Chen.
2020, 63, 11436-11447. [CrossRef] [PubMed]

Bcrry, M.H.; Holt, A_; Bmichhagcn, J.; Donthamsetti, P; F]anncr}', 1.G.; Isacoff, EY. Photopharmacc:logy for vision restoration.
Curr. Opin. Pharmacol. 2022, 65, 102259, [CrossRef] [PubMed]

Hauwert, N.J.; Mocking, T.AM.; Da Costa Pereira, D.; Lion, K.; Huppelschoten, Y.; Vischer, H.F; de Esch, L].P; Wijtmans, M.;
Leurs, R. A Photoswitchable Agonist for the Histamine Hy Receptor, a Prototypic Family A G-protein-coupled Receptor. Angenr
Chen, 2019, 58, 4579-4583, [CrossRef]

Bhattacharya, 5.; Vaidehi, N. Computational Mapping of the Conformational Transitions in Agonist Selective Pathways of a
Gprotein Coupled Receptor. [. Am. Chem. Soc. 2010, 132, 8951-8956, [CrossRef]

Agnetta, L; Kauk, M.; Canizal, M.C.A.; Messerer, R.; Holzgrabe, U.; Hoffmann, C.; Hoffmann, C.; Decker, M. A Photoswitchable
Dualsteric Ligand Controlling Receptor Efficacy. Angew. Chem. Ini. Ed. 2017, 56, 7282-7287. [CrossRef]

Schonberger, M.; Althaus, M.; Fronius, M.; Fronius, M.; Clauss, W.; Trauner, D. Controlling Epithelial Sodium Channels with
Light Using Photoswitchable Amilorides. Nat. Chem. 2014, 6, 712-719. [CrossRef]

135



Crlls 2023, 12, 1866 14 0f 16

10

11.

12,

15.
16.
17.
18.
19.
21.

23,

24,

7.

29,

37

Schoenberger, M.; Damijonaitis, A.; Zhang, Z.; Nagel, D.M,; Trauner, D. Development of a New Photechromic lon Channel
Blocker via Azologization of Fomocaine. ACS Chem. Newrosci. 2014, 5, 514-518, [CrossRef]

Fortin, D.L.; Banghart, M.R.; Dunn, TW.; Borges, K.; Wagenaar, D.A.; Gaudry, Q.; Karakossian, M.H.; Otis, TS,; Kristan, W.B,;
Trauner, D. Photochemical Control of Endogenous lon Channels and Cellular Excitability. Nat. Methods 2008, 5, 331-338,
[CrossRef]

Babii, O.; Afonin, 5.; Diel, C; Huhn, M,; Dommermuth, L.; Schober, T.; Koniev, 5.; Hrebonkin, A.; Nesterov-Mueller, A;
Komarov, LV.; et al. Diarylethene-Based Photoswitchable Inhibitors of Serine Proteases. Angew. Cheme. Int. Ed. 2021, 60,
2178921794, [Crosskef]

Wang, H.; Bisovi, HK.; Zhang, X.; Hassan, F; Li, Q. Visible Light-Driven Molecular Switches and Motors: Recent Developments
and Applications. Chem, Eur. [, 2022, 28, e202103906. [CrossRef] [PubMed]

Vetrakova, L1; Ladanyi, V.; Al Anshori, |.; Dvoidk, P; Wirz, J.; Heger, D. The Absorption Spectrum of Cis-azobenzene. Photocher.
Photabinl. Sci. 2017, 16, 1749-1756. [CrossRef] [PubMed]

Merino, E. Synthesis of Azobenzenes: The Coloured Pieces of Molecular Materials. Chem. Soc. Rev. 2011, 40, 3835-3853. [CrossRef]
[PubMed]

Crespi, 5.; Simeth, N.A.; Kinig, B. Heteroaryl Azo Dyes as Molecular Photoswitches. Nal. RKeo. Chent. 2019, 3, 133-146. [CrossRef]
Griffiths, ., II. Photochemistry of Azobenzene and Its Derivatives. Chem. Soc. Reo. 1972, T, 481-493. [CrossRef]

Hiill, K.; Morstein, |.; Trauner, I, In Vivo Photopharmacology. Chem. Rev. 2018, 118, 10710-10747. [CrossEef]

