1

UNIVERSIDADE b

COIMBRA

Rafael Tiago Pereira Martins Aroso

COMPUTATIONAL DESIGN AND SYNTHESIS
OF MOLECULES FOR APPLICATION IN
ANTIMICROBIAL THERAPIES

Tese no ambito do doutoramento em Quimica, ramo de Quimica
Meédica orientada pela Professora Doutora Maria Miguéns
Pereira, co-orientada pelo Professor Doutor Mario José Ferreira
Calvete e apresentada ao Departamento de Quimica da Faculdade
de Ciéncias e Tecnologia da Universidade de Coimbra

Abril de 2022






Universidade de Coimbra
Departamento de Quimica - Faculdade de Ciéncias e Tecnologia

COMPUTATIONAL DESIGN AND
SYNTHESIS OF MOLECULES FOR
APPLICATION IN ANTIMICROBIAL
THERAPIES

Rafael Tiago Pereira Martins Aroso

Tese no ambito do doutoramento em Quimica, ramo de Quimica Médica orientada pela Professora
Doutora Maria Miguéns Pereira, co-orientada pelo Professor Doutor Méario José Ferreira Calvete

e apresentada ao Departamento de Quimica da Faculdade de Ciéncias e Tecnologia da
Universidade de Coimbra

Abril de 2022






Agradecimentos

A conclusdo desta etapa da minha formagao académica sé foi possivel devido a
um vasto conjunto de pessoas com quem contactei e que me enriqueceram
pessoalmente e profissionalmente. A todos aqueles que contribuiram de forma direta
ou indireta para o meu sucesso cientifico, gostaria de expressar os meus mais sinceros
agradecimentos.

Em primeiro lugar, gostaria de agradecer a professora Mariette Pereira pela sua
orientacao ao longo destes anos. Muito obrigado por todos os conhecimentos que me
transmitiu, pela incessante ajuda e disponibilidade, que tiveram um papel fundamental
para o sucesso do meu percurso académico e, em particular, desta etapa.

Ao professor Mdrio Calvete pela co-orientacao deste trabalho, por estar sempre
disponivel para me ajudar, e pela boa disposi¢cdo. Muito obrigado por todo o apoio dado
durante o meu doutoramento e, em particular, na escrita desta dissertacgao.

Aos professores Luis Arnaut e Rui Moreira pela criacdo do programa doutoral
MedChemTrain, do qual orgulhosamente fiz parte. Agradeco o apoio financeiro a
Fundacdo para a Ciéncia e Tecnologia (FCT) pela bolsa concedida com a referéncia
PD/BD/143123/2019.

A professora Gabriela Jorge da Silva por me ter aberto as portas do seu
laboratério de microbiologia, pela simpatia e conhecimentos que me transmitiu. Um
agradecimento aos seus alunos pelo apoio que me deram e, em particular, ao Tiago
pelas imensas repicagens de bactérias e enorme espirito de entreajuda. A Sandra pelo
importantissimo apoio ao meu trabalho de microbiologia e por todas as conversas
aluadas e divertidas.

Gostaria também de agradecer a professora Rita Guedes pela colaboragdo e
apoio na area de quimica computacional durante a minha estadia na Faculdade de
Farmacia da Universidade de Lisboa. A professora Ana Paula Leandro e Catarina Madeira
por terem efetuado os ensaios bioquimicos de inibicdo da E. coli DNA girase.

Ao professor Vanderlei Bagnato do Centro de Pesquisa em Optica e Fotdnica
(CEPOF) e seus colaboradores Kate Blanco, Fernanda Alves e Jennifer Soares pelas
contribuicGes efetuadas no dmbito dos estudos da fototerapia dual e, em particular,

pela conducdo dos estudos em animais.



Ao Fabio Schaberle pelo apoio prestado nos estudos de fotofisica e fotoquimica
e pelo auxilio na aquisicdo, manutengao e medicao das fontes de luz, essenciais para os
meus ensaios bioldgicos.

Ao professor Rui Brito e ao Pedro Cruz do servico de Ressonancia Magnética
Nuclear (RMN) agradeco toda a sua disponibilidade na obtenc¢do dos espectros de RMN.

A todos os funcionarios do Departamento de Quimica e em especial a D. Lurdes,
D. Fatima, ao Sr. Jorge, Sr. Antdnio Manuel e a D. Maria Jodo, pela simpatia e apoio
importante a minha investigacdao. Um agradecimento a Doutora Silvia Gramacho pelas
analises de GC-MS e pela constante boa disposicao.

A todos os antigos membros do grupo de Catdlise e Quimica Fina que
acompanharam o meu percurso, contribuiram para o sucesso da minha formacao e me
enriqgueceram cientificamente: Carlos Monteiro, César Henriques, Lucas Dias, Nidia
Maldonado-Carmona, Vanessa Tomé, Carolina Vinagreiro e Liliana Damas. Gostaria de
agradecer em especial ao Carlos, o0 meu primeiro orientador cientifico, por me ter
ajudado a dar os primeiros passos no mundo da investiga¢do. A Carolina pela “amizade”
de outrora...

Aos atuais membros do grupo de Catdlise e Quimica Fina pelo espirito de
entreajuda e companheirismo: Rui Carrilho, Sara Pinto, Inés Fonseca, Alexandre
Felgueiras, Vitaliy Masliy, Zoé Arnaut, lari Tavares, Diana Marques, Madalena Silva,
Carolina Domingos, Daniela Teixeira, Giusi Piccirillo, Andreia Gonzalez e Fabio Rodrigues.
Agradeco a Sara pelo espirito de entreajuda essencial para ultrapassar os “tormentos”
gue sofremos com as porfirinas e suas formas reduzidas. Ao Rui por me ter integrado
sempre nos seus trabalhos e pela excelente colaboracdo que se estabeleceu entre nés.
A Diana Marques por ser a nossa “fada do laboratdrio”, pela sua boa disposicio e
empenho. Embora ndo pertencente ao grupo de Catalise, gostaria de agradecer ao Jaime
pela ajuda, convivéncia e sempre divertidas conversas de corredor.

E porque a ensinar também se aprende imenso, queria deixar um agradecimento
especial as meninas cujo trabalho pude acompanhar mais de perto: Carolina Domingos,
Daniela Teixeira, Madalena Silva e Anita Amorim. A Carolina, a minha primeira
tutoranda, pela tua incompardvel “meme-quality” boa disposicdo e excelente
capacidade de aprendizagem que tornou o meu trabalho muito mais fcil. A Daniela, a

minha tutoranda adotada, pela sintonia que se estabeleceu entre nds, excelente espirito



de dedicagao e por teres aprendido tao exemplarmente todos os meus procedimentos
experimentais “express maravilha”. Tenho um enorme orgulho em todas vos!

Durante este meu percurso, regozijo-me pelo o facto de ter feito trés grandes
amigos, aos quais tenho de agradecer um por um.

Ao meu bro Fabio, pela tua generosidade e altruismo, tanto a nivel profissional
como pessoal. Obrigado pela tua boa energia sempre presente em todas as atividades
em conjunto que realizdmos, pelos nossos momentos divertidos a jogar jogos de
tabuleiro e pelas nossas inumeras conversas filoséficas de almogo altamente
estimulantes.

A Andreia por teres conseguido tdo exemplarmente aturar o meu “mau feitio
intermitente” (palavras tuas) e por alinhares nas nossas épicas picardias que destroem
por completo a monotonia do quotidiano. Acima de tudo, obrigado pela tua grande
amizade e viva o Francisco Miguel!

Giusi, dizer que estas presente todos os dias ndo é exagero nenhum, é uma
realidade incontestavel. Obrigado por todas as conversas profundas, pelo apoio a
gualquer dia e a qualquer hora, pelas brincadeiras que dao um brilho especial aos meus
dias e por tantas outras coisas que nao caberiam numa sé pagina de agradecimentos. A
tua amizade é Unica e inigualavel!

Aos respetivos cbnjuges Pedro, Patricia e, em especial, ao Marcos pelos
inlmeros convivios juntos e por serem sempre dptimas companhias.

A Diana Gomes ou Lady Di, como eu gosto de te chamar, pela amizade que se
tem fortalecido ao longo do tempo, apesar da maior distancia fisica que atualmente
existe entre nés. Obrigado pela tua alegria contagiante e por estares sempre presente!

Aos meus colegas do MedChemTrain e, em particular, ao André Luz pela
convivéncia e pelos bons tempos passados em Lisboa durante o primeiro ano de
doutoramento.

A todos os meus amigos e em especial ao Jodo, pelas nossas “bilharadas” de fim
de semana. Aos meus colegas e amigos da sec¢ao de bilhar da Académica de Coimbra e
do Clube de Bilhar de Coimbra que acrescentam a este meu hobby muita diversao,
convivéncia e me ajudam a desanuviar do stress do dia-a-dia. Gostaria de agradecer em
especial ao Kiko e ao Edgar pelo seu enorme espirito de camaradagem, pelos treinos em

conjunto e ensinamentos que me foram transmitindo e também pelas inUmeras boleias.



Por ultimo, mas ndo menos importante, a minha familia que sem a qual
certamente que nunca conseguiria desenvolver este trabalho. Um agradecimento

especial aos meus pais e ao meu irmao por todo o apoio e por me aturarem!



Table of Contents

Abstract
Resumo
Abbreviations and symbols

Nomenclature

Chapter 1 - Introduction

1.1 — Overview of drug-resistant infectious diseases

1.2 — Computer-aided drug design for development of new antibiotics
1.2.1 —E. coli DNA gyrase B as a potential bacterial target

1.2.2 — E. coli DNA gyrase inhibitors — state of the art

1.3 — Photodynamic inactivation (PDI) of bacteria

1.3.1 = In vivo and clinical studies using PDI

1.3.2 — PDI combined with antibiotics (dual phototherapy)

1.4 — Work proposal

1.5 — References

Chapter 2 — Photoinactivation of E. coli by dual phototherapy

2.1 — Synthesis and characterization of photosensitizers

2.2 — Photodynamic inactivation of E. coli in combination with ciprofloxacin

2.3 — Photodynamic inactivation of multi-drug resistant E. coli combined with

ciprofloxacin
2.4 — In vivo studies

2.5 — Conclusion

XV

12

19

22

27

29

31

45

45

54

65

72

79



2.6 — References

Chapter 3 - Computer-aided drug design of new E. coli gyrase B inhibitors

3.1 — Computational studies

3.1.1 - Construction of pharmacophore model

3.1.2 — Docking studies: selection of best scoring function for gyrB

3.1.3 — Screening of the NCI database

3.1.4 — De novo design and screening of a virtual library

3.2 — Synthesis and modulation of 2,5(6)-substituted benzimidazole derivatives
3.3 — Biological studies

3.4 — Conclusion

3.5 — References

Chapter 4 - Experimental

4.1 — General information

4.2 — Experimental of Chapter 2

4.2.1 — Synthesis of photosensitizers

4.2.2 — EcoScale calculations

4.2.3 — In vitro biological studies

4.2.4 — In vivo dual phototherapy

4.3 — Experimental of Chapter 3

4.3.1 — Computer-aided drug design methods

4.3.2 — Synthesis of benzimidazole compound family

4.4 — References

81

85

85

86

98

101

103

105

130

138

140

145

145

148

148

153

157

160

163

163

165

179



Abstract

The work presented in this PhD thesis is focused on the development of
alternative antimicrobial therapies and new molecules for the inactivation of Escherichia
coli, whose infections by multi-drug resistant (MDR) strains are a major concern for
healthcare systems. These studies include potentiation of ciprofloxacin’s antibacterial
activity through the use of photodynamic inactivation (PDI) and the synthesis of
potential E. coli DNA gyrase B inhibitors, guided by computer-aided drug design (CADD)
tools.

In Chapter 1, a summary of the scientific challenges associated with infections by
MDR microorganisms is given, with particular focus on E. coli, together with a brief
overview on the prospects of CADD for the development of new antimicrobials. Then, a
critical analysis of the state of the art on the biological role of the bacterial DNA gyrase
and enzyme inhibitors is presented. Finally, a brief outline of PDI and its combination
with antibiotics for the management of topical infections is presented.

The first part of Chapter 2 describes the optimization of synthetic methods, using
sustainable alternative reaction activation technologies (microwave and ultrasound
irradiation) for preparation of cationic photosensitizers (PS). Under the newly developed
conditions, cationic imidazolyl phthalocyanines (IPc-Zn-Et*, IPc-In-Et**) and porphyrins
(IP-H-Me?*, IP-H-Me?*, IP-Zn-Me**) were obtained with yields up to 59%, 63%, 95%, 92%
and 90%, respectively.

In the second part of Chapter 2, structure-activity studies using these cationic
photosensitizers in the photoinactivation of E. coli through PDI and its combination with
ciprofloxacin (dual phototherapy) were performed. The effects of the cationic
macrocycle structure (i.e. porphyrin or phthalocyanine-based), number of positive
charges, coordinating central metal and amphiphilicity were evaluated. Overall, in PDI
monotherapy all photosensitizers were active against E. coli in the nM concentration
range even using very low light doses (1.8 J/cm?). The best outcome was obtained with
the tetra-cationic porphyrin family (IP-H-Me** and IP-Zn-Me**) where 5 log CFU E. coli
reduction was achieved, at 32 nM PS concentration and 1.8 J/cm? light dose. Then,

aiming to achieve a synergistic effect between the combination of PDI with ciprofloxacin



(CIP) an optimization of dual phototherapy protocol was carried out. The best result of
this therapy for E. coli inhibition was achieved when PDI using IP-H-Me** as
photosensitizer at 16 nM concentration and 5.4 J/cm? light dose was followed by CIP
administration (0.004 mg/L). This is a remarkable result that potentiated CIP
antimicrobial activity, requiring 64-fold less CIP concentration (reduction from 0.25 mg/L
— monotherapy to 0.004 mg/L — dual phototherapy) to achieve full E. coli inhibition. The
dual phototherapy studies proceeded with the transposition to in vivo studies, for the
treatment of mice wounds infected with E. coli. The animal studies revealed that the
combination therapy (PDI + CIP) was more efficient than each individual monotherapy
(PDI or CIP) both in the inactivation of bacteria and improvement of wound healing.
Chapter 3 describes the use of CADD tools (i.e. pharmacophore modeling and
molecular docking) for the discovery of potential new inhibitors of the E. coli’'s DNA
gyrase B subunit. Firstly, optimized pharmacophore models were constructed based on
the structural and biological data of known inhibitors reported in literature. Their
performance in discriminating between active and inactive compounds was assessed,
revealing a > 90% true active hit rate and a < 10% false positive rate. The
pharmacophore models were combined with molecular docking (ChemScore function
from GOLD software) to screen the National Cancer Institute (NCI) database and the
most six promising structures were selected for biological evaluation. In parallel, both
CADD tools were used to screen a virtually designed set of new derivatives of 2-(2-
aminophenyl)-5(6)-substituted-1H-benzimidazoles, which led to the selection of three
promising molecules to pursue their chemical synthesis: 2-(2-aminophenyl)-5(6)-(3,4,5-
trimethoxyphenyl)-1H-benzimidazole  (3.14), 2-(2-aminophenyl)-5(6)-(3-fluoro-4-
(methoxycarbonyl)phenyl)-1H-benzimidazole (3.15), 2-(2-aminophenyl)-N-(3-
(methylsulfonyl)phenyl)-1H-benzimidazol-5(6)-amine (3.16). The preparation of such
compounds encompassed condensation of 4-bromo-1,2-diaminobenzene with 2-
nitrobenzaldehyde to give the base scaffold 5(6)-bromo-2-(2-nitrophenyl)-1H-
benzimidazole 3.1 with 62% vyield in multi-gram scale. After benzimidazole NH
protection, the 5(6) position was modulated through Pd-catalyzed coupling reactions,
namely Suzuki-Miyaura (yields up to 72%) and Buchwald-Hartwig (yield up to 81%).

Finally, Pd-catalyzed hydrogenation allowed to obtain the desired compounds 3.14 -



3.16inyields up to 91%. Methylation of 3.11 in DMF gave the cationic 1,3-dimethyl-5(6)-
(3,4,5-trimethoxyphenyl)-2-(2-nitrophenyl)-1H-benzimidazol-3-ium iodide (3.17) in 96%
yield. Both the synthesized molecules and the ones supplied by NCI were evaluated in
DNA gyrase and E. coli inhibition, but no activity was detected with concentrations lower
than 100 puM and 250 mg/L, respectively. Nevertheless, some compounds acquired from
NCI (number 647083, NCI-4) and from the newly synthesized benzimidazole family
(3.17) displayed appreciable Staphylococcus aureus antimicrobial activity, with
minimum inhibitory concentration (MIC) values of 42 and 125 mg/L, respectively.

In Chapter 4, the experimental procedures and full compound characterization

are presented.

Keywords: DNA gyrase, Benzimidazole, Photosensitizer, Photodynamic inactivation

(PDI), Dual phototherapy.






Resumo

O trabalho apresentado nesta tese de doutoramento é centrado no
desenvolvimento de terapias antimicrobianas alternativas e novas moléculas para a
inativacdo de Escherichia coli, cujas infe¢Ges por estirpes multirresistentes (MDR) sdo
uma grande preocupacao para os sistemas de saude. Os estudos efetuados incluem a
potenciacao da atividade antibacteriana da ciprofloxacina através do uso da inativagao
ferramentas de design de farmacos assistida por computador (CADD).