Morstein, ].; Trauner, D. New Pla}'g‘.rs in Photothcrapy: Pho{opharmacology and Bio-inte.grabed Oplmlec{ronics_ Curr. Op:'u.
Chean, Biol. 2019, 50, 145-151. [CrossRef]

Kirchner, 5.; Pianowski, Z. Phou;)pharmacology of antimitotic agents. Inl. J. Mol. Sci. 2022, 23, 5657. [CrossRef]

Volarié, ].; Szymanski, W.; Simeth, N.A_; Feringa, B.L. Molecular photoswitches in aqueous environments. Chenr. Soc. Rev. 2021,
50, 12377-12449. [CrossRef]

Bléger, D Hecht, 5. Visible-light-activated Molecular Switches. Anger. Chem. Int. Ed. 2015, 54, 11338-11349. [CrossRef]
Leistner, A.L.; Pianowski, Z.L. Smart photochromic materials triggered with visible light. Enr. [, Org. Chem. 2022, 19, 202101271
[CrossRef]

Lameijer, L.N.; Lameijer, L.N.; Budzal, S.; Simeth, N.A.; Hansen, ML.].; Feringa, B.L.; Jacquemin, D.; Szymanski, W.; Szymanski, W.
General Principles for the Design of Visible-light-responsive Photoswiltches: Tetra-ortho-chloro-azobenzenes. Angew. Chen. Int.
Ed. 2020, 59, 21663-21670. [CrossRef] [FubMed]

Bléger, D; Schwarz, |.; Brouwer, A.M.; Hecht, 5. O-fluoroazobenzenes as Readily Synthesized Photoswitches Offering Nearly
Quantitative Two-way Isomerization with Visible Light. J. Am. Chem. Soc. 2012, 134, 20597-20600. [CrossRef] [PubMed]
Agnetta, L.; Bermudez, M.; Riefolo, E; Matera, C.; Claro, E.; Messerer, R.; Littmann, T.; Wolber, G.; Holzgrabe, U.; Decker, M.
Fluorination of Photoswitchable Muscarinic Agonists Tunes Receptor Pharmacology and Photochromic Properties. [ Med. Chem.
2019, 62, 3008-3020. [CrossRef] [PubMed]

Knie, C.; Utecht, M.; Zhao, F; Kulla, H.; Kovalenko, S.A.; Brouwer, AM,; Saalfrank, I'; Hecht, 5.; Bleger, D. Ortho-
fluoroazobenzenes: Visible Light Switches with Very Long-lived Z Isomers. Chem. Eur. [ 2014, 20, 16492-16501. [CrossRef]
[PubMed]

Kuntze, K.; Viljakka, ].; Titov, E.; Ahmed, Z.; Kalenius, E.; Saalfrank, P; Priimagi, A. Towards low-energy-light-driven bistable
photoswitches: Ortho-fluoroaminoazobenzenes. Phofockem. Photobiol, Sci. 2022, 21, 159-173, [CrossRef]

Steinmetz, M.O.; Steinmetz, M.O.; Prota, AE. Microtubule-targeting Agents: Strategies to Hijack the Cytoskeleton. Trends Cell
Biol, 2018, 28, 776-792, [CrossRef]

Borys, F; Borys, E; Joachimiak, E.; Krawczyk, H.; Fabczak, H. Intrinsic and Extrinsic Factors Affecﬁng Microtubule Dynamics in
Normal and Cancer Cells, Molecules 2020, 25, 3705, [CrossRef]

Dumontet, C.; Jordan, M.A. Microtubule-binding Agents: A Dynamic Field of Cancer Therapeutics. Nat. Rev. Drug Discov. 2010,
9, 790-803. [CrossRef]

Boerys, F; Tobiasz, P; Poterata, M.; Krawczyk, H, Development of novel derivatives of stilbene and macrocyclic compounds as
potent of anti-microtubule factors. Biomed. Pharmacother, 2021, 133, 110973, [CrossRef] [PubMed]

Peterson, .R.; Mitchison, T.J. Small Molecules, Big Impact: A History of Chemical Inhibitors and the Cytoskeleton. Chem, Biol,
2002, 9, 1275-1285. [CrossRef]

Jordan, M.A. Mechanism of Action of Antitumor Drugs That Interact with Microtubules and Tubulin, Anticancer Agents Med.
Ches, 2012, 2, 1-17, [CrossRef] [PubMed]