No Capitulo 1 encontra-se um resumo dos desafios cientificos associados a
infecdes por microrganismos do tipo MDR, com um foco particular na E. coli, juntamente
com uma visao geral sobre as perspetivas do CADD para o desenvolvimento de novos
antibacterianos. De seguida, é apresentada uma analise critica do estado da arte sobre
o papel bioldgico da DNA girase bacteriana e seus inibidores. Finalmente, é apresentado
um breve sumario da PDI e da sua combinacdo com antibidticos para aplicacdo no
tratamento de infe¢des tépicas.

A primeira parte do Capitulo 2 descreve a otimizagdo de métodos sintéticos
através de tecnologias sustentdveis para a ativacdo de reagdes (irradiacdo de micro-
ondas e ultrassons) para a preparacdo de fotossensibilizadores (PS) catidnicos. Sob as
condi¢cdes desenvolvidas, ftalocianinas (IPc-Zn-Et**, IPc-In-Et**) e porfirinas (IP-H-Me?*,
IP-H-Me*, IP-Zn-Me*) do tipo imidazolil catidnicas foram obtidas com rendimentos até
59%, 63%, 95%, 92% e 90%, respetivamente.

Na segunda parte do Capitulo 2 sdo apresentados estudos de estrutura-atividade
utilizando estes fotossensibilizadores catidnicos na fotoinativacdo da E. coli, utilizando
PDI e a sua combinacdo com ciprofloxacina (fototerapia dual). Foi avaliado o efeito da
estrutura do macrociclo (porfirina ou ftalocianina), niumero de cargas positivas, metal
central e anfifilicidade. De um modo geral, todos fotossensibilizadores foram ativos na
fotoinativacdo de E. coli em concentracdes na ordem dos nM e usando doses de luz
muito baixas (1.8 J/cm?). O melhor resultado foi obtido com a familia de porfirinas tetra-
catidnicas (IP-H-Me* e IP-Zn-Me*'), com a quais foi obtida uma reduc¢do em 5 log de
unidades formadoras de coldnias (UFC) de E. coli, utilizando 32 nM de PS e uma dose de

luz de 1.8 J/cm?. Posteriormente, foi efetuada uma otimizacdo do protocolo de
v



fototerapia dual, tendo em vista alcangar um efeito sinérgico entre a combinac¢ado de PDI
com ciprofloxacina (CIP). O melhor resultado em fototerapia dual para a inativagao de
E. coli foi alcancado usando IP-H-Me* como PS, numa concentracdo de 16 nM e dose
de luz de 5.4 J/cm?, seguido da administracdo de CIP (0.004 mg/L). Este é um resultado
notdvel, conduzindo a potenciacdo da atividade da CIP, sendo necessdria uma
concentragdo de CIP 64 vezes inferior (reducdo de 0.25 mg/L — monoterapia para 0.004
mg/L — fototerapia dual) para a inibi¢cdo total de E. coli. Os estudos de fototerapia dual
prosseguiram com a transposi¢cdo para estudos in vivo, no tratamento de feridas de
murganho infetadas com E. coli. Os estudos em animais evidenciaram a eficiéncia da
fototerapia dual (PDI + CIP) quando comparado com as monoterapias individuais (PDI
ou CIP), tanto na inativacdo de bactérias, como na melhoria da cicatrizacao das feridas.

O Capitulo 3 descreve o uso de ferramentas CADD (i.e. modelos de farmacéforo
da E. coli DNA gyrase. Em primeiro, foram construidos modelos de farmacéforo
otimizados, baseados em informacgdes estruturais e bioldgicas de inibidores reportados
na literatura. O seu desempenho em distinguir entre moléculas ativas e inativas foi
avaliado, revelando uma taxa > 90% na identificacdo de ativos e < 10% de falsos
positivos. Os modelos de farmacéforo foram combinados com docking (funcdo de
ChemScore do software GOLD) para filtrar a base de dados do National Cancer Institute
(NCI) e as seis moléculas mais promissoras foram selecionadas para avaliacdo bioldgica.
Em paralelo, as ferramentas de CADD foram utilizadas para filtrar uma base de dados de
novos derivados de 2-(2-aminofenil)-5(6)-substituidos-1H-benzimidazoles desenhados
virtualmente, levando assim a selecdo de trés moléculas promissoras para prosseguir
com a sua sintese quimica: 2-(2-aminofenil)-5(6)-(3,4,5-trimetoxifenil)-1H-
benzimidazole (3.14), 2-(2-aminofenil)-5(6)-(3-fluoro-4-(metoxicarbonil)fenil)-1H-
benzimidazole (3.15), 2-(2-aminofenil)-N-(3-(metilsulfonil)fenil)-1H-benzimidazol-5(6)-
amina (3.16). A preparacao destes compostos envolveu a condensacdo do 4-bromo-1,2-
diaminobenzeno com 2-nitrobenzaldeido, obtendo-se a molécula base 5(6)-bromo-2-(2-
nitrofenil)-1H-benzimidazole 3.1 na escala de multi-grama, com 62% de rendimento.
Apds protegdo do grupo NH do benzimidazole, a posi¢ao 5(6) foi modulada através de

reagdes de acoplamento catalisadas por Pd, nomeadamente do tipo Suzuki-Miyaura

Vi



(rendimentos até 72%) e Buchwald-Hartwig (rendimentos até 81%). Finalmente, os
compostos idealizados 3.14 - 3.16 foram obtidos com rendimentos até 91%, mediante
hidrogenagao com Pd. A metilagdao de 3.11 em DMF permitiu obter o composto catidnico
iodeto de 1,3-dimetil-5(6)-(3,4,5-trimetoxifenil)-2-(2-nitrofenil)-1H-benzimidazol-3-io
(3.17) com 96% de rendimento. Tanto as moléculas sintetizadas como as fornecidas pelo
NCI foram avaliadas na inibicdo da DNA girase e de E. coli, no entanto nado foi observada
atividade em concentragées abaixo de 100 uM e 250 mg/L, respetivamente. No entanto,
alguns compostos do NCI (nimero 647083, NCI-4) e da nova familia de benzimidazdis
recém-sintetizados (3.17) demonstraram uma atividade antimicrobiana significativa
contra Staphylococcus aureus, com valores de concentragdo minima inibitéria (CMI) de
42 e 125 mg/L, respetivamente.

No Capitulo 4, sdo apresentados os procedimentos experimentais e a

caracterizagao completa dos compostos sintetizados.

Palavras-chave: DNA girase, Benzimidazole, Fotossensibilizador, Inativacdo

fotodinamica (PDI), Fototerapia dual.
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Abbreviations and Symbols

[M]* Molecular ion

[M+H]* Protonated molecular ion

) Chemical shift

Emax Maximum molar absorption coefficient

n Yield

A Wavelength

Da Singlet oxygen quantum yield

1D One-dimensional

3D Tridimensional

'H-NMR Proton nuclear magnetic resonance

13C-NMR Carbon 13 nuclear magnetic resonance

'H-'H NMR Proton-proton coupling bidimensional nuclear magnetic
resonance

'H-13C NMR Proton-carbon coupling bidimensional nuclear magnetic
resonance

J Coupling constant

3) Three-bond coupling constant

4 Four-bond coupling constant

Ac Acetyl

Ani Anionic group

Aro Aromatic group

ATCC American Type Culture Collection

BINAP 2,2'-bis(diphenylphosphino)-1,1"-binaphthyl

Boc Tert-butyloxycarbonyl group

Boc;0 Di-tert-butyl dicarbonate

br Broad signal

CADD Computer-aided drug design

CFU Colony forming units



CH Conventional heating

CIP Ciprofloxacin

cosy Correlated spectroscopy

COoVID-19 Coronavirus disease 2019

Da Dalton

DCM Dichloromethane

d Doublet

dd Doublet of doublets

ddd Doublet of doublet of doublets

ddH,0 Double distilled water

DMAE Dimethylaminoethanol

DMAP 4-Dimethylaminopyridine

DME Dimethoxyethane

DMF Dimethyl formamide

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DPEphos Bis[(2-diphenylphosphino)phenyl] ether
EHT Extended Hickel theory

El Electron impact

EMA European Medicines Agency

ESI Electrospray ionization

EtOH Ethanol

FIC Fractional inhibitory concentration
GOLD Genetic optimisation for ligand docking
gyr DNA gyrase

gyrA Subunit A of DNA gyrase

gyrB Subunit B of DNA gyrase

h Hours

H-Ac Hydrogen bond acceptor

H-Ac2 Projected partner for hydrogen bond acceptor
H-bond Hydrogen bond



H-Don Hydrogen bond donor

H-Don2 Projected partner for hydrogen bond donor
HMBC Heteronuclear multiple bond correlation
HSQC Heteronuclear single quantum correlation
MS Mass spectrometry

HTS High throughput screening

Hyd Hydrophobic group

IC Internal conversion

ICso Half maximal inhibitory concentration

ICH International Council for Harmonization

IR Infra-red

ISC Intersystem crossing

IUPAC International Union of Pure and Applied Chemistry
LD Light dose

LDC Light dose correction factor

LED Light-emitting diode

logP Partition coefficient

m/z Mass-to-charge ratio

MB Methylene blue

MDR Multi-drug resistant

Me Methyl

MeOH Methanol

MH Mueller-Hinton

MIC Minimum inhibitory concentration

MICcip Ciprofloxacin minimum inhibitory concentration
MOE Molecular Operating Environment

MRSA Methicillin-resistant Staphylococcus aureus
MwW Microwave/Molecular weight

NCI National Cancer Institute

NMR Nuclear magnetic resonance

NOESY Nuclear overhauser effect spectroscopy

Xi



OAc
oD

PAINS
PDB
PDI

pH

Ph
PhNO;

Pmax

ppm
PS

R&D
RNA
ROS
rnm
RS

rt

S

So

S1

S2
SARS-CoV-2
Sn

t

T1
TBAI
td
TFA
THF

Acetate

Optical density

Potency

Pan-assay interference compounds
Protein Data Bank
Photodynamic inactivation
Potential of hydrogen
Phenyl

Nitrobenzene

Maximum potency

Parts per million
Photosensitizer

Quartet

Research and development
Ribonucleic acid

Reactive oxygen species
Rotations per minute
Reduced susceptibility
Room temperature

Singlet

Ground singlet state

First order excited singlet state

Second order excited singlet state

Severe acute respiratory syndrome coronavirus 2

n order excited singlet state
Time

First order excited triplet state
Tetrabutylammonium iodide
Triplet of doublets
Trifluoroacetic acid

Tetrahydrofuran

Xii



TLC Thin-layer chromatography

TMS Tetramethylsilane
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Nomenclature

In this thesis, the IUPAC guidelines were routinely followed for compound

naming and numbering, with some exceptions that will be detailed below.

Phthalocyanines

Regarding the phthalocyanine precursors, the designation of “phthalonitrile” will
be employed instead of the IUPAC name “1,2-dicyanobenzene”.! The phthalonitrile

numbering system is in accordance with [IUPAC nomenclature (Figure I).

s AUCN
2
R4 “CN

Figure I: Numbering system of phthalonitriles.

For the numbering of phthalocyanines, the IUPAC rules were used (Figure I1).2
The numbering starts in a carbon of the benzenic ring that is vicinal to a fusion carbon
between the pyrrolic ring and the benzenic ring. Then, consecutive numbers are given
to all atoms that make up the exterior of the macrocycle followed by the numbering of
the interior pyrrolic nitrogens. Since the phthalocyanines synthesized in this thesis have
mono-substituted phthalonitrile as precursors, four positional isomers will be formed,
and thus the alternative positions that substituents occupy in each isomer are indicated

in parenthesis.

Figure Il: IUPAC numbering system for the phthalocyanine macrocycle.
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For the phthalocyanine presented in Figure Il, the systematic name will be given as

2(3),9(10),16(17),23(24)-tetrakis(1H-imidazol-1-yl)phthalocyaninato zinc (Il).

Porphyrins

For the systematic naming of porphyrins, the IUPAC numbering system was
used,?® which consists in the numbering of all macrocycle carbon atoms from 1 to 20 and
the internal nitrogens from 21 to 24 (Figure 1ll). The positions 5, 10, 15 and 20 will be
designated as meso and positions 2,3,7,8,12,13,17 and 18 as B-pyrrolic.

meso positions
B-positions l

\‘\&34567
2

Figure Ill: IUPAC numbering system and terminology used for porphyrins positions.

In the case of non-symmetric porphyrins with two different substituents in the
meso positons (A2B; type), a trans designation will be employed when employed when

group Ais in positions 5 and 15 and group B in positions 10 and 20 (Figure IV).

Figure IV: Example of a trans-A;B; type porphyrin: 5,15-bis(1-methylimidazol-2-yl)porphyrin
Benzimidazoles

For the numbering of benzimidazoles, the IUPAC rules were used (Figure V).* The
numbering priority is given to the sp3 nitrogen, which is assigned with the number 1.
Then, the carbon in the imidazole ring is numbered as 2 and the sp? nitrogen as 3. Finally,
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the benzenic portion is numbered 4 to 7, with fused carbons numbered 3a and 7a. Due
to the presence of tautomerism, substituents in the benzenic ring will have two possible
numberings, depending on which nitrogen has sp? hybridization. Thus, for the example
presented in Figure V, the alternative position of the substituent is given in parenthesis:

5(6)-bromo-1H-benzimidazole.

3

Br543aN . Br677aH1
N Tautomerism
6 7a N1 s N

7 3 %a

Figure V: Tautomeric equilibrium of benzimidazoles and their IUPAC numbering system.
Example for: 5(6)-bromo-1H-benzimidazole.

[1] Sharman, W. M.; Lier, J. E. V., 97 - Synthesis of Phthalocyanine Precursors, in The
Porphyrin Handbook, Volume 15: Phthalocyanines: Synthesis. Eds Academic Press:
Amsterdam, 2003.

[2] Merritt, J. E.; Loening, K. L., Nomenclature of tetrapyrroles. Pure & Applied Chemistry,
1979, 51, 2251-2304.

[3] Moss, G. P., Nomenclature of tetrapyrroles (Recommendations 1986). In Pure &
Applied Chemistry, 1987, 59, 779-832.

[4] McNaught, A. D.; Wilkinson, A., IUPAC Compendium of Chemical Terminology — Gold
Book. Blackwell Scientific Publications: Oxford, 2014.
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CHAPTER 1

Introduction

1.1 - Overview of drug-resistant infectious diseases

The management of infectious diseases is one of the cornerstones of modern
healthcare, on which the worldwide economic and social well-being is heavily
dependent.’? Indeed, the uncontrolled spread of microorganisms can quickly result in
millions of deaths, disruption of healthcare systems, country shutdowns and
incalculable financial losses. This is perfectly exemplified by the 1918 Spanish flu
pandemic and, more recently, by the COVID-19 pandemic.* Infections can be caused by
different types of microorganisms, such as bacteria, viruses, fungi or parasites, or by
misfolded proteins called prions. Microorganisms are surprisingly resilient, undoubtably
due to their high reproduction rate and genetic plasticity, which allows a quick
adaptation to unfavorable conditions.> Current approaches to curb infections rely on
vaccines as a preventative measure and antimicrobials (antibiotics, antivirals,
antifungals and antiparasitics) as therapeutic options.® While antimicrobials were
considered highly effective at the time of their discovery, their widespread overuse
along several decades has triggered the development of multiple resistance
mechanisms. This is aggravated by our increasingly interconnected world, where the
spread of multi-drug resistant (MDR) microorganisms and their genes is strongly
facilitated.” Despite the most recent pandemics being of viral origin, the yet-undeclared
“pandemic” of MDR bacteria should be a major cause of concern to governments and
healthcare systems in the near future. This discreet ever-growing pandemic has a long-

term potential to become the source of some of the deadliest diseases of the modern
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world.®® Recent studies estimate a total of 1.27 million deaths in 2019 caused directly
by bacterial MDR infections.® This number is projected to reach 10 million annual
deaths in 2050, if no active measures are taken by science to answer the unmet needs
of MDR infections management.!! To induce perception, this number surpasses the
annual death toll of cancer, diabetes and cholera combined and is double the official
reported deaths by COVID-19 in its first two years.!?

The fight against bacteria can be traced back to ancient Nubia, where it is
believed that a tetracycline-rich diet helped to prevent bacterial infections.*®> Humanity
had yet to wait two millennia before the first microscopic observations of fungi and
bacteria, by Robert Hooke and Antoni van Leeuwenhoek, in the 1665-83 period.'* Two
centuries later, in 1867, Joseph Lister took a significant step in the promotion of
widespread implementation of antiseptics in surgery, with consequent decrease of post
operatory infections.?> A few decades later, in 1928, the groundbreaking serendipitous
discovery of penicillin by Alexander Fleming marked the beginning of the “golden
antibiotic era”.’® Since then, dozens of new antibiotic classes were discovered, from

16-17 However, resistance mechanisms to

natural, semi-synthetic or synthetic sources.
each antibiotic were observed just a few years after, or even before their market
introduction and widespread clinical use.'® These mechanisms include i) reduction of
antibiotic accessibility to the target; ii) target modification through genetic mutations;
iii) target protection using other biomolecules; iv) modifications of antibiotics by
antibiotic-degrading enzymes.*? It is worth noting that the benign bacteria that colonize
the human gut can become resistant through exposure to antibiotics and then transfer
those resistance genes to pathogenic bacteria, often encountered in hospital
environment, in a process called horizontal gene transfer.?°

From a biological perspective, bacteria can be divided in two groups, gram-
positive and gram-negative, depending on their membrane capability to retain the
crystal violet stain, in a process developed by Hans Christian Gram, in 1844.%' This
empiric grouping methodology is the reflection of the significant morphological and
physiological differences between the cell walls of gram-positive and gram-negative
bacteria. The understanding of bacteria’s biological barriers is essential in the

development of new antibiotics and thus, in Figure 1.1, a schematic representation of

the cell wall of gram-positive and gram-negative bacteria is presented.?? The cytoplasm
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of gram-positive bacteria is surrounded by a single lipid bilayer, composed mainly by
phosphatidylglycerol (=70-80%) and cardiolipin (=20%),%® in which some proteins are
embedded. Facing the outer leaflet are multiple strands of peptidoglycan stacked one
upon another and cross-linked for additional strength. Inside the peptidoglycan layer
there are copolymers of glycerol phosphate or ribitol phosphate and carbohydrates,
linked via phosphodiester bonds, called teichoic acids and lipoteichoic acids (Figure 1.1,
Gram-positive). These layers have a high degree of porosity that allow even large
macromolecules to diffuse readily through the cytoplasmic membrane.?* Some clinically
relevant MDR gram-positive bacteria include Staphylococcus aureus, Streptococcus

pneumoniae and Enterococcus faecalis.

Lipopoly-
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Figure 1.1: Schematic representation of the biological membranes in gram-positive and gram-
negative bacteria. Copyright 2021 SpringerNature.®

The cytoplasm of gram-negative bacteria is surrounded by an inner phospholipid
bilayer containing embedded membrane proteins. This membrane is followed by a small
peptidoglycan layer, which anchors the outer membrane bilayer through lipoproteins.
This outer membrane contains lipopolysaccharides, rich in negatively charged

phosphate groups, composed by a lipid portion (lipid A, Figure 1.1, Gram-negative)



linked to polysaccharides.?®?” The porin channels embedded in the outer membrane
allow the uptake of polar molecules such as water and nutrients. Overall, this outer
membrane, exclusive to gram-negative bacteria, can be regarded as a tightly packed
negatively charged barrier, capable of limiting uptake by passive diffusion of hydrophilic
molecules and also the ones with molecular weight (MW) higher than 600 Da.?*?8
Nevertheless, cationic antibiotics can efficiently target gram-negative bacteria
membranes through favorable electrostatic interactions with the anionic
lipopolysaccharides. This is the case of the polycationic antibiotic colistin (MW = 1 155
Da), whose mechanism relies on binding to gram-negative bacteria membranes and
promoting a disruption of the membrane integrity, ultimately leading to bacterial
death.?

The eradication of gram-negative bacteria is without a doubt one of the greatest
challenges for Medicinal Chemistry given the intrinsic resistance mechanisms imposed
by their biological barriers.331 A 2017 report by the World Health Organization (WHO)
highlighted three types of gram-negative bacteria (Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacteriales) for which development of new
antimicrobial molecules and therapies is of critical priority.3> Among the family of
Enterobacteriales, Escherichia coli is a colonizer of the normal gut microbiota,3® but
pathogenic strains can cause urinary tract infections (UTI), chronic wounds, diarrhea,

3435 For the treatment of these types of infections,

among other diseases.
fluoroquinolones, in particular ciprofloxacin (CIP), have been widely used, in topical or

systemic administrations.36-37

Ciprofloxacin (CIP)

One of the major drawbacks of ciprofloxacin treatments is the high potential for
bacterial resistance development, of which many different mechanisms are known.3%-3
Undoubtedly, this poses severe challenges, not just in the management of E. coli

bacterial infections in the present, but especially at medium/long term, as resistance to
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fluoroquinolones has been continuously increasing over the last few years.° The 2021
Global Antimicrobial Resistance WHO report indicates that 43% of UTIs caused by E. coli
are currently resistant to CIP. Moreover, these clinically isolated E. coli strains also
demonstrate resistance to other relevant antibiotics such as cephalosporins (40-50% of
all isolates), trimethoprim/sulfamethoxazole (55%) and ampicillin (78%).#! Regarding
infected wounds, a 2017-2019 study found that E. coli was present in 12% of cases, being
the second most common gram-negative bacteria reported. It was found that 76% of E.
coli isolates showed resistance to at least one antibiotic, with 30% being MDR strains.*?
Furthermore, this high resistance prevalence is supported by other recent studies.*>-*

Regrettably, the numerous warnings and projections by the WHOQO324>46 gnd
other scientific literature!®!! have yet to produce a significant effect on the
pharmaceutical companies’ drug pipeline. Indeed, during the 21%t century, the
introduction in clinic of new, truly innovative antibiotics has been scarce. In particular,
the discovery of new antibiotic classes effective against gram-negative bacteria is non-
existent.3° Thus, the new antibiotics that have been marketed during the last few
decades are merely combinations or next-generation derivatives from previous
antibiotic classes, for which resistance is already widespread.?’*® Indeed, the
development of new antibiotics suffers from major setbacks, which are not always
present in drugs for other therapeutic areas. From a research and development point of
view, it is difficult to design drugs that can both effectively interact with a specific
biological target in bacteria and concomitantly avoid their morphologic and physiologic
intrinsic resistance mechanisms. In addition, the discovery of new antibiotics is not
financially attractive to pharmaceutical companies, since antibiotics are administered
during short periods of time, as opposed to medications for chronic illnesses. Moreover,
the quick development of resistant bacteria to new antibiotics severely limits their
lifetime, which contributes to the low investment of pharmaceutical industry in
antibiotic R&D. In sum, the high development costs and low revenue prospects hinder
the chances of truly innovative antibiotics to reach the market, despite their undeniable
social benefit.*°

In order to circumvent the currently established resistance mechanisms, the
information presented so far clearly highlight the need to develop new antibacterial

drugs or therapies that ideally target underexplored bacterial macromolecules. The

5



main goal of the studies presented in this thesis is entirely in line with this scientific
challenge, aiming to computer design/synthesize new antimicrobial molecules (DNA
gyrase inhibitors) and implementing alternative dual phototherapies.

The next subsection will feature an overview of the state of the art on the use of
computer-aided drug design (CADD) as a potential tool for the discovery of new
antibiotics, in particular for DNA gyrase. This will be followed by a subsection detailing
the use of photodynamic inactivation (PDI) as a potential complementary therapy to

antibiotics.

1.2 — Computer-aided drug design for development of new antibiotics

Most antibiotics in clinical use were discovered from natural sources, in
particular from soil bacteria and fungi. This strategy of drug discovery, despite giving
access to vast libraries of complex compounds with relevant biological actions, has some
disadvantages. Firstly, the natural organisms that produce antibacterial molecules
already possess genes that confer them intrinsic resistance, which can be transmitted
when in contact with pathogenic bacterial strains through horizontal gene transfer.>®
Thus, there is a significant interest in developing new purely synthetic antibiotic classes,
for which there are no established resistance genes in nature. Besides that, the
screening of just natural compounds excludes potential antibiotic families with chemical
scaffolds that can only be obtained through chemical synthesis. The transposition from
natural-based antibiotic molecules (e.g. B-lactams)>1->3 to the fully synthetic ones (e.g.
fluoroquinolones)®*>° required the synthesis of large molecular libraries to find lead
compounds. However, an alternative for guiding the research and development process
of new synthetic antibiotics appeared in the last few decades, consisting in the use of
computer-aided drug design (CADD) tools.>® CADD has proven to be an alternative to
traditional high-throughput screenings (HTS), which use automated processes to screen
chemical libraries of thousands of compounds and often give a very low hit rate.>’
Because CADD tries to assess therapeutic activity at a molecular level, it can lead to more
targeted screenings, which can filter large digital compound libraries into a smaller set
of compounds that can then be synthesized and tested. Indeed, CADD is a powerful tool

not only for lead discovery but also for its rational optimization in order to increase its



affinity and selectivity for the intended target.>® Over the years, CADD has contributed
to the discovery of important drugs currently in clinical use like captopril (hypertension;
approved in 1981), saquinavir, ritonavir and indinavir (treatment of HIV; approved in
1995-1996).”° So far, CADD has not shared the same success in the discovery of new
clinically approved antibiotic classes.?%®2 However, some efforts carried out in the past
decade have yielded promising molecules with antimicrobial activity that may open the
way for an eventual transposition to clinical use. Of particular relevance is the discovery
of quinazolinone and oxadiazole scaffolds that can target the penicillin-binding proteins
of methicillin-resistant S. aureus (MRSA), which may constitute an alternative to B-
lactam antibiotics.®3%* In addition, CADD has also contributed to the discovery of new
druggable bacterial targets such as the heme oxygenase® and to the research and
structural optimization of antimicrobial peptides.®® A recent study using neural networks
discovered halicin, a molecule previously developed for diabetes but abandoned due to
the lack of efficacy, as a potential new antibiotic that sequestrates iron inside bacteria
and leads to dysfunctions in their pH homeostasis. In vivo murine model studies
confirmed its in vitro efficacy and broad spectrum activity against infections with gram-
positive or gram-negative bacteria.®’” With the continued investment in artificial
intelligence and high processing supercomputers, CADD may yet play a decisive role in

the management of MDR infections, being this also one of specific goals of this work.%®
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In CADD, studies can be carried out using structure or ligand-bases approaches,
or a mixture of both. Ligand-based methods are usually employed when there is no
information on the structure of the target and therefore takeadvantage of
physicochemical and biological properties of actives and inactives, in order to predict
the activity of new molecules.®® Pharmacophore modeling is a prime example of a
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ligand-based approach.”®  Pharmacophores are tridimensional schematic
representations of the most important structural features that allow molecular
recognition by a particular target.”* A pharmacophore model is composed by features,
which can be based on topology, function (i.e. aromatic ring, hydrogen bond
acceptor/donor, acidic, basic or hydrophobic groups) or in a specific atom. After
appropriate validation, these models can be used as queries to screen chemical libraries.
For each molecule, a set of low-energy conformations is generated and each is fitted to
the pharmacophore query by aligning the molecules with the established
pharmacophore features. If a molecule can fit the query features, it is considered a hit.”®
7L On the other hand, structure-based CADD makes use of 3D structures of biological
molecules, usually determined by X-ray crystallography, NMR or, more recently, cryo-
electron microscopy. Typical structure-based approaches include molecular docking,
which can be used in combination with molecular dynamics to predict target
flexibility.>7->8

The first step towards the implementation of these CADD techniques in the
pursuit of new antibiotics is the selection of an adequate bacterial target. There are
many possible bacterial targets, being the traditional ones the cell wall (lipids or
embedded proteins), ribosomes, proteins involved in the transcription and replication
of genetic information, among other proteins with enzymatic functions.’?> Other non-
traditional targets include signaling proteins and host-pathogen interaction
mediators.”>74 The B subunit of DNA gyrase has recently gathered some attention due
to its well-conserved structure and pivotal role in bacterial DNA
replication/transcription. To date, a sufficiently safe and effective antibiotic for
widespread clinical use that targets DNA gyrase B does not exist, and thus, this protein
retains a relatively underexplored potential for the R&D of new antibiotics.”® For this
reason, DNA gyrase B was selected by us as the target for the design of new inhibitors
using CADD approaches. Thus, in the next subchapter, a detailed information on the
morphology and function of DNA gyrase will be given, combined with an overview of the

efforts conducted so far for the inhibition of E. coli’s DNA gyrase.



1.2.1 - E. coli DNA gyrase B as a potential bacterial target

DNA gyrase is a type Il topoisomerase that has a pivotal role in DNA replication
and transcription processes, due to its ability to induce negative supercoiling in the DNA
double-strands through hydrolysis of ATP.”® This biological role makes DNA gyrase an
essential enzyme for bacteria, but is absent in humans, which makes it an attractive
target for a selective destruction of bacteria. This enzyme is a heterotetramer,
composed by two A subunits and two B subunits, which associate to form an A;B;

complex in the active enzyme (Figure 1.2).7

N-gate:

ATP binding sitN SN . Subunit A

DNA gate:
Quinolone binding site
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>
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Figure 1.2: E. coli DNA gyrase complexed with DNA (PDB entry 6RKW).”® The crystallographic
structure was visualized in MOE software’’ and color-coded: i) blue — DNA molecule;
ii) red — subunit A; iii) green — subunit B.

Broadly speaking, subunit A (gyrA; Figure 1.2 - red) is involved with interactions with
DNA (Figure 1.2 — blue) and the subunit B (gyrB; Figure 1.2 — green) contains the ATP
binding site (located in the N-gate).”® When DNA gyrase is not connected with DNA, this
heterotetramer is stabilized by two protein-protein interactions: i) the C-gate which

connects the two A subunits and ii) the DNA gate which connects subunits A with



subunits B. When bound to DNA and catalytically active (i.e. when ATP enters its binding
site in subunit B), an additional protein-protein interaction occurs, the N-gate, which
stabilizes the interaction between both B-subunits.”®

Quinolones and fluoroquinolones bind preferentially to the DNA gate, located in
the subunit A. Mutations in the genes that encode gyrA (common) or gyrB (rare) affect
the affinity of fluoroquinolones to their binding site, being this the most prevalent
resistance mechanism. This rise of antimicrobial resistance to fluoroquinolones has led
to the study of gyrB as a potential target, in particular the ATP binding site. Although the
class of aminocoumarins (novobiocin and clorobiocin) display inhibition of GyrB, their
use has not implied significant clinical success, due to poor efficiency and toxicity,>> thus

enabling the development of drugs that can provide a better risk/benefit relation.
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Figure 1.3 presents a simplified biological mechanism of DNA gyrase,
encompassing all the main steps that involve the transformation of a positive supercoil
into a negative supercoil. Positive supercoils are formed during DNA replication or
transcription, as a consequence of the increase in DNA tensile strain,® and therefore
need to be removed before these processes can continue.®! In Figure 1.3, a positive
supercoil of circular DNA (common in bacteria) is depicted as the substrate of DNA
gyrase (gyr). After DNA binding to gyr (A), two ATP molecules enter their binding sites,
located one in each gyrB unit, leading to the cleavage of the double-stranded DNA (B).
The aminocoumarin antibiotics can enter the ATP binding site and act as competitive
inhibitors, which will prevent further DNA replication and transcription.®? After DNA
cleavage (B), the other side of the circular DNA strand is passed through the cleaved

DNA strand (C). Then, hydrolysis of both ATP molecules allows the reconnection of the
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DNA strand (D). Antibiotics of the quinolone and fluoroquinolone class act through
inhibition of this DNA reconnection step. Thus, there is an accumulation of cleaved DNA
strands in bacteria, which will ultimately compromise the integrity of bacteria’s genetic
material and lead to their death.3” When DNA reconnection is successful (i.e. in the
absence of antibiotics), gyr releases the circular DNA strand, but this time with a
negative supercoil. This process can be repeated several times, in order to introduce

more negative supercoils.”®
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Figure 1.3: Simplified mechanism of DNA gyrase for the introduction of negative supercoils in
DNA, and relieving the DNA tensional stress induced by positive supercoils.”83

It is worth noting that, eventually, these negative supercoils will be reconverted into
positive  supercoils when DNA tension increases (i.e. when more
replications/transcriptions are required), and thus the catalytic action of DNA gyrase is
continuously needed, which explains its vital role in maintaining bacteria’s normal

function and homeostasis.”®
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Since our study is focused on the design and development of new E. coli DNA

gyrase inhibitors, a critical analysis of the literature is presented in the next section.

1.2.2 — E. coli DNA gyrase inhibitors — state of the art

In this subsection, a brief summary on the most relevant E. coli DNA gyrase
inhibitors is given, with focus on the inhibitors of gyrA (quinolones and
fluoroquinolones) and gyrB (aminocoumarins and recently discovered scaffolds).

Quinolones and fluoroquinolones comprise an antibiotic class discovered in the
1960s, when a by-product of chloroquine manufacture displayed modest antibacterial
activity, leading to the development of nalidixic acid, the first antibiotic of the quinolone
class (Table 1.1, entry 1).8* This first generation molecule was approved in 1967 for
treatment of UTls and was moderately effective against most gram-negative bacteria,
including E. coli, with a minimum inhibitory concentration (MIC) of 8 mg/L. However, its
safety concerns and high resistance development have led researchers to optimize
quinolones activity and toxicity. It was soon found that the addition of a fluorine atom
to the aromatic ring improved their spectrum of activity and the introduction of a
piperazine in the same ring improved its potency against gram-negative bacteria.?> The
second-generation fluoroquinolones, introduced in the 1980s, contain both of these
modifications, being ciprofloxacin (Table 1.1, entry 2) and ofloxacin (Table 1.1, entry 3)
some of the landmark molecules. In particular, ciprofloxacin displays an impressive
activity against E. coli, with a MIC of 0.03 mg/L. Further modifications in the piperazine
ring and aromatic ring led to the discovery of the third and fourth generation
fluoroquinolones, of which sparfloxacin and moxifloxacin are examples, respectively
(Table 1.1, entries 4 and 5). These antibiotics possess a broader spectrum of activity and
are more effective against gram-positive bacteria.>*>> For these more recent
fluoroquinolone generations, it is worth mentioning that, although DNA gyrase is the
primary target, the closely related topoisomerase IV can also be inhibited, but such
mechanism will not be detailed in this thesis. Regrettably, the market introduction of

new fluoroquinolone generations has stalled in the 215t century so far.8>
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Table 1.1: Landmark molecules from each of the four generations (Gen) of
quinolone/fluoroquinolone-type antibiotics.