Choudhary, S; Kaku, K.; Robles, A ]; Hamel, E.; Mooberry, 5.L.; Gangjee, A. Simple monocyclic pyrimidine analogs as
microtubule targeting agents binding to the colchicine site, Bivorg. Med. Chem. 2023, §2, 117217, [CrossRef] [PubMed]

Chen, ZH.; Xu, RM.; Zheng, G.H.; Jin, Y.Z;; Li, Y.; Chen, X.¥; Tian, ¥.5. Development of Combretastatin A-4 Analogues as
Potential Anticancer Agents with Improved Aqueous Solubility. Molecules 2023, 28, 1717, [CrossRef]

Grillone, K_; Riillo, C.; Rocea, R Ascrizzi, S.; Spand, V.; Scionti, F; Polera, N.; Maruca, A_; Barreca, M.; Juli, G.; et al. The new
microtubule-targeting agent SIX2G induces immunogenic cell death in multiple myeloma. Int. . Mol. Sci. 2022, 23, 10222,
[CrossRef]

Borowiak, M.; Borowiak, M.; Nahaboo, W.; Reynders, M.; Nekolla, K.; Jalinot, I'; Hasserodt, .; Rehberg, M.; Delattre, M.; Zahler, 5.
Photoswitchable Inhibitors of Microtubule Dynamics Optically Control Mitosis and Cell Death. Cell 2015, 162, 403-411. [CrossRef]

136



Crlls 2023, 12, 1866 150f 16

39,

40,

41,

42,

45,

47,

49,

50.

51.

52,

53,

55,

57,

59,

Engdahl, A.J; Torres, E.A.; Lock, 5.E.; Engdahl, T.B.; Merte, P.5.; Streu, C, Synthesis, Characterization, and Bioactivity of the
Photoisomerizable Tubulin Polymerization Inhibitor Azo-combretastatin A4. Org. Letf. 2015, 17, 4546—4549. [CrossRef]
Sheldon, J.E.; Deona, MM,; Lyons, C.E; Hackett, ].C.; Hartman, M.C.T. Photoswitchable Anticancer Activity via Trans—cis
Isomerization of a Combretastatin A-4 Analog, Org, Biomol. Cherm. 2016, 14, 4049, [CrossRef]

Sailer, A.; Ermer, F.; Kraus, Y.; Lutter, EH.; Donau, C.A.; Bremerich, M.; Ahlfeld, ].; Thorn-Seshold, O. Hemithioindigos for
Cellular Photopharmacelogy: Desymmetrised Molecular Switch Scaffolds Enabling Design Control over the lsomer-dependency
of Potent Antimitotic Bioactivity. ChemBioChen 2019, 20, 1305-1314. [CrossRef]

Sailer, A.; Ermer, F;; Kraus, Y.; Bingham, R.; Lutter, EH.; Ahlfeld, ].; Thorn-Seshold, O. Potent Hemithioindigo-based Antimitotics
Photocontrol the Microtubule Cytoskeleton in Cellulo. Beilstein |. Org. Cherm. 2020, 16, 125-134. [CrossRef] [PubMed]

Sailer, A Meiring, J.C.M.; Heise, C; Pettersson, L.N.; Akhmanova, A.; Thorn-Seshold, |.; Thorn-Seshold, O. Pyrrole
Hemithioindigo Antimitotics with Mear-quantitative Bidirectional Photoswitching Photocontrol Cellular Microtubule Dynamics
with Single-cell Precision. Angear. Chem. Int. Ed. 2021, 60, 23695-237(4. [CrossRef] [IPubMed]

Rastogl, S.K.; Zhao, Z.; Gildner, M.B.; Shoulders, B.A; Velasquez_ T.L.; Blumenthal, M.O.; Wang, L.; Li, X; Hudnall, TW.;
Betancourt, T. Synthesis, Optical Properties and in Vitro Cell Viability of Novel Spiropyrans and Their Photostationary States.
Tetrahedron 2021, 80, 131854, [CrossRef]

Nilsson, J.R.; Li, S.; Onfelt, B.; Onfelt, B; Andréasson, . Light-induced Cytotoxicity of a Photochromic Spiropyran. Chetn. Comimun.
2011, 47, 11020-11022, [CrossRef]