MIC
Year of
# Name/structure Gen Activity spectrum E. coli
approval
(mg/L)
T All gram-negative
= OH .
m/u\ bacteria except
1 NT N 1st 1967 8
K Pseudomonas
Nalidixic acid species
NW All gram-negative
2 2nd 1987 0.03
HN\) A bacteria
Ciprofloxacin
All gram-negative
i "0 bacteria, some gram-
OH
(\ j@fﬁ)‘\ positive bacteria
3 N N 2nd 1985 0.12
/N\) o\)\ such as S. aureus and
Ofloxacin some atypical
bacteria
NH, O All gram-negative
j@iuj)\ bacteria, expanded
4 3rd 1993 gram-positive and 0.06
: atypical bacteria
Sparfloxacin coverage
(0] (0] ..
. Similar to 3rd Gen,
| OH
but better activity
51w I 4th | 1999 0.06
w0 A against anaerobic
Moxifloxacin bacteria

13



Nonetheless, interest in fluoroquinolones did not fade and there are a lot of recently
published derivatives that aim to increase their potency, pharmacokinetic properties,
activity spectrum or to circumvent existing resistance mechanisms.8® Interestingly, since
the discovery of ciprofloxacin, no noteworthy improvement on the activity of
fluoroquinolones against E. coli was observed. Indeed, the E. coli MIC is in general
slightly higher in fluoroquinolones of third and fourth generation.®> The unmatched
activity of ciprofloxacin against E. coli has made it one of the medicines of choice for
treatment of infections caused by this pathogen, as was highlighted in the introductory
subsection of this thesis.

Now that the molecular mechanisms involved in DNA gyrase and
fluoroquinolone activity have been detailed, it is easy to understand the resistance

mechanisms of E. coli against ciprofloxacin (Figure 1.4): 87-88
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Figure 1.4: Main resistance mechanisms of E. coli against ciprofloxacin.

i)  Mutations in the genes that encode DNA gyrase and that affect the affinity of the
antibiotic to its binding site;

ii) Decrease in membrane permeability. Given that DNA gyrase is an intracellular
target, alteration of the porin transporters present in the outer membrane can

impact the uptake of these modestly hydrophilic molecules.

14



iii) Overexpression of efflux pumps, which decreases intracellular drug concentration.
This mechanism is often associated with high-level fluoroquinolone resistance.

iv) Production of enzymes that acetylates ciprofloxacin, reducing its affinity for DNA
gyrase.®

These resistance mechanisms can be present either separately or in a combination,

often acting synergically and rendering ciprofloxacin completely ineffective. It is clear

that new therapeutic approaches are needed, to both circumvent existing ciprofloxacin

resistance mechanisms and prevent the development of additional resistance. The

search for such alternative therapies sets the stage for the work developed in Chapter 2

of this thesis, where ciprofloxacin will be combined with photodynamic inactivation

(PDI).

On the subject of gyrB inhibitors that interact with the ATP binding site, there
has recently been an active search for new chemical families. These include compounds
with promising activity against E. coli’s gyrB.°%°1 In Table 1.2 the structures and biological
activity of representative molecules published so far for this specific target are depicted.
The members of the already mentioned class of aminocoumarins, novobiocin and
clorobiocin (entries 1-2) display good E. coli gyrase inhibition (ICso of 30 - 80 nM),
however their MIC values in E. coli are considerably high (250 and 16 mg/L respectively),
when compared to those presented in Table 1.1 for fluoroquinolones. As previously
mentioned in the analysis of Figure 1.1, the outer membrane of gram-negative bacteria
is tightly packed and therefore it’s not surprising that these molecules (MW > 600 Da)
are so inefficient when tested against E. coli bacteria instead of a biochemical assay,
where only the protein is present.®? A good bacterial uptake is essential when dealing
with intracellular targets, and here lies one of the key motives for the clinical failure of
this antibiotic class.

Through NMR screening, Eakin et al discovered a set of low molecular weight
pyrrole-based fragments that were later used to synthesize a library of derivatives. Of
these pyrrolamide molecules, compound 1.1 showed the best biological activity, with

0.9 nM ICsp and an E. coli MIC of 8 mg/L (Table 1.2, entry 3).%3
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Table 1.2: Selected representative molecules from the various GyrB inhibitor families
described so far in the literature, and corresponding biological data.

E. coligyr | MICE. coli
# Compound/structure Ref
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In a fragment-to-lead CADD approach, Basarab discovered a set of pyridylureas such as
1.2, which exhibited gyr inhibition in the low nM range. However, this set of compounds
was surprisingly inefficient in E. coli growth inhibition (MIC > 64 mg/L), which was
attributed to low intracellular concentrations, caused by E. coli’s efflux pumps (Table
1.2, entry 4).% Trzoss et al reported a set of structure-activity relationship studies,
highlighting the potential of pyrrolopyrimidine inhibitors, of which 1.3 and 1.4 are
examples (Table 1.2, entries 5-6). Remarkably, although both possess very good gyr
inhibition (< 0.5 nM), only 1.3 possessed good activity against E. coli (MIC =2 mg/L).>> In
another study, pyrrolamide derivatives containing oxadiazole motifs, such as 1.5, were
also efficient gyr inhibitors, with a 1.2 uM 1Csg, however the compounds displayed no
antibacterial activity when tested against E. coli (Table 1.2, entry 7).° This tendency of
low E. coli activity is also present in works describing derivatives of pyrrole-2-
carboxamido moieties (Table 1.2, entry 8),°” pyrrolamines (entry 9),%8 1-ethyl-3-(thiazol-
2-yl)lurea (entry 10),° pyridine-3-carboxamide-6-yl-ureas (entry 11)1°° and N-
phenylpyrrolamides (entries 12-14).101-103 However, when some of these compounds
were tested against efflux pump-deficient E. coli mutants, their activity improved
considerably, which suggests that these scaffolds are being recognized by bacteria’s
intrinsic defenses, such as efflux pumps, which reduces their intracellular

concentration.10!
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Clearly, the examples presented in Table 1.2 demonstrate that the ideal E. coli
gyrB inhibitor is yet to be discovered, since, in most cases, their biochemical gyr
inhibition does not translate to a significant E. coli antibacterial activity. Compounds 1.1
and 1.3 are relevant exceptions, however the observed E. coli MICs of 2-8 mg/L are still
too high when compared with ciprofloxacin’s (0.03 mg/L, Table 1.1, entry 2). Overall,
there is a need to continue pursuing the discovery of new molecules and to perform
further structural optimizations before any gyrB inhibitor can be regarded as a viable
alternative to ciprofloxacin in the treatment of E. coli infections. Indeed, new scaffolds
are required that can maintain the already excellent in vitro gyr inhibitory activity and
concomitantly avoid recognition by E. coli’s efflux pumps, which consistently seem to
hinder their antibacterial activity. This will be the basis of Chapter 3, which will describe
the attempts at the discovery of new molecules with gyrB inhibitory activity.

Besides the discovery of new gyrase inhibitors, this thesis will also focus on the
optimization of alternative therapies such as photodynamic inactivation (PDI) and
explore its possible synergic combination with ciprofloxacin. The principles of PDI and

its state of the art will be presented in the following subsection.

1.3 — Photodynamic inactivation (PDI) of bacteria

The photodynamic inactivation of microorganisms dates back to the beginning
of the 20t century, when Oscar Rabb discovered that paramecia incubated with acridine
orange could be killed after exposure to sunlight.’®* However, PDI remained largely
unexplored during most of the 20t century, due to the great investment on antibiotics
discovery and production that started with the large-scale use of penicillin in World War
. Instead, studies on the photodynamic effect were directed to oncology, where it met
considerable success, with various clinically approved molecules.®'% However, the
onset of bacterial resistance has fueled the interest in PDI as an alternative therapy for
110

the treatment of localized infections by both antibiotic-susceptible or MDR bacteria.

A simplified mechanism of PDI is presented in Figure 1.5,108111
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Figure 1.5: Simplified PDI mechanism, containing the most relevant photophysical and
photochemical pathways that can originate from photosensitizer excitation with an

appropriate wavelength.

The photodynamic process starts when a photosensitizer (PS) molecule absorbs
light of a specific wavelength that matches their absorption bands. This causes a
transition from the singlet ground state (So) to a singlet excited state (Si1, Sz, ... Sn).
Usually, if the transition occurs to singlet excited states of a higher order (S; to Sn), a
quick transition non-radiative transition to S1 occurs through vibrational relaxation (VR)
and internal conversion (IC). Since the S; state is short-lived, the PS will return to the
ground state (So) through photon emission (fluorescence) or internal conversion.
Alternatively, it can undergo an intersystem crossing (ISC) to a triplet excited state (T1),
which has a longer lifetime. From here, the relaxation to the ground state can again be
radiative (phosphorescence), through internal conversion or by reaction with molecular
oxygen, which is the key pathway for microorganisms photoinactivation. Here, there are
two possible photochemical mechanisms: type | involves an electron transfer from the
PS directly or indirectly to oxygen, leading to the formation of O,°, H,0; and HO*;!*2 type
Il involves an energy transfer to oxygen, forming 10,. While each of these reactive
oxygen species (ROS) possesses different chemical reactivity, it is known that overall,
they can damage nearly all types of biomolecules, including proteins, lipids and nucleic
acids. In the case of microorganisms such as bacteria, fungi and viruses, this burst of

oxidative damage will eventually lead to their inactivation.3**> The diversity of ROS and
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their high reactivity towards different biomolecules ensures that PDI is a multi-target
approach to control infectious diseases, which reduces the efficacy of drug resistance
mechanisms.!16118 For the management of localized infections'!® the photosensitizer
can be applied locally and, after a proper drug-to-light interval, the infected area is
irradiated. Examples of localized infections include periodontal diseases, burn
infections, surgical wound infections and infected wounds originated by venous,
pressure or diabetic ulcers.'?022 |n addition, PDI shows great promise in the
management of viral infections by influenza?® or SARS-CoV-2,'?* through nasal
decontamination.

Over the years, several excellent reviews on PDI have been published,?4114:125-135
also with a focus on the treatment of multi-resistant bacteria in planktonic suspensions
or in biofilms,’° as well as fungi'®® and viruses.!'>37-13% Many efforts have been
dedicated to the synthesis of new photosensitizers and to improved strategies for
PDI,110.126-127,140-142 jncluding the combination with antimicrobials.?314> Furthermore,
reports on in vitro PDI studies have also been extensively reviewed in recent years.132146-
161 Among all PS tested in inactivation of bacteria, we highlight the cationic imidazolyl
phthalocyanines (IPc-Zn-Et**) and porphyrins (IP-H-Me* and IP-H-Me?*) as some of the
best PS reported so far for in vitro E. coli inactivation, with bactericide activity at low

concentrations (nM range) and light doses (< 10 J/cm?),140-141
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Since our goal is to study the combination of PDI with ciprofloxacin (dual

phototherapy, Chapter 2) and its transposition to in vivo studies, the next pages will
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discuss the literature revision regarding the use of photosensitizers for

photoinactivation of E. coli infections in animal models and clinic.

1.3.1 - In vivo and clinical studies using PDI

Some relevant in vivo/ex vivo pre-clinical studies on E. coli inactivation and the

corresponding photosensitizers’ structural properties are presented in Table 1.3.

Table 1.3: Chemical properties and biological activity of photosensitizers used in in vivo/ex vivo

pre-clinical studies for treatment of infections by E. coli.

Photosensitizer
# Model PDI studies
/ Structure

- In vivo: Female
|+ ¢ | Outcome: Improved wound

AN s AN BALB/c mice
Sy healing

infected with

1 Methylene Blue (1.13)62 [PS]: 100 pM
cecal slurry (E.
Charge: +1 Light dose: 24 J/cm? (LED
coli, E. faecalis,
MW =284 Da A=632 nm)

among others)

|
N S N\/\)I\N/\
\C[\ ]i)/ Wl Ex vivo: Outcome: 7 logio CFU
N I
(6]

R Porcine skin reduction
2 | Polymyxin-B, infected with | [PS]: 50 uM
MB-PMX (1.14)163 E. coli ATCC | Light dose: 288 J/cm? (LED
Charge: +1 25922 A=625 nm)
MW = 1723 Da

Ex vivo: Outcome: 3 logio CFU

Porcine skin reduction

infected with | [PS]: 50 uM

SACUR-3 (1.15)%64

E. coli ATCC Light dose: 34 J/cm? (LED

Charge: 0 to +4 25922 A=435+10 nm)

MW =517 Da
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In vivo:

Sprague—
R R Outcome: 5 logio CFU
Dawley rats
NH, reduction, 7 days
with wound
R after treatment
infected by

mixed bacteria

[PS]: 40 uM
Light dose: 50-100 J/cm?

Tetra-lysine porphyrin (1.16)6° (E. coli, S.
(Laser A=650nm)
Charge: 0 to +8 (pH dependent) aureus, P.
MW = 1188 Da aeruginosa)
Outcome: 4 logio CFU
In vivo: reduction initially.
Adult female Complete
BALB/c mice inactivation 4 days
with wound after treatment

infection by E.

[PS]: 50 uM (50+20+20 pL)

FS111-Pd (1.17)%2 coli Light dose: 80 J/cm? (Light
Charge: +4 A=415nm)
MW =938 Da

The use of cationic phenothiazinium dyes such as methylene blue (1.13) in PDI
has been widespread, surely due to its previously approved clinical use for cancer
photodynamic therapy.?® For instance, in one in vivo experiment, mice wounds were
infected with cecal slurry, which contained E. coli, among others. Using 100 uM PS
concentration and a 24 J/cm? light dose, improvement in wound healing was observed,
when compared with the control experiments (Table 1.3, entry 1).162

Additionally, a methylene blue-polymyxin B conjugate (1.14) was reported.'®3
Polymyxin B is a potent antibiotic, selective for the inactivation of gram-negative
bacteria, which acts through disruption of bacterial membranes by interaction with the

anionic LPS layer. This PS-antibiotic conjugate reduced 7 logio colony-forming units (CFU)
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of an E. coli ex vivo infection, using 100 uM conjugate, but with quite high light doses
(288 J/cm?; Table 1.3, entry 2).163

Another example relied on the use of SACUR-3 (1.15), a cationic derivative of the
natural PS curcumin, whose protocol employed 50 uM PS concentration and 34 J/cm?.
This PDI system showed quite modest antibacterial activity (only 3 logio CFU reduction),
when compared with 1.14, for the same infection model (Table 1.3, entry 3).164

In the field of tetrapyrrolic macrocycles, a porphyrin-lysine conjugate with four
units (1.16) reduced by =5 logio CFU the bacteria in wounds infected by multiple strains
(E. coli, S. aureus and P. aeruginosa), measured 7 days after treatment. This study
compared the effects of different light doses (12.5, 25, 50 and 100 J/cm?) on PDI. It was
found that 100 J/cm? was the best light dose for killing bacteria in vivo, but this dose
worsened wound healing considerably when compared to lower light doses (Table 1.3,
entry 4).1%° This demonstrates the need to promote a fine-tuning of PDI protocols to
achieve a good compromise between bacterial inactivation and host damage.

One of the most successful cases of reducing E. coli bacterial infections on mice
models is based on the use of Pd(ll) tetra-cationic pyridyl-based porphyrin (FS111-Pd,
1.17; Table 1.3, entry 5).14? PDI with FS111-Pd was more effective (complete inactivation
4 days after treatment with 50 uM photosensitizer concentration and 80 J/cm?) than
with the corresponding free base macrocycle. The amphiphilicity of the compound was
ensured with three methylpyridinium groups and one pyridinium group linked to a C12
alkyl chain, and Pd (Il) promoted intersystem crossing to the triplet state, increasing its
guantum yield and, consequently, the ROS formation.

Overall, there are relatively few cases of topical PDI in vivo where the reduction
in CFU achieves an acceptable bactericidal level and is sustained for several days.?® For
the inactivation of gram-negative bacteria such as E. coli, the presence of cationic groups
is a key aspect to ensure good photoinactivation results. These positively charged groups
can either be intrinsic (i.e. methylene blue 1.13 or the alkylpyridinium groups of 1.17) or
can be basic alkylamines, which are partially protonated at physiological pH values (i.e.
1.15 and 1.16). Mechanistic studies highlight that the success of cationic PS results from
the efficient interactions between positively charged photosensitizers with the
negatively-charged LPS that are present in the outer membrane layer of gram-negative

bacteria (see Figure 1.1). Another interesting conclusion is that the tetrapyrrolic

24



macrocycles usually offer a better antimicrobial efficiency with less harsh PDI protocols,
with lower PS concentrations and light doses, which can help wound healing. The
success of tetrapyrrolic macrocycles may be partially attributed to their good
photophysical, photochemical properties, such as high absorption coefficient, different
type of ROS generation and photostability, which are key features for the success of
PD|.25’166

To date, the most widespread application of PDl in clinical practice has been for
the management of oral infections in dentistry.17-172 Besides this clinical application, PDI
has been studied in the treatment of lower limb infections, often associated with
diabetes.'”® A more comprehensive overview of PDI in clinical practice was given in a
published review, ahead to the writing of this thesis.?> Therefore, herein we discuss only
selected clinical studies results using PDI for treatment of lower limb wounds, where E.
coli may be present, among other bacteria.*

One of the most promising PS studied so far is the near-IR absorbing tetra-
cationic phthalocyanine RLP068, for which many clinical studies have already been
reported.’’4178 When this PS was tested in a single-dose PDI clinical trial, a reduction of
bacterial load was observed after treatment (-3.00 + 1.82 logio CFU/mL for 3.5 mM PS
concentration and 60 J/cm? light dose vs -1.00 + 1.02 logio CFU/mL with placebo).
However, bacterial regrowth occurred in the PDI-treated groups, being the CFU/mL
values similar to the placebo group, 3 days after treatment.?”* Further clinical studies
comprising sequential treatments over several weeks led to better clinical outcomes,
with significant ulcer reduction in 66% of patients.'’’