Gao, L.; Meiring, ].C.M_; Kraus, Y.; Wranik, M_; Weinert, T.; Pritzl, 5.10; Bingham, R.; Ntouliou, E; Jansen, K.I; Olieric, N. A
Robust, Gfp-orthogonal Photoswitchable Inhibitor Scaffold Extends Optical Control over the Microtubule Cytoskeleton. Cell
Chem. Biol. 2021, 28, 228-241. [CrossRef]

Gao, L.; Meiring, .C.; Varady, A.; Ruider, LE.; Heise, C.; Wranik, M.; Velasco, C.D.; Taylor, |.A; Terni, B.; Weinert, T ; et al.
In vivo pholooonlml of microtubule dymmir_: and in{egri{}r, migration and mitosis, by the potent GFP-'Lmaging-compalible
photoswitchable reagents SBTubA4P and SBTub2M. . Am. Chenr. Soc. 2022, 144, 5614-5628. [CrossRef]

Kirchner, 5.; Leistner, AL,; Godtel, I'; Seliwjorstow, A.; Weber, S.; Karcher, ].; Niger, M.; Pianowski, Z. Hemipiperazines as
peptide-derived molecular photoswitches with low-nanomolar cytotoxicity. Nat. Commum. 2022, 13, 6066. [CrossRef]
Miiller-Deku, A.; Meiring, .CM.; Loy, K.; Kraus, Y.; Heise, C.; Bingham, R.; Jansen, K.L; Qu, X.; Bartolini, F; Kapilein, L.C.
Photoswitchable Paclitaxel-based Microtubule Stabilisers Allow Optical Control over the Microtubule Cytoskeleton. Naf. Commuon.
2020, 11, 4640. [CrossRef]

Gao, L; Meiring, ].C.; Heise, C.; Rai, A ; Miiller-Deku, A.; Akhmanova, A.; Thorn-Seshold, ].; Thorn-Seshold, 0. Photoswitchable
Epothilone-Based Microtubule Stabilisers Allow GFP-Imaging-Compatible, Optical Control over the Microtubule Cytoskeleton.
Angew. Chem, Inf. Ed. 2022, 61, e202114614. [CrossRef]

Cheong, W.F; Prahl, 5.A.; Welch, AJ. A Review of the Optical Properties of Biological Tissues. IEEE [. Quantum Electron. 1990, 26,
2166-2185. |CrossRef]

Nery, A.LP; Quina, FH.; Moreira, PE.; Medeiros, C.E.R.; Baader, W].; Shimizu, K.; Catalani, L.H.; Bechara, E.J.H. Does the
Photochemical Conversion of Colchicine into Lumicolchicines Involve Triplet Transients? A Solvent Dependence Study. Phofochem.
Phatobiol. 2001, 73, 213-218. [CrossRef]

Ghanem, R.; Baker, H.M.; Abu Seif, M.; Al-Qawasmeh, R.A.; Mataneh, A.-A.; Al-Gharabli, 5. Photochemical Transformation of
Colchicine: A Kinetic Study. [. Solution Chenm. 2010, 39, 441-456, [CrossRef]

Bagnato, ].D.; Eilers, A_L.; Horton, R.A.; Grissom, C.B. Synthesis and Characterization of a Cobalamin-colchicine Conjugate as a
Novel Tumor-targeted Cytotoxin. [. Org. Chenr. 2004, 69, 8987-8996, [CrossRef]

Gell, C.; Friel, C.T.; Borgonovo, B.; Drechsel, D.N.; Hyman, A.A.; Howard, J. Purification of Tubulin from Porcine Brain. In
Microtubule Dynamics; Humana: Totowa, NJ, USA, 2011; Volume 777, pp. 15-28,

Frisch, ML.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, .R.; Montgomery, JLA.; Vreven, T.; Kudin, KIN.;
Burant, ].C.; et al. Gaussian 03, Revision E01; Gaussian Inc.: Wallingford, CT, USA, 2004,

Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical Continuum Solvation Models, Chem. Rev. 2005, 105, 2999-3094,
[CrossRef] [PubMed]

Siewertsen, R.; Schiinborn, J.B.; Hartke, B.; Renth, F; Temps, F. Superior Z — E and E — Z Photoswitching Dynamics of
Dihydrodibenzodiazocine, a Bridged Azobenzene, by Syinn*) Excitation at A = 387 and 490 nm. Physs. Cheni. Chen. Phys. 2011, 13,
1054-1063., [CrossRef] [PubMed]

Liu, L.; Yuan, S.; Fang, W.-H.; Zhang, Y. Probing Highly Efficient Photoisomerization of a Bridged Azobenzene by a Combination
of CASPT2/ /CASSCF Caleulation with Semiclassical Dynamics Simulation, [. Phys, Chem. A 2011, 115, 10027-10034, [CrossRef]
[l’ubMu_‘gl]

Konrad, D.B.; Savasci, G.; Allmendinger, L.; Trauner, D.; Ochsenfeld, C.; Ali, A.M. Computational Design and Synthesis of a
Deeply Red-shifted and Bistable Azobenzene, |, Apr. Chent, Soc. 2020, 142, 65386547, [CrossRef] [PubMed]

Cosentino, L.; Redondo-Horcajo, M.; Zhao, Y; Santos, A R.; Chowdury, K.F; Vinader, V; Abdallah, QM.A ; Abdel-Rahman, H.M.;
Fournier-Dit-Chabert, ].; Shnyder, 5.13. Synthesis and Biological Evaluation of Colchicine B-ring Analogues Tethered with
Halogenated Benzyl Moieties. |- Med. Chem. 2012, 55, 11062-11066. [Crossitef]

137



Crlls 2023, 12, 1866 16 0f 16

61,

63,

63,

67.

Singh, B.; Kumar, A.; Kumar, A,; Joshi, P; Joshi, P; Guru, S.K,; Kumar, 5.; Kumar, 5.; Wani, Z.A.; Mahajan, G. Colchicine
Derivatives with Potent Anticancer Activity and Reduced P-glycoprotein Induction Liability. Org. Biomol. Chenr. 2015, 13,
5674-5689, [CrossRef]

Tobiasz, P.; Borys, F; Borecka, M.; Krawczyk, H. Synthesis and Investigations of Building Blocks with Dibenzo[b,floxepine for
Use in Photopharmacology. Int. [ Mel. Sci. 2021, 22, 11033, [CrossRef]

Wegener, M.; Hansen, M.].; Driessen, A.J.M.; Szymanski, W.; Feringa, B.L. Photocontrol of Antibacterial Activity: Shifting from
UV to Red Light Activation. |. Am. Chem. Soc. 2017, 139, 17979-17986. [CrossRef] [PubMed]

Szymanski, W.; Szymanski, W.; Qurailidou, M.E.; Yelema, W.A.; Dekker, EJ.; Feringa, B.L. Light-controlled Histone Deacetylase
(HDAC) Inhibitors: Towards Photopharmacological Chemotherapy. Chemr. Enr. |. 2015, 21, 16517-16524. [Crossef]

Wute, .-F; Gluhacevie, 2.; Chakrabarti, A.; Schmidtkunz, K.; Robaa, D.; Erdmann, F; Romier, C.; Sippl, W.; Jung, M.; Konig, B.
Photochromic Histone Deacetylase Inhibitors Based on Dithienylethenes and Fulgimides. Org, Biomol., Chem, 2017, 15, 4882-4896,
[CrossRef] [PubMed]

Slobodnick, A.; Shah, B.; Pillinger, M.H.; Krasnokutsky, 5. Colchicine: Old and New. Am. [. Med. 2015, 128, 461470, [CrossRef]
Vilanova, C.; Diaz-Oltra, 5.; Murga, |.; Falomir, E.; Carda, M.; Redondo-Horcajo, M.; Diaz, | F; Barasoain, I; Marco, |.A. Design
and Synthesis of Pironetin Analogue/colchicine Hybrids and Study of Their Cytotoxic Activity and Mechanisms of Interaction
with Tubulin. [. Med. Chem. 2014, 57, 10391-10403. [CrossRef]

Yasobu, N.; Kitajima, M.; Kogure, N.; Shishido, Y.; Matsuzaki, T.; Nagaoka, M.; Takayama, H. Design, Synthesis, and Antitumor
Activity of 4-halocolchicines and Their P'ro-drugs Activated h)r Cathe.psin B. ACS Med. Chem. Lett. 2011, 2, 3458-352. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and /or the editor(s). MDPLand/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

138