The phenothiazinium dye PPA-904 was also investigated in PDI of infected
diabetic ulcers for photoinactivation of several types of microorganisms. Similar to
RLP068, a single PDI treatment showed a reduction in bacterial load immediately post-
treatment but no difference between treatment and placebo groups was observed 24 h
after the treatment.

A successful example of clinical PDI is based on the use of methylene blue and
toluidine blue (36 mM PS concentrations and 6-30 J/cm? light dose) in treating diabetic
patients with osteomyelitis. After several treatments, foot amputation was prevented

in 17 of 18 patients versus 0 of 16 in the control group.179-18!
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Topical application of 5-ALA or MAL (precursors of protoporphyrin IX), also
showed clinically significant bacterial load reductions, requiring in general 4-8 treatment
sessions,182-183

Overall, the transposition from in vitro to in vivo studies is challenging, since
there are multiple factors that need to be accounted. These include the heterogenicity
of tissues, light dispersion/penetration, diffusion of the photosensitizer into the wound,
the lowered amount of oxygen in poorly irrigated tissues and the competitive reactions
of ROS with endogenous biomolecules present in the wound.?® This means that
complete bacterial inactivation after a single PDI treatment is not a realistic clinical
outcome and, invariably, the surviving fraction can regrow and recurrence of infection
is observed. The only way, yet known, to address this issue is to perform multiple PDI
treatments, spread over weeks or even months. To enhance PDI efficiency, there are
several examples in recent literature that describe the association of PDI with antibiotics
as a promising alternative, herein referenced as dual phototherapy. The next subsection
will present a critical analysis of the state of the art regarding combination of PDI with
antibiotics, since this is one of the goals of this work, whose results are presented in

Chapter 2.

1.3.2 — PDI combined with antibiotics (dual phototherapy)

Since PDI-induced oxidative damage only occurs during light irradiation, the
combination with molecules (antibiotics) that can inhibit bacterial regrowth in the dark

may improve PDI clinical outcomes. So far, dozens of different PDI + antibiotic
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combinations were reported, which were recently compiled in a review by Hasan et
al.**> The PS used for this type of dual phototherapy include compounds from the
tetrapyrrole (porphyrins and chlorins) and phenothiazinium (methylene blue, toluidine
blue) classes, among others. Additionally, a great diversity of antibiotics has been
reported in these dual phototherapy studies, ranging from membrane synthesis
inhibitors (extracellular targets) to protein and DNA synthesis inhibitors (intracellular
targets). Regarding E. coli inactivation, successful in vitro protocols have been devised,
using chlorophyllin, cationic and anionic synthetic porphyrins, chlorin-e6, methylene
blue, protoporphyrin IX, eosin Y, rose bengal as photosensitizers, in combination with
the following antibiotics: polymyxins,163184185 cationic peptides,'86-188 glycopeptides,*®
B-lactams,?%1°1 chloramphenicol,*®? aminoglycoside!®*1*3 and fluoroquinolones.%41%
Since the objective of this work is to find new therapies to treat E. coli through
potentiation of DNA gyrase inhibitors (i.e. ciprofloxacin, CIP), Table 1.4 presents the
single three examples that report PDI + CIP combinations.

PDI with methylene blue (20 uM; 2.8 J/cm?) was combined with CIP (0.002
ug/mL) to treat wild-type E. coli (ATCC 25922). Two treatment modalities were
investigated: CIP treatment followed by PDI, or PDI treatment followed by CIP addition.
The best results were obtained by adding CIP after PDI treatment, where an improved
antibacterial activity (up to 4 logio CFU reduction) was achieved when compared with
PDI monotherapy. Despite the claims by the authors, it is not possible to conclude that
the observed effect is indeed due to a synergic interaction due to the lack of controls
with CIP monotherapy (Table 1.4, entry 1).19

Another example described the combination of a mixture of essential oils
extracted from the leaves of Eugenia jambolana with CIP in a simultaneous PDI + CIP
treatment, using blue (470 nm) or red (625 nm) light irradiation. However, no
statistically significant effect was observed in the PDI + CIP therapy, when compared

with CIP monotherapy (Table 1.4, entry 2).2%>
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Table 1.4: Photosensitizers, protocols and outcomes of PDI + CIP dual phototherapy for the

inactivation of E. coli bacteria in vitro.

Photosensitizer

/ Structure

PDI+CIP conditions

Outcome

Methylene blue (1.13)1%*

Strain = E. coli ATCC
25922
Modality = PDI before CIP

[PS] = 20 uM

Improved antibacterial
activity (up to 4 logio CFU
reduction) when

compared with PDI

monotherapy. Insufficient

OH

Chlorin-e6 (1.18)%%®

Light = 120 J/cm?

[CIP] =0.002 pg/mL evidence to access
Light = 2.8 J/cm? synergism.
Strain = E. coli ATCC 9027
Modality = Simultaneous | No statistical difference
Essential oils from [PS] = 10 pl of extract between CIp
? Eugenia jambolana®®® [CIP] =5 pg disc monotherapy and dual
Light =470 nm or 625 nm | therapy
LED; 10 min irradiation
0 Strain = E. coli UPECO60 | 3 h after treatment: =0.5
on Modality = CIP before PDI | logio  CFU reduction
3|\ 4 OH | [PS] =168 uM compared with CIP
g [CIP] =0.002 pg/mL monotherapy

A more recent study used Chlorin-e6 as PS and evaluated the effect of E. coli pre-
incubation with CIP (0.002 pg/mL), followed by PDI treatment (=16 h later, 84-168 uM
PS concentration, 70-120 J/cm?). Three hours after PDI treatment, there was a
statistically significant effect of the combination therapy when compared with CIP
monotherapy (=0.5 log CFU difference), but only using the highest PS concentration and
light dose. However, in all study groups including the PDI + CIP group, bacterial regrowth

was observed (Table 1.4, entry 3).1%
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Overall, the studies published so far on PDI + CIP combinations suffer from a
number of issues that must be addressed before translation to in vivo studies. First, a
judicious selection of the most appropriate PS structure needs to be carried out, in order
to require less harsh PDI protocols (PS concentration and light doses). The
photosensitizers tested so far are not among the best reported in literature for the
inactivation of E. coli.*®> As mentioned in the analysis of Table 1.3, multi-cationic
photosensitizers of the tetrapyrrole family seem to yield the best results, particularly in
the inactivation of gram-negative bacteria. This is corroborated by the poor results
described for chlorin-e6, an anionic photosensitizer at physiological pH, that required
quite high light doses and PS concentrations. This poses a problem for in vivo
applications, since they usually require much higher PDI doses than in vitro studies,
which raises concerns of toxicity towards the host.1®° In addition, there is a need to study
the effect of the variables associated with the PDI + CIP combination itself, namely the
order in which the treatments are performed, i.e., whether they will give a better
outcome when used simultaneously or sequentially. All these in vitro optimizations are
crucial to ensure a successful transposition to in vivo studies and fully take advantage of
the synergism between both therapies.'¥’2%2 However, so far to the best of our
knowledge, there are no in vivo assays reported in the literature using PDI + CIP
combinations.

The work described in Chapter 2 of this thesis takes a step forward to increase
the synergism between PDI + CIP combinations, being able to develop efficient protocols

for transposition of dual phototherapy to in vivo models.

1.4 — Work proposal

The main goal of this thesis is the development of dual phototherapy as an
alternative therapy (Chapter 2) and synthesize computationally designed new

antimicrobial molecules (Chapter 3) for the inactivation of E. coli (Figure 1.6).
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/ Dual Phototherapy | \

Figure 1.6: Thesis graphical abstract.

The work presented in Chapter 2 intends to explore the combination of PDI with
ciprofloxacin (dual phototherapy) for in vitro and in vivo microbicide activity against E.
coli. The specific objectives consist in performing structure-activity studies in order to
choose the best in vitro protocol to promote an efficient translation to in vivo studies
(PS structure, light dose, CIP concentration, order of treatments, among others). Thus,
the final goal of this chapter is to implement a synergic dual phototherapy protocol for

an efficient treatment of mice wounds infected with E. coli.
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The work presented in Chapter 3 aims the design/discovery of new potential E.

coli GyrB inhibitors, through the use of CADD tools such as pharmacophore modelling

and molecular docking. Then, based on these outputs, we aim to develop new synthetic

methodologies to obtain promising molecules with potential E. coli antibacterial activity

through DNA gyrase inhibition.
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CHAPTER 2

Photoinactivation of E. coli by dual phototherapy

2.1 - Synthesis and characterization of photosensitizers

For the studies concerning photodynamic inactivation of E. coli, in a
monotherapy approach or in combination with ciprofloxacin (dual phototherapy), a set
of cationic imidazolyl-substituted tetrapyrrolic macrocycle PS were synthesized. The
selection of PS structures was driven by the need to evaluate the influence of the
macrocycle base structure (phthalocyanine or porphyrin), absorption (blue or near-IR
light), number of positive charges, amphiphilicity, and central coordinating metal.

First, we studied an alternative synthesis of B-tetra-imidazolyl substituted Zn(ll)
and In(lll)Cl phthalocyanine metal complexes, which was previously reported under
conventional heating methodologies.'2 This strategy encompasses a two-step approach
that starts with the structural modulation of the phthalonitrile precursor, followed by
its cyclotetramerization with the appropriate metal salt. For this work, the phthalonitrile
modaulation with the imidazole group and the synthesis of the metallophthalocyanines
were optimized under more sustainable reaction conditions, including ultrasound and
microwave irradiation. (Scheme 2.1). Starting with the synthesis of 4-imidazolyl
phthalonitrile 2.1, several optimization parameters were studied and the results are
presented in Table 2.1. The previously described conditions (conventional synthesis)
used DMF as solvent and K,COs as base, requiring 48 h of stirring, at room temperature,
to achieve complete substrate conversion. After reaction completion, the work-up

procedure involved filtration of the base, addition of water to induce product
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precipitation, followed by washing with hot methanol. The intended product 2.1 was

obtained with 56% yield (Table 2.1, entry 1).

M =2Zn

on  N7ONH CN  Zn(OAc),, DMAE
/@: \—/ _ /@: MW, 150°C,1h _
N CN = o
K,CO; DMSO N M =1In
N N KoCOs
© © us, rt = 21 InCl; DMAE

MW, 180 °C, 1 h

n = 68%
/N

N\)
M = Zn(ll) 22 n=7%%

M=In(llljyL=Cl 23 mn=76%

Scheme 2.1: Phthalonitrile and imidazolyl-substituted metallophthalocyanines synthesis, under
ultrasound and microwave irradiation, respectively.

Aiming the increase of the sustainability of the process, the reaction was then carried
out under ultrasound (US) irradiation, also at room temperature, resulting in a time
reduction from 48 h to just 9 h and a slight yield increase to 62% (Table 2.1, entry 2). The
beneficial effects of ultrasound irradiation on Sy reactions, namely in aromatic
nucleophilic substitution have been previously described.?* Sonochemistry acts through
the formation and subsequent collapse of microbubbles, in a process called acoustic
cavitation. This results in the formation of hot-spots in the reaction medium, with high
local temperature and pressure, which facilitates crossing of the activation energy

barrier required for these Sy reactions.®

Table 2.1: Synthesis optimization of 2.1 under sustainable conditions.®

" Heating Solvent Reaction Isolated EcoScale
methodology time (h) ® yield (%)

1 Conventional DMF 48 56 39

2 Ultrasound DMF 9 62 41

3 Ultrasound Acetone 24 Trace -

4 Ultrasound DMSO 8 68 60

@ Standard reaction conditions: 4-nitrophthalonitrile (10 mmol), imidazole (12 mmol), K2CO3 (15 mmol)
dissolved in designated solvent; stirring at room temperature during designated time; ¢ Time required
for complete conversion of the starting reagent.
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From a sustainability standpoint, the most concerning issue in this reaction is related to
the use of DMF as solvent. It is widely known that DMF is associated with reproductive
toxicity and thus belongs to the list of “substances of very high concern for
authorization”, according to the European Chemicals Agency.’” Indeed, according to the
International Council for Harmonization (ICH) of Technical Requirements for
Registration of Pharmaceuticals for Human Use of the European Medicines Agency
(EMA), DMF is classified as a class 2 solvent, which limits its use in pharmaceuticals
manufacture, being 880 ppm the maximum allowed residual concentration in drug
substances.® On the other hand, other polar aprotic solvents such as acetone and DMSO
are considered class 3 solvents, for which there are less strict limitations on residual
guantities. In Table 2.2 the conclusions of studies conducted by three pharmaceutical
industries (Pfizer, GSK and Sanofi) concerning environmental, health and safety issues
of selected commonly used polar aprotic solvents, are presented.’® While DMF is
unanimously considered a bad solvent choice, DMSO and acetone are more favorably
regarded.

Table 2.2: Color-coded solvent selection guide according to Pfizer, GSK and Sanofi for selected
polar aprotic solvents.®

Solvent | Conclusion (Pfizer) | Conclusion (GSK) Conclusion (Sanofi)
DMF Undesirable Major issues Substitution requested

Acetone Preferred Some issues Recommended
DMSO Usable Some issues Substitution advisable

Taking into account the solvent preferences by pharmaceutical companies, acetone was
first selected for the substitution of DMF for the synthesis of 2.1 (Table 2.1, entry 3).
However, after 24 h reaction time, the solution had acquired an intense dark brown
color and no product formation was observed. The fact that acetone can undergo
enolization and act as a nucleophile may explain the failure of this reaction attempt. The
second solvent choice for the substitution of DMF was DMSO (Table 2.1, entry 4). When

compared with DMF, under ultrasound irradiation, a similar reaction time was observed
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(9 h in DMF, 8 h in DMSO). Nonetheless, the reaction conducted in DMSO gave no
appreciable water-insoluble side products, unlike the reaction conducted in DMF. Thus,
the product could be precipitated from the reaction crude by addition of water, which
also dissolved all reaction impurities. This resulted in a simpler workup procedure, as it
was not required to wash the precipitated product with hot methanol. Under these
conditions, the 2.1 was isolated in 68% yield, which is a slight increase relatively to the
previous reaction attempts, but a great step regarding the sustainability of the process.
Indeed, these optimized conditions led to a calculated EcoScale® value of 60 (details in
Chapter 4 - Experimental), which is considerably higher than the value calculated for the

conventional heating methodology using DMF (EcoScale of 39, entry 1).

The synthetic route proceeded with the synthesis of metallophthalocyanines
through phthalonitrile cyclotetramerization. The synthesis of both Zn(ll) and In(lll)
complexes under conventional heating methodologies have been previously reported?

and, again, reaction optimizations were carried out (Table 2.3).

Table 2.3: Reaction conditions for the optimization of phthalocyanine synthesis under
sustainable conditions.®®

Heatin Reaction | Isolated
# | Metal g T (°C) Solvent | time (h) Yield | EcoScale
methodology (b) o
(%)
1 Z;(;') CH 140 DMAE 24 71 57
2 Z;(;') MW 140 DMAE 1 69 55
3 '”2(':) CH 180 Quinoline 8 67 55
4 '”2(':) MW 180 Quinoline 1 66 53
5 '”2(';') MW 180 DMAE 1 76 63

@ Standard reaction conditions: phthalonitrile 2.1 (1.5 mmol), Zn(OAc)2.2H20 or InCl3 (0.5 mmol) dissolved
in designated solvent; stirring at 140 or 180 °C during designated time; ) Time required for complete
conversion of the starting reagent.

Starting with the Zn(ll) complex, the conventional synthesis was carried out at 140 °C
during 24 h, using DMAE as solvent (Table 2.3, entry 1). The work-up procedure involved
product precipitation from the crude mixture by addition of methanol, followed by

washing with water and acetone. When attempting the reaction under microwave
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irradiation (Pmax= 150 W), at the same temperature, the reaction time was reduced to
just 1 h, while keeping similar yield (69%) (Table 2.3, entry 2). The synthesis of the In(lll)
complex, under conventional heating, was carried out at 180 °C for 8 h, in quinoline as
solvent (Table 2.3, entry 3). Due to the increased ionic size of In3*, when compared to
Zn?*, the metal template effect on the phthalocyanine formation is less efficient due to
a poorer coordination with the nitrogen atoms on the interior cavity. Thus, higher
reaction temperatures are required, requiring the substitution of DMAE by a higher
boiling point solvent such as quinoline. When this reaction was conducted under
microwave irradiation, again a significant reduction in reaction time was observed, to
just 1 h, with no discernible difference in reaction yield (Table 2.3, entry 4). However,
the use of quinoline as solvent presented two major issues: i) the reaction crude
contained a brown-colored impurity which required washing with a copious volume of
organic solvents; ii) it is a likely human carcinogen. These shortcomings were addressed
by using DMAE as reaction solvent (Table 2.3, entry 5). DMAE is well-tolerated by
humans, being used in cosmetics,'* and thus is the ideal solvent for the synthesis of
phthalocyanines, due to the formation of residues with low toxicity. While this solvent’s
boiling point at ambient pressure is 133 °C, it can be overheated in a closed vessel under
microwave irradiation and reach the required 180 °C for the reaction to occur. This
significantly improved the purification procedures, as fewer side products were
obtained, resulting in a higher isolated yield (76%) and EcoScale value (63).

Microwave assisted chemistry is regarded as a greener alternative to
conventional synthesis, due to its higher energy efficiency.'? One of the most relevant
advantages of MW irradiation over conventional heating can be explained by thermal
effects. On the one hand, conventional heating is through convection, which means that
the heating occurs from the periphery to the center. This means that the reaction flask
is heated first and then transfers its energy to the solvent. On the other hand, in
microwave irradiation, there is an inverse heat transfer, which means that the reaction
is heated from the center to the periphery. The polar reaction components will interact
with the microwave irradiation and heat the reaction mixture first. Overall, this
promotes a faster and more energy efficient heating mechanism and, as a consequence,
this may result in chemical reactions with lower reaction times, more reproducibility and

higher product yields.!3

49



The modulation of the metallophthalocyanines intended for bacterial
inactivation proceeded with the cationization of the imidazole groups with iodoethane,
in order to obtain the corresponding tetra-cationic Zn(ll) and In(lll)
metallophthalocyanines (Scheme 2.2). As mentioned in the introductory chapter, the
use of cationic photosensitizers is crucial for promoting efficient interactions with the
negatively charged residues in E. coli’s cell wall. The target cationic compounds were
selected based on structure-activity studies previously conducted in the work leading up
to the MSc thesis.? Indeed, it was found that phthalocyanines bearing four positive
charges and cationized with a small alkyl chain (ethyl) were more effective in E. coli
inactivation. Thus, we optimized, under more sustainable conditions, the previously
reported cationization procedure carried out under conventional heating, at 70 °C, over
48 h, and using DMF as solvent.! The alternative approach (Scheme 2.2) used microwave
irradiation as heating source and, at 120 °C (Pmax= 150 W), the cationization reactions of
both Zn(ll) and In(lll) metallophthalocyanine were complete after just 5 minutes. The
work-up procedure consisted in a simple precipitation from the reaction crude using

acetone, followed by filtration.

[ —

CH4CH,l, DMSO
MW, 120 °C, 5 min

M = Zn(Il) 2.2 LM =2zn(ll) IPc-Zn-Et* n=59%

M=In(ll);L=Cl 2.3 M=In(ll);L=Cl IPc-In-Et** n=63%

Scheme 2.2: Synthesis of cationic metallophthalocyanines under microwave irradiation.
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The desired products IPc-Zn-Et* and IPc-In-Et** were obtained in 59% and 63% yields,
respectively, which represents a 7-10% vyield improvement over the conventional
synthetic method.!

To study the influence of the macrocycle core structure on dual phototherapy,
we then proceeded with the synthesis of cationic imidazolyl-based porphyrins (Scheme
2.3). Two base structures were used: a trans-di-substituted imidazolyl porphyrin and a
tetra-substituted imidazolyl porphyrin, both commercially acquired. Again, previously
described cationization procedures utilized DMF as solvent and conventional heating
methodologies, taking up to 24 h for reaction completion.}* Thus, similarly to the
previously mentioned procedure, the cationization reaction was carried out in MW, by
adding iodomethane, in DMSO at 120 °C, during 5 min. In both cases, the reaction
products were precipitated from the crude by the addition of a mixture of acetone and
pentane, and then filtered off. The di-cationic IP-H-Me?* was obtained in 95% yield and
the tetra-cationic IP-H-Me** in 92% yield, which are comparable to the reported values

for the conventional synthesis.'*

R

CHsl, DMSO
MW, 120 °C, 5 min

IP-H-Me?* R=H n =95%

N

.

IP-H-Me** R = H ] n=92%
N
/

______________________________________\

Scheme 2.3: Synthesis of cationic imidazolyl-based porphyrins under microwave irradiation.

Finally, to evaluate the effect of Zn(ll) in the porphyrin’s central cavity, the
corresponding Zn(ll) complex of the tetra-cationic porphyrin IP-H-Me* was synthesized
(Scheme 2.4). The previously reported method, under conventional heating, employed
DMF as solvent, at 100 °C during 4 h. Under the newly developed method herein
described, microwave irradiation (Pmax= 150 W) was used and DMF was exchanged for

methanol. Under a closed vessel, methanol could be overheated beyond its boiling
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point, up to 120 °C, where the reaction only required 5 min to achieve full porphyrin
metalation, as determined by UV-Vis spectroscopy. The desired product IP-Zn-Me** was
isolated in 90% yield after purification by size-exclusion chromatography (Sephadex G-

10) in order to remove the excess Zn(OAc); used.

Zn(OAc)y, CHzOH
MW, 120 °C, 5 min

\—/ I~

IP-H-Me**

IP-Zn-Me** 1 =90%

_______________________________

Scheme 2.4: Synthesis of the tetra-imidazolyl porphyrins Zn(ll) complex under microwave
irradiation

In sum, we have been able to obtain significant improvements on the synthesis
of quite relevant cationic imidazolyl-based photosensitizers, enabling their transposition
to a larger scale, under more sustainable conditions. In the next sections, the evaluation
of the photosensitizers’ structural effect on the development of an optimized dual

phototherapy protocol for the inactivation of E. coli is described.

Photophysical properties

In order to guarantee a uniformity of the light dose delivered to each cationic PS,
we first carried out studies on the overlap of each PS absorption spectrum with the
corresponding LED light source emission (Figure 2.1). A red LED (659 nm) was selected
for the phthalocyanines (Figure 2.1a), while a blue LED (415 nm) was chosen for the
porphyrins (Figure 2.2b). The graphs showed different levels of overlap with the light
source, especially among the porphyrin family. Indeed, the di-cationic IP-H-MeZ?*,
owning to its maximum absorption peak at 395 nm, has a lower overlap with the 415
nm LED than the tetra-cationic IP-H-Me* and IP-Zn-Me**. So, if all porphyrins were

subjected to the same irradiation time, the photoinactivation potential of IP-H-Me?*
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would be underestimated since a lower number of photons would be truly absorbed by

this PS.
1.0
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< o
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Figure 2.1: Overlap of photosensitizer absorption spectra with light source emission: a) IPc-Zn-
Et* and IPc-In-Et* with red LED (659 nm, 4.0 mW/cm?); b) Porphyrins IP-H-Me?*, IP-
H-Me* and IP-Zn-Me** with blue LED (415 nm, 3.0 mW/cm?).

This has led us to calculate correction factors!® that were applied to adjust the
irradiation times in order to obtain the same light dose absorbed by each compound,
and thus allowing a more trustworthy comparison between all PS. This is showed in
equation (i), where the actual light dose absorbed (LD) is obtained by multiplication of
the light source potency (P) with time (t) and the light dose correction factor (LDC),

which can vary between 0 and 1.
LD = PxtxLDC (i)

The LDC for each PS, along with previously described relevant photophysical and
photochemical properties and photoinactivation studies on E. coli are presented in Table
2.4.%1 Overall, all PS have high molar absorption coefficients, typically in the 10° M-tcm-
L range, with the exception of IP-H-Me?*, where a value of 5.4 x 10* Mlcm™is observed.
This seems to be compensated by its higher (0.69) singlet oxygen production quantum
yield (@), when compared with the tetra-cationic porphyrins (®a = 0.14 and 0.44). It
should be noted that the reported biological data are merely indicative and should not
be used for direct comparisons, as there are many different variables that can influence
the outcome, namely the type of E. coli strain used, light doses and LED emission/PS

absorption overlap.
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Table 2.4: Summary of relevant photophysical, photochemical properties and previous biological
studies on E. coli for each cationic photosensitizer.

smax, M-l Cm-l

PS Da LDC Previous PDI studies on E. coli
(A, nm)
. Outcome: 7 log CFU reduction
IPc-Zn-Et**
. 2.8x10°(677)@ | 0.66@ | 0.34() [PS]: 100 nM
Light dose: 10 J/cm? (white light)
IPc-In-Et**

) 1.9x10° (690)@ | 0.52% | 0.28() -

IP-H-Me?* | 5.4x10% (395)®) | 0.69®) | 0.25(¢ -

Outcome: 7 log CFU reduction

IP-H-Me*
1.7x10° (407)© | 0.14© | 0.69() [PS]: 1 uM
14
Light dose: 2 J/cm? (LED 415 nm)
. Outcome: 7 log CFU reduction
IP-Zn-Me**

) 2.7x10° (417) | 0.449 | 0.630 [PS]: 100 nM

Light dose: 2 J/cm? (LED 415 nm)

@ in DMSO; ®) in ethanol; @ in PBS; @ relative to 659 nm LED light source; © relative to 415 nm LED light
source

2.2 - Photodynamic inactivation of E. coli in combination with

ciprofloxacin

In this subchapter, we present the biological studies conducted on the effect of
PDI using the above synthesized cationic photosensitizers, in the presence or absence of
ciprofloxacin (CIP). The studies encompassed in vitro optimizations of the dual
phototherapy protocol, regarding the two possible combination modalities: i)
simultaneous PDI and antibiotic CIP therapy or ii) PDI therapy before administration of
the antibiotic CIP. Additionally, we studied the influence of the PS structure and
concentration, light dose and matrix where PDl is performed (i.e. distilled H,0 or culture
medium) on the inactivation of E. coli in combination with CIP. Then, our findings were
translated into a burn wound mice model infected with E. coli, using the best PS + CIP

combination determined.
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The in vitro minimum inhibitory concentration (MIC) studies started with an E.
coli strain isolated in the laboratory, with a lower susceptibility to ciprofloxacin (CIP),
when compared with the wild-type non-resistant American Type Culture Collection
(ATCC) strain. This strain will be designated E. coli RS. The MIC is one of the most relevant
parameters in microbiology for the assessment of the antimicrobial activity of
compounds and represents the minimum compound concentration required to inhibit
visible bacterial growth, after 20-24 h incubation at 37 °C.%° In Table 2.5 the MIC values
measured in the dark for CIP and all the cationic PS, against this E. coli strain are
depicted.

Table 2.5: Minimum inhibitory concentration (MIC) values in the dark determined for the
antibiotic ciprofloxacin and cationic photosensitizers against E. coli RS.

Compound MIC (dark)
Ciprofloxacin 0.25 mg/L; 754 nM
IPc-Zn-Et* 250 mg/L; 170 uM
IPc-In-Et% 250 mg/L; 161 uM
IP-H-Me?* 250 mg/L; 330 uM
IP-H-Me** 125 mg/L; 109 uM
IP-Zn-Me** 125 mg/L; 102 uM

Regarding the minimum inhibitory concentration of CIP (MICcp), the value of 0.25 mg/L
is considerably higher than the literature vale for the wild-type ATCC strain (0.004
mg/L).}” Moreover, this value is just below the clinical breakpoint defined for resistance
to ciprofloxacin (> 0.5 mg/L),'® making this an intermediate strain regarding resistance
to CIP. This means that the MIC is too high for this strain to be considerable as
“susceptible” to CIP, but also too low for being considered as “resistant” to CIP.

All the cationic PS were toxic in the dark at concentrations above 100 puM. This
dark toxicity is in the same range (10-200 uM) of the values reported for other
photosensitizers in literature, containing cationic pyridyl, aminophenyl or alkyl amine
groups.'>2! It is worth reminding that E. coli possesses Mg?* and Ca?* ions in their
bacterial wall, which act as counter ions to the negatively charged groups present in the

lipopolysaccharides. The cationic groups in PS can displace these divalent counter ions
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and promote a destabilization of E. coli’s cell wall, consequently leading to their
inactivation in the dark when using high cationic PS concentrations (> 100 uM).?? It is
worth noting that bacterial growth inhibition, represented by the MIC, does not
necessarily mean the death of bacteria, i.e. bacteria can regrow if the antibiotic agent is
removed from the medium. However, for CIP and these cationic PS, they possess a
bactericide action, which means that the dose required for complete bacterial killing is
very close to the MIC. This was corroborated by experimental observation, where no
viable bacteria were present after 24 h incubation with these cationic PS at their
respective MIC concentrations or with CIP at 2 x MIC (0.5 mg/L).

While it is known that CIP’s inhibitory activity is independent of light, the main
action mechanism of cationic PS is through light-dependent ROS formation. Therefore,
before starting the dual phototherapy studies, we proceeded with the assessment of
the photoinactivation efficiency of each PS, in a monotherapy approach, using a 1.8
J/ecm? light dose (Figure 2.2). This will allow the determination of sub-bactericidal PDI
doses. For all of these studies, the standard initial inoculum of 5 x 10° CFU/mL was used,

in accordance to ISO-20776-1 guidelines.?3
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Figure 2.2: PDI in planktonic cultures of E. coli RS in double distilled water ddH,0, using various
photosensitizers concentrations (2-1000 nM) after 1 h dark incubation and
irradiation with an adjusted light dose of 1.8 J/cm?2. “X” denotes complete
inactivation of the inoculum. The labels * (p < 0.05), ** (p < 0.01) and *** (p < 0.001)
represent statistical difference.
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Under an adjusted light dose of 1.8 J/cm?, all compounds were bactericidal at
concentrations >1000 nM, with a complete (5.5 log CFU) reduction of the initial
inoculum. By lowering the concentration to 500 nM, both imidazolyl porphyrins have
shown bactericidal activity, while the tetra-cationic phthalocyanines IPc-Zn-Et* and IPc-
Zn-Et* induced only a sub-bactericidal effect (3.5 log CFU reduction). Finally, in the
concentration range of 32-250 nM, the tetra-cationic porphyrins IP-H-Me* and IP-Zn-
Me?** induced total inactivation, while IPc-Zn-Et**, IPc-In-Et** and IP-H-Me?* showed a
lower bactericidal effect (Figure 2.2). Clearly, in this case, the metals present in the
porphyrin macrocycle cavity were not the driving force for the photoinactivation of E.
coli. Regarding the metallophthalocyanines, despite the Zn(ll) PS having higher singlet
oxygen generation than the In(lll) PS (Table 2.4), no significant difference in E. coli
photoinactivation was observed. However, the nature of the macrocycle (i.e.
phthalocyanine or porphyrin) and the number of positive charges seem to play a great
role. The low efficacy of phthalocyanines may be attributed to their higher aggregation
in water than porphyrins, which results in the presence of dimeric species that rapidly
decay to the ground state through internal conversion and do not generate ROS. This
led us to choose the porphyrin family for further studies using dual phototherapy.
Among the porphyrin family, the results correlate well with the general knowledge that
very hydrophilic molecules with a high number of positively charged groups are more
effective in the inactivation of gram-negative bacteria in planktonic cultures.?* Since ROS
have a very short lifetime, they can only travel a few nanometers before being
deactivated. The higher number of positive charges promotes more favorable
interactions with the anionic bacterial lipopolysaccharide and thus increases proximity
between the PS and the bacterial cell wall components (i.e. lipids and proteins), which
are one of the most important targets in PDI.

The obtained PDI results prompted us to select the appropriate sub-bactericidal
concentration of each cationic porphyrin to pursue the dual phototherapy studies. Since
our goal was to evaluate the possible synergic combination between PDI and CIP, we
selected these sub-bactericidal concentrations of photosensitizers (2-16 nM for IP-H-
Me** and IP-Zn-Me*, and 63-250 nM for IP-H-Me?*) for combination with previously
determined sub-inhibitory concentrations of CIP (< 0.25 mg/L), using the same 1.8 J/cm?

light dose.
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For the dual phototherapy studies, two possible combination modalities of PDI with CIP

were investigated (Scheme 2.5).

E. coli planktonic suspension

Approach A: Approach B:
Simultaneous PDI + CIP PDI before CIP
PS Cip PS
% 1 h dark incubation ;
E. coli + PS + CIP E. coli + PS
PDI (LED 415 nm) PDI (LED 415 nm)
MH CIP MH
E. coli + PS + CIP + MH medium E. coli + PS + CIP + MH medium
Dark incubation, 20 h, 37 °C Dark incubation, 20 h, 37 °C
Microbial growth observation Microbial growth observation
(MIC_,, determination) (MIC_,, determination)

Scheme 2.5: Methodology used for the combination of PDI with CIP, highlighting the two
possible approaches: simultaneous PDI and CIP (approach A), and PDI before CIP
(approach B).

In approach A (simultaneous PDI and CIP application), the selected PS and CIP
were added to the E. coli bacterial suspension in ddH;0 and after 1 h incubation, PDI
(1.8 J/cm? light dose) was performed. On the other hand, in approach B (CIP
administration after PDI), the PS was added to the bacterial inoculum in ddH,0 (1 h dark
incubation) followed by PDI, performed under the same light conditions, and then CIP
was added to the previously PDI-treated inoculum. In both experiments, Mueller-Hinton
(MH) culture medium was added after PDI and bacterial growth was analyzed, after 20
h incubation, at 37 °C. For each PDI concentration used, a gradient of different
concentrations of CIP was tested, in order to determine the MICcpp. Thus, this protocol

allowed us to evaluate the efficacy of PDI in reducing the amount of antibiotic required
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to inhibit bacterial growth, represented here by the MICcp. The dual phototherapy
results obtained for all porphyrin photosensitizers are depicted in Figure 2.3a-c. For
comparison purposes, we present in Figure 2.3d the results using methylene blue, a PS

previously used in dual phototherapy studies with CIP for E. coli inactivation.?®
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Figure 2.3: Dual phototherapy studies using sub-bactericidal PDI treatments with each
photosensitizer in ddH,0, in combination with CIP (combination approaches A and
B), using an adjusted light dose of 1.8 J/cm? for a) IP-H-Me?*; b) IP-H-Me**; c) IP-Zn-
Me*; d) Methylene blue. Results are presented as the MIC of CIP for E. coli RS in
function of PS concentration used in the photoinactivation. The labels * (p < 0.05),

** (p <0.01) and *** (p < 0.001) represent statistical difference.
Independently of the PS used, no changes to the MICcp were observed in the
dark. This correlates well with the results presented in Table 2.5, which show that these
PS only possess antimicrobial activity in the dark for concentrations > 100 uM. However,

upon light irradiation (1.8 J/cm?), the values of MICcp showed a great dependence on
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the experimental protocol approach (A or B), porphyrin structure and concentration
range.

Regarding the protocol, we found that, for both tetra-cationic porphyrins IP-H-
Me* and IP-Zn-Me**, approach B (CIP administration after PDI; Figure 2.3 — red) was
more efficient than approach A (CIP + PDI simultaneously; Figure 2.3 - blue). It should
be mentioned that, in the case of IP-H-Me?*, the difference between both approaches
was not statistically significant, while with IP-H-Me* and IP-Zn-Me* a significant
difference between both approaches was observed, being protocol B selected to pursue
the studies.

Regarding the influence of the PS structure, we observed that, under protocol B,
the number of charges is a key issue, since the sub-bactericidal concentrations of the
tetra-cationic porphyrins IP-H-Me** and IP-Zn-Me** when compared with IP-H-Me?*, in
combination with the same CIP concentration (0.031 mg/L), are approximately 8-fold
lower (8 and 63 nM, respectively; Figure 2.3).

Additionally, it should be stated that the combination of PDI with CIP,
independently of the cationic porphyrin used, was more efficient in the inactivation of
E. coli then methylene blue (no activity was observed for the concentration range of
125-500 nM). This is a remarkable result when compared with the literature, where the
combination of CIP with methylene blue (MB*) for inactivation of E. coli required
significantly drastic PDI conditions (20 uM and 2.8 J/cm?).?> This strengthens the
relevance of the photosensitizers’ structure, particularly the number of positive charges
since the final output of E. coli PDI dual photoinactivation follows the order IP-H-Me** /
IP-Zn-Me** > IP-H-Me?* > MB*.

Overall, there was a negligible difference in dual phototherapy between both
tetra-cationic porphyrins IP-H-Me* and IP-Zn-Me**. The synthetic procedure and
subsequent work-up of IP-Zn-Me*, as described in the previous subchapter, makes it
less suitable for scale-up envisioning in vivo studies, since it requires purification through
size exclusion chromatography. In addition, it is well established that Zn(ll)
metalloporphyrins are labile, and demetallation may occur in vivo, since skin is acidic in
nature (average pH = 4.7).2° Thus, only the free-base porphyrin IP-H-Me* was selected

to proceed with the studies.
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Another relevant issue for obtaining a good output of dual phototherapy is the
optimization of the light dose. The critical analysis of the literature shows that the light
doses required for photodynamic inactivation of E. coli used in culture medium?’ or in
vivo?® are generally superior to the herein described. Thus, to appraise the sub-
bactericidal PDI doses, before starting the combination of PDI with CIP, we evaluated
the effect of increasing the light dose from 1.8 to 5.4 J/cm? for PS concentration between
32-500 nM for IP-H-Me?* and 2-32 nM for IP-H-Me**. The results are presented in Figure
24,
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Figure 2.4: PDI in planktonic cultures of E. coli RS in ddH,0, using various photosensitizers
concentrations of a) IP-H-Me?* (32-500 nM) and b) IP-H-Me** (2-32 nM). Adjusted
light dose of 1.8 J/cm? (red) or 5.4 J/cm? (green). “X” denotes complete inactivation
of the inoculum (bactericidal dose). The labels * (p < 0.05), ** (p < 0.01) and *** (p <
0.001) represent statistical difference.

From the analysis of Figure 2.4, we observe that for both photosensitizers the
PDI efficiency increases with the enhancement of light dose from 1.8 J/cm? to 5.4 J/cm?,
being this effect more pronounced when IP-H-Me?* is used. For this PS, the minimum
concentration required for a full inoculum inactivation changed from 500 nM to 250 nM,
when the light dose was increased from 1.8 J/cm? to 5.4 J/cm?. In the case of IP-H-Me**,

there was only a statistically significant light dose effect at 4 and 8 nM PS concentrations.

Then, we pursued with the evaluation of the light dose effect (1.8 J/cm? and 5.4
J/cm?) on the dual phototherapy studies, still using both photosensitizers, under the

sub-bactericidal PS concentrations observed above (Figure 2.4; 32-250 nM for IP-H-Me?*
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and 4-16 nM for IP-H-Me?**), and the sub-MICcp concentrations (< 0.25 mg/L, Table 2.5).

Protocol B was selected for these studies. The results are presented in Figure 2.5.
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Figure 2.5: Dual phototherapy studies (PDI before CIP, modality B) with sub-bactericidal PDI
treatments with a) IP-H-Me?* b) IP-H-Me* in ddH0, in combination with CIP, using
1.8 and 5.4 J/cm? light doses. Results are presented as the MIC of CIP for E. coli RS in
function of PS concentration used in the photoinactivation. “X” denotes complete
inactivation of the inoculum using PDI alone (bactericidal dose). The labels * (p <
0.05) and *** (p < 0.001) represent statistical difference.

The results show that, when using IP-H-Me?*, no statistical difference on MICcp was
observed between 1.8 and 5.4 J/cm? light doses. On the other hand, a MICcp
dependence on the light dose used was observed for some concentrations of IP-H-Me**.
For instance, at 4 nM, no effect was observed using a 1.8 J/cm? light dose, however a
decrease in MICcp to 0.063 mg/L was obtained using 5.4 J/cm?. The best result obtained
so far (64-fold MICcip reduction; MICcp = 0.004 mg/L) was achieved for the combination
of IP-H-Me** (16 nM) and 5.4 J/cm? light dose. Remarkably, this MICcp value corresponds
to the wild-type E. coli reported in the literature.!” For these reasons, we selected IP-H-
Me** for further studies, including an in vivo dual phototherapy assay.

For IP-H-Me?, it is interesting to note that there is a greater light dose effect on
E. coli inactivation when dual phototherapy was implemented (using protocol B; Figure
2.5b), than when PDI monotherapy was carried out (Figure 2.4b). For example, no
significant difference in viable bacteria is obtained at 16 nM from increasing the light
dose from 1.8 to 5.4 J/cm? in PDI monotherapy (Figure 2.4b), but in dual phototherapy

(Figure 2.5b), an 8-fold difference in MICcp is observed. This suggests that the longer
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exposure to ROS, triggered by increasing the light dose, may cause bacterial damage
that does not necessarily decrease the number of bacteria (i.e. non-bactericidal), but
may change the susceptibility of bacteria to antibiotics. Indeed, the combination of PDI
with CIP may reduce the amount of antibiotic required (MICcp) due to an additive or
synergistic effect. An additive effect results from the trivial diminution of viable bacteria
after PDI, which leads to a lower inoculum and consequently, to a lower MICcp.
Synergism may occur if PDI with IP-H-Me** causes bacterial damage by a mechanism
that increases their susceptibility to antibiotic treatment. In order to investigate which
type of combination effect best explains our results, first we studied the effect of the

inoculum size on the MICcjp, in non-PDI treated E. coli RS (Figure 2.6).
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Figure 2.6: Variation of the MIC¢p value in function of the inoculum size, in non-PDI treated E.
coli RS.

Figure 2.6 shows that the MICcp of 0.25 mg/L is constant in the range of 1x10° to
5x10° CFU/mL (standard inoculum size used in our experiments) and only at 1x10?
CFU/mL a significant MICcpp decrease is observed. In conclusion, the MICcp does not
show a strong dependence on the number of viable bacteria, which is consistent with
other reports, where lower inoculum sizes relatively to the standard also had a small
influence in changing antimicrobials’ MIC.2°-3° Comparing the results shown in Figure 2.6
(effect of the inoculum size on MICcp) with the surviving fractions (CFU/mL) obtained
after PDI alone, presented in Figure 2.4, it can be concluded that sub-bactericidal doses
of IP-H-Me** (4-8 nM concentrations and 5.4 J/cm? light dose) do not change E. coli’s
susceptibility to CIP, merely by lowering the amount of CFU/mL present after PDI

treatment (1x103 — 1x10* CFU/mL). Indeed, the results from Figure 2.5 show that, in
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these conditions, the MICcp is strongly affected after PDI, which suggests that between
4-8 nM concentrations a synergistic PDI + ciprofloxacin effect is observed (Figure 2.7 —
green). On the contrary, when a PDI experiment was carried out using 16 nM PS, only
1x102 CFU/mL remained and, followed by CIP administration, may show an additive (CIP
= 0.125 - 0.031 mg/L) or synergic effect (0.016 — 0.004 mg/L) (Figure 2.7 — yellow and

green, respectively).
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Figure 2.7: Schematic representation of dual phototherapy results under the best optimized
protocol obtained for inactivation of E. coli RS, using IP-H-Me** as photosensitizer
and a 5.4 J/cm? light dose (415 nm LED).

Figure 2.7 summarizes the overall results and clearly demonstrates that, for PS
concentrations at or above 32 nM, total E. coli RS inactivation is observed independently
of the CIP dose (Figure 2.7 — blue). Additionally, for PS concentrations below 16 nM, the
bacterial inactivation is strongly dependent on the CIP dose: at 8 nM of PS and CIP doses
below 0.016 mg/L, there is bacterial growth (Figure 2.7 — red), while for 4 nM of PS, at
least 0.063 mg/L of CIP is required to inhibit bacterial growth through a synergic

interaction (Figure 2.7 — green).

The assessment that this PS + CIP combination possessed a synergic effect was

further confirmed by means of a checkerboard analysis, which is a standardized test
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recommended by a recent review on the combination of PDI with antibiotics.3! This
compares the individual activity of two antimicrobial agents with the activity of their
combination through a Fractional Inhibitory Concentration (FIC) index value, which is a

theoretical value calculated using the following equation:3?

: A B .
FIC index = MICs + MiCs (ii)

where A and B are the concentrations of the two antimicrobials when in combination

and MICa and MICg are the MIC of each molecule individually. If the FIC index is < 0.5,

then the combination displays synergism. For a FIC index > 0.5, the combination is

predicted to be additive. The results obtained for each PS + CIP combination used in this

work are presented on Table 2.6.

Table 2.6: Synergism evaluation using the checkerboard analysis for dual therapy inactivation
of E. coli RS, using IP-H-Me* and a 5.4 J/cm? light dose, where the FIC index is

presented in brackets and “A” (yellow) denotes additive effect, “S” (green) denotes
synergist effect and “-“ (red) denotes no effect.

[CIP] mg/L
0.125 0.063 0.031 0.016 0.008
[PS] nM
16 A (1.0) A (0.75) A (0.63) A (0.56) A (0.53)
8 A (0.75) A (0.50) S (0.38) S (0.31) -
4 A (0.63) S (0.38) - - -

The calculated concentrations for giving a synergic PDI/CIP combination (green
highlighted; Table 2.6) are in good agreement with the experimental observations

depicted in Figure 2.7.

2.3 — Photodynamic inactivation of multi-drug resistant E. coli combined

with ciprofloxacin

Treatment of infections caused by MDR bacteria is clearly the most urgent clinical
application for PDI. Thus, preliminary in vitro studies were carried out to access the
efficacy of PDI in combination with CIP in the treatment of MDR E. coli. This strain (E.

coli 243) was specifically selected for its high resistance to CIP (MIC = 32 mg/L), which is
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well beyond the defined limit for a strain to be considered as resistant to CIP (MIC > 0.5
mg/L).*8 In addition, this strain is also resistant to tetracyclines and amoxicillin. Following
our previous results, we set out to determine if the optimized dual phototherapy
protocol could be successfully applied to this bacterial strain, for which more extensive
resistance mechanisms are expected.

First, studies on the photodynamic inactivation of MDR E. coli using IP-H-Me*
were carried out, in order to determine the bactericidal and sub-bactericidal PS

concentration/light dose conditions (Figure 2.8).
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Figure 2.8: Surviving colonies after PDI in planktonic cultures of MDR E. coli in ddH,0, using
various IP-H-Me** concentrations, and irradiation using different light doses (415 nm
LED). “X” denotes complete inactivation of the inoculum. The labels * (p < 0.05) and
*** (p < 0.001) represent statistical difference.

This photosensitizer exerted a statistically significant photodynamic inactivation effect
at concentrations equal or above 4 nM, using 18.1-45.3 J/cm? light doses. The CFU/ml
reduction increased with PS concentration and also with light dose used. The total
inactivation of the inoculum was observed at 32 nM PS concentration, under light doses
of 18.1 - 45.3 J/cm?, or at 64 nM under a 5.4 J/cm? light dose.

When comparing the effect of PDI monotherapy (5.4 J/cm? light dose) on
inactivation of MDR E. coli (Figure 2.8) and with the non-resistant E. coli RS (Figure 2.4),
only very slight differences were observed regarding the bactericidal PS concentration
(64 and 32 nM, respectively). These results highlight the potential of PDI using these
highly active imidazolyl PS for the treatment of MDR bacteria since, fortunately, there is

no correlation between resistance to antibiotics and susceptibility to PDI.33 Indeed, the
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molecular mechanisms that confer resistance to antibiotics (e.g. target modification,
upregulation of efflux pumps, increased membrane impermeability or production of
inactivating enzymes)3* are distinct from those affecting PS uptake and ROS-mediated
oxidative stress.

The sub-bactericidal concentrations of IP-H-Me* (4-32 nM), together with the
appropriate light dose (5.4 - 45.3 J/cm?) were selected for combination with CIP, in order
to determine if they could reduce the MICcpr and thus regain E. coli’s susceptibility to
CIP. The protocol used for the dual phototherapy is the same as Scheme 2.4 (PDI before

CIP, modality B). The results are presented in Figure 2.9.
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Figure 2.9: Dual phototherapy studies using sub-bactericidal PDI treatments with IP-H-Me** in
ddH,0, in combination with CIP (PDI before CIP, modality B), using different light
doses for MDR E. coli. Results are presented as the MIC of CIP for MDR E. coli in
function of PS concentration used in the photoinactivation. “X” denotes complete
inactivation of the inoculum using PDI alone. The labels * (p < 0.05) and ** (p < 0.01)
represent statistical difference.

Surprisingly, while a 5.4 J/cm? light dose and 8 - 32 nM PS concentrations resulted
in an appreciable decrease in viable CFU/mL (Figure 2.8) no alteration of the MICcp was
observed under these conditions (Figure 2.9). A minimum of 27.2 J/cm? was required for
a significant change in susceptibility to CIP, with a 4-fold decrease of MICcp from 32 mg/L
to 8 mg/L, when using PS at 16 nM. Overall, the observed MICcp was heavily dependent
on the light dose used, besides the photosensitizer concentration. Under the highest
light dose tested (45.3 J/cm?), only 8 nM of photosensitizer was sufficient for a 64-fold

decrease of the MICcp to 0.5 mg/L. It is worth reminding that this value is the limit that
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defines an E. coli strain as clinically resistant to CIP. So far to the best of our knowledge,
this is the first example of the application of dual phototherapy for inactivation of MDR
E. coli, using CIP as antibiotic.

Again, to investigate the existence of a synergic effect, the variation of the MICcjp
value in function of the inoculum size was determined in non-PDI treated MDR E. coli

(Figure 2.10).
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Figure 2.10: Variation of the MICcp value in function of the inoculum size, in non-PDI treated
MDR E. coli.

It was found that, for inoculum sizes below 5 x 10 CFU/mL, the MICcp decreased from
32 to 16 mg/L. In order to evaluate which PS and antibiotic CIP combinations produce a
synergic (green) or additive (yellow) effect in the inactivation of MDR E. coli, the
information depicted in Figures 2.8, 2.9 and 2.10 is graphically presented in Figure 2.11.
For instance, when using 8 nM of IP-H-Me** and 45.3 J/cm?, the surviving bacteria after
PDI are approximately 1 x 102 CFU/mL. According to Figure 2.10, this inoculum size only
reduces MICcp from 32 to 16 mg/L in non-PDI treated bacteria. In this case, there is an
additive effect when using CIP at 16 mg/L (Figure 2.11 — yellow) and a synergic effect,
with 0.5 — 8 mg/L CIP concentrations (Figure 2.11 — green). The studies on MDR E. coli
were further complemented by analyzing its growth over time when subjected to dual
phototherapy and each monotherapy (PDI or CIP). In the first (control) experiment, we
studied the effect of just light irradiation (without PS or CIP) on bacterial growth when

compared with a dark control (Figure 2.12).

68



¢ Effect'ive,alone'\'
\\ )\ N ) -«

‘\.\ Syhergic effg.ct

-

Wy \\ \‘ No@ﬂect\\:_‘ V2

/7~ (bacterial'growth).. #°
W, \W W, &

T
[CIP] (mg/L)

Figure 2.11: Schematic representation of dual therapy results under the best optimized protocol
obtained for inactivation of MDR E. coli, using IP-H-Me*" as photosensitizer and a 45.3
J/cm? light dose (415 nm LED).
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Figure 2.12: Comparison of growth of MDR E. coli (without PS or CIP) after exposure to 45.3
J/em?, in ddH,0 with its corresponding dark control. After light treatment (or dark
incubation) samples were left under MH culture medium at 4 °C for 16 h. Then, at t =
0, samples were incubated in the dark at 37 °C and 300 rpm.

In one group, bacteria in ddH,0 were treated with the highest light dose used on
the dual phototherapy studies (45.3 J/cm?), while in another group bacteria where kept
in the dark during the irradiation period. Then, MH medium was added to both groups
and the samples were left refrigerated at 4 °C overnight (16 h). In the next day, the

samples from both groups were incubated at 37 °C and 300 rpm, corresponding to t =0
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in Figure 2.12, and the optical density (OD) was measured over 12 h at 610 nm. Microbial
growth gradually increases the turbidity of the planktonic suspension, which can be
guantitatively measured through the light scattering at 610 nm. The dark control
showed a typical bacterial growth curve, starting 2 h after incubation at 37 °C, which
indicates that the osmotic stress caused by having bacteria in distilled water during the
irradiation time does not result in a significant change in microbial growth. On the other
hand, light irradiation alone seems to delay microbial growth by approximately 3 h,
when compared to the dark control. This can be explained by the antimicrobial
properties of blue light, which promotes ROS formation through excitation of bacteria’s
endogenous chromophores.3> However, this only seems to increase the lag phase
(period before exponencial growth) since the light dose used does not significantly
change the number of viable bacteria, as was determined in the light control of PDI
studies previously presented in Figure 2.8. Indeed, reports from literature with
antimicrobial blue light have highlighted that it has, at most, a bacteriostatic effect on
E. coli, under these light doses.3¢ A bactericidal effect is only observed at incredibly high
(> 1 800 J/cm?) light doses.?”

In another set of experiments, we analyzed the bacterial growth by OD at 610
nm, along 12 h, of light-treated MDR E. coli, in the presence or absence of
photosensitizer (4 nM). In both cases, the PDI-treated bacteria were incubated with
different quantities of CIP (0, 4, 8 or 16 mg/L, Figure 2.13), in accordance with protocol
B. In all experiments, after CIP addition, MH medium was added and each bacterial
sample was left at room temperature (20 °C) overnight (16 h). In the next day, the
samples were incubated at 37 °C and 300 rpm in the dark (t = 0), and the values of OD
610 nm are presented in Figure 2.13. The dark control (Figure 2.13 - blue) had already
reached the stationary growth phase at t = 0, because growth already occurred
overnight at 20 °C and the increase of temperature to 37 °C did not change OD over 12
h. When the experiment was performed without the presence of PS or CIP (light control;
Figure 2.13 - red), the exponential growth phase was initiated after 1 h and reached a
plateau (0.7 OD) at the end of the 12 h period. In the samples where either PS or CIP
were added, after PDI, a delay in bacterial growth was observed when compared with
the light control. Bacteria treated with PDI monotherapy (PS 4 nM, CIP 0 mg/L, orange),

suffered the least significant delay (approximately 5 h). This is a consequence of the

70



reduction of the number of viable bacterial cells in the sample, possibly combined with

damage of macromolecules involved in the mechanisms of bacterial replication.
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Figure 2.13: Comparison of growth of MDR E. coli after exposure to 45.3 J/cm? with or without
4 nM PS concentration, followed by addition of CIP, giving 0 - 16 mg/L final
concentrations. After CIP addition, samples were left under MH culture medium at
20 °C for 16 h. Then, at t = 0, samples were incubated in the dark at 37 °C and 300
rpm.

Since the photosensitizer only promotes ROS-induced oxidative stress during light

irradiation, it does not show a significant inhibitory effect along the 12 h incubation at

37 °C, as previously demonstrated in Table 2.5 (MIC values of photosensitizers in the

dark). This clearly exemplifies one of the main drawbacks of using PDI treatments

without an adjuvant therapy, because sub-bactericidal doses lead only to the partial
inactivation of the inoculum. Then, the remaining live bacterial can thrive in the dark
and reach a similar value of OD as non-PDI treated bacteria (Figure 2.13 — orange and
red, respectively), with only a delay of a few hours. When PDI-treated bacteria are
incubated in the presence of sub-inhibitory concentrations of CIP, namely 4 (purple) or

8 nM (light brown) a gradual dose-dependent delay in growth was observed. However,

after 24 h, the OD values are similar for all experiments. These results point out that

when using 4 nM PS the bacterial growth was progressively delayed with the increase of

CIP (4 - 8 mg/L), but this combination did not avoid growth during 12 - 24 h. On the other

hand, when PDI (4 nM PS) was combined with CIP at 16 mg/L (green), no growth

occurred over 24 h, which is consistent with the results previously depicted in Figure 2.9.

71



This undoubtedly demonstrates the advantage of dual phototherapy as opposed to
these two monotherapies administered separately. Indeed, one of the main causes of
bacterial resistance to antibiotics is their exposure to sub-bactericidal/sub-inhibitory
concentrations, which leads to a selective pressure for the proliferation of bacteria with
genes that confer them a higher chance of survival and growth. Overall, the combination
of CIP with PDI may have concomitant effects regarding both the treatment and
prevention of MDR bacteria development, as it has the potential to i) reduce bacterial
exposure to antibiotics, by requiring lower doses to induce an inhibitory effect; ii)
inactivate or weaken a small number of drug resistant bacteria that can be present in an
otherwise antibiotic-susceptible inoculum, and thus avoid that these bacteria persist
after antibiotic treatment and generate drug resistant colonies; iii) increase MDR
bacteria susceptibility to clinically used antibiotics, which may decrease the number of
potential fatal infections. Certainly, the purpose of dual phototherapy on MDR bacteria
is to take advantage of an alternative therapy for which bacteria are highly susceptible,
such as PDI, in order to damage them and allow a higher antibiotic effectiveness. Recent
mechanistic studies by Garcez et al.3® demonstrated that ROS-promoted peroxidation of
membrane lipids may contribute to membrane damage and consequently open the way

for long-life active antibiotics against E. coli.

2.4 — In vivo studies

Dual phototherapy in Mueller-Hinton culture medium for in vivo transposition

One of the major issues in the transposition of in vitro studies to in vivo models
is the emergence of other non-bacterial biomolecules, typically from the host, that act
as ROS quenchers.3? Some of these molecules (e.g. hemoglobin and melanin) possess
absorption in the blue-violet region, which reduces light penetration, and consequently
the amount of light that reaches the photosensitizer when irradiation is carried out in
the Soret band.?® In the case of porphyrins, the Soret band has a considerably higher
molar absorption coefficient then the red-shifted Q bands, so irradiation is usually
carried out at the Soret band, despite the low penetration of blue light.33 Thus, in order

to mimic more closely these conditions, we repeated the dual phototherapy
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experiments on E. coli RS, but using Mueller-Hinton medium during PDI treatment,
instead of distilled water. This culture medium possesses some absorption (Figure 2.14)
that overlaps with IP-H-Me* Soret band (absorption maximum at 407 nm) which is why
many studies with porphyrins are carried out in sterile water or saline.?”*% In addition,

the proteins present in the medium may also act as quenchers of singlet oxygen.*
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Figure 2.14: UV-Vis spectrum of Mueller-Hinton (MH) broth.

The PDI results of E. coli RS in MH medium using IP-H-Me** monotherapy and 5.4
J/ecm? light dose are presented are presented in Figure 2.15a. It is possible to observe
that the PS concentrations required for a significant reduction of the bacterial inoculum
increased significantly, when compared with the experiment performed using distilled
water (Figure 2.4). For instance, a minimum of 4 uM of IP-H-Me** was needed for a
complete inactivation of the initial inoculum, which is a value 125-fold higher than the
concentration needed to achieve the same inactivation under ddH;0 (32 nM). The lower
efficiency of PDI carried out under culture medium has been previously reported when
performed in monotherapy?’ and in the combination with antibiotics.?® The sub-
bactericidal doses of 0.125 - 2 uM were selected to evaluate the dual phototherapy
efficiency in MH medium (Figure 2.15b). In the dual phototherapy studies, there was a
photosensitizer dose-dependent effect, where a 2 uM concentration showed the
highest effect on MICcpp reduction (32-fold decrease from 0.25 to 0.008 mg/L). Despite
requiring higher PS concentrations, the effects of sub-bactericidal photosensitizer doses
on MICcp reduction are quite similar to those obtained in ddH,0 (Figure 2.5). Indeed,

this shows the robustness of our dual phototherapy protocol (IP-H-Me** - PDI + CIP) for
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inactivation of E. coli when compared with some of the previously reported dual
phototherapy protocols that failed when perfomed in culture medium instead of ddH;O0,

as described in a recent comprehensive review.*°
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Figure 2.15: a) PDI in planktonic cultures of E. coli RS in MH medium, using different IP-H-Me*
PS concentrations, after 1 h dark incubation followed by irradiation with an
adjusted light dose of 5.4 J/cmZ. b) Dual phototherapy using sub-bactericidal doses
of IP-H-Me*, against E. coli RS, performed under MH medium. Results are
presented as the MIC of CIP for E. coli RS in function of PS concentration used in the
photoinactivation. The labels * (p < 0.05), ** (p <0.01) and *** (p <0.001) represent
statistical difference.

Optimized protocol transposition to the treatment of infected mice wounds

As explained in Chapter 1, while E. coliis more associated with urinary infections,
it is also one of the most common gram-negative bacteria present in wounds.*? Thus,
for in vivo studies, the animal model chosen consisted of immunocompromised mice
with an induced wound infection with E. coli. The experiments were conducted by
Fernanda Alves and Kate C. Blanco of the Biophotonics Lab of Sdo Carlos Physics Institute
of the University of Sdo Paulo, headed by Vanderlei S. Bagnato.

The in vitro studies described above were the starting point for transposition to
in vivo studies, namely: i) selection of IP-H-Me?** as the best PS; ii) selection of the best
dual phototherapy protocol (CIP administration after PDI, protocol B); iii) selection of
PDI doses (the experiments conducted in MH medium clearly showed the need for
higher PDI doses, since light absorption/scattering and ROS quenching are present). In

addition to these issues, the heterogenicity of animal tissues may lead to a lower
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diffusion and consequently reduce bacterial uptake of both the PS and CIP, when
compared with in vitro studies, where all components are present in a homogeneous
solution. Taking all these factors into account, the in vivo experiments were conducted
using both the optimized protocol for MH medium (low dose protocol - 2 uM PS, 5.4
J/em? and 0.125 mg/L CIP; Table 2.7 “PDI LD + CIP”) and another protocol where all
variables were increased by a factor of 10 (high dose protocol - 20 uM PS, 50 J/cm? and
1.25 mg/L CIP; Table 2.7 “PDI HD + CIP”). All the animal groups used for this experiment

are summarized in Table 2.7.

Table 2.7: Study groups for the in vivo dual phototherapy treatment of mice wounds infected

with E. coli.
# Study group Experimental conditions
1 Control No addition of PS or CIP. Wound kept in the dark.
No addition of PS or CIP. Wound irradiation with 50
2 Light
J/cm?2.
Topical application of PS (20 uM) only. Wound kept
3 PS (Dark)
in the dark.
Topical application of CIP (1.25 mg/mL) only. Wound
4 CIp
kept in the dark.
Topical application of PS (20 uM) and CIP (1.25
5 PS + CIP (Dark)
mg/mL). Wound kept in the dark.
Topical application of PS (2 uM) only, followed by 1 h
6 PDI LD (Low Dose)
dark incubation and then irradiation with 5.4 J/cm?.
Topical application of PS (2 uM), followed by 1 h dark
7 PDI LD + CIP incubation and then irradiation with 5.4 J/cm?2. Then,
CIP (0.125 mg/mL) is added.
Topical application of PS (20 uM) only, followed by 1
8 PDI HD (High Dose)
h dark incubation and then irradiation with 50 J/cm?2.
Topical application of PS (20 uM), followed by 1 h
9 PDI HD + CIP dark incubation and then irradiation with 50 J/cm?.
Then, CIP (1.25 mg/mL) is added.
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We considered two control groups (dark and light), where neither PS nor CIP are added
(entries 1-2), besides groups where PS, CIP and PS + CIP therapies were performed
without light irradiation (entries 3-5). As mentioned above, for the treatment groups,
two PDI doses were used: a low dose (LD) and a high dose (HD). For each dose, PDI was
carried out in monotherapy (entries 6 and 8) or in combination with CIP (entries 7 and
9).

In this study, 40 animals were immunosuppressed in the first day of the
experiment and, in the following day, under anesthesia, 3 mm wounds were inflicted
and infected with an E. coli suspension. The infection was allowed to grow for 6 days
and then the animals were divided in several treatment groups according to Table 2.7.
One hour after each treatment (controls, PDI monotherapy, CIP monotherapy or PDI +
CIP), the wounds were swabbed and the number of viable bacteria present (CFU/mL)

was determined (Figure 2.16, “After 1 h”, blue columns).

*k*

*k*

8= ! Kk % Kk K

Bl After1lh
Bl After 72 h

(&)
1

w S
1

Log (CFU/mL)

Figure 2.16: In vivo evaluation of PDI in combination with CIP for treatment of mice wounds
infected with E. coli bacteria, using IP-H-Me** as PS. The results are presented in log
(CFU/mL) of E. coli bacteria extracted from mice wounds: 1 h (blue blocks) and 72
h (orange blocks) after the selected treatment. The label *** (p < 0.001) represents
statistical difference.
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Then, 72h after treatment, the number of viable bacteria was again determined (Figure
2.16, “After 72 h”, orange columns). After this period, the animals were euthanized
according the protocol approved by the Ethic Committee on Animal Use of the Physics
Institute of Sao Carlos - Sao Paulo University (CEUA/IFSC).

The microbiological data presented in Figure 2.16 show that wound treatment
with light alone or upon topical application of the PS in the dark did not result in a
statistical difference in viable bacteria, when compared with the control group, both
after 1 h and 72 h. In the group where only CIP was administered, a significant decrease
in viable bacteria was observed after 1 h. However, this value stabilizes over time and,
after 72 h, the number of viable bacteria is similar to the control group. The same occurs
with the PS + CIP (dark) control group, where the number of viable bacteria after 72 h is
also not statistically different relatively to the control group. The results in these last
two groups (CIP and PS + CIP (dark)) illustrate a common clinical scenario, where the
antibiotic doses used in the treatment of an infection are insufficient for a complete
inactivation of all bacteria. In this case, there is a risk that the remaining bacteria, after
CIP treatment, can develop resistance to this antibiotic and thus contribute to the
proliferation of MDR strains. In the PDI LD and PDI HD groups, the sub-inhibitory doses
used (2 uM PS and 5.4 J/cm? or 20 uM PS and 50 J/cm?, respectively) did not result in
any difference, relatively to the control group, either after 1 h or 72 h. Furthermore,
when combining the lower PDI dose with CIP (PDI LD + CIP), the log CFU/ml reduction
after 1 h was similar to the CIP and PS + CIP (dark) groups and, after 72 h, there was no
difference relatively to the control group. In other words, PDI using the exact same dose
(PS concentration and light dose) as in the in vitro assays, was not effective in
potentiating the antimicrobial effect of CIP. This result was expected due to the
complexity of tissues in in vivo experiments, as was explained above, which justifies the
need for an increase of PDI doses. The combination of PDI HD + CIP successfully
addressed this issue and allowed a complete inactivation of bacteria in the wounds
(below the limit of detection) of all mice, both 1 h and 72 h after treatment. This dual
phototherapy protocol shows a remarkable synergic effect between PDI and CIP, already
demonstrated in vitro, since the combined therapy was significantly more active than
either monotherapy (PDI or CIP). The quick burst of oxidative damage to bacteria caused

seems to improve CIP efficiency in vivo. By eliminating all viable bacteria in wounds
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almost immediately (1 h) after treatment, PDI + CIP therapy prevents bacterial regrowth
in the following days, as illustrated by the 72 h column. Indeed, this can substantially
reduce the probability of resistance development to CIP, which was one of the main
goals of this work.

Photos of wounds in the initial stages (before treatments) and 72 h after
treatment for each type of treatment were taken to illustrate the effect of each therapy

in wound healing (Figure 2.17).

Control PDI _PDI+CIP

Initial

72 h|

Figure 2.17: Evolution of wound healing in control and treatment groups (CIP, PDI, PDI
+ CIP), both in the initial stage and 72 h after treatment.

Wound healing depends not only in the reduction of bacteria in wounds, but also on the
low toxicity of the therapy towards the host’s cells. Indeed, previous reports showed
that very high PDI doses can have a significant effect on the reduction of viable bacteria
but also cause damage to tissues, with consequent disruption of wound healing.*? In this
regard, we can observe a considerable decrease in wound area in all treatment groups
(CIP, PDI and PDI + CIP) at 72 h, when compared with the initial stages and control group.
Additionally, wound healing in the PDI + CIP group after 72 h was superior to the other
groups treated with monotherapies (PDI or CIP), which points out that the dual
phototherapy was the best approach both in bacterial inactivation and improvement of

wound healing.
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2.5 — Conclusion

To ensure the successful introduction of PDI as a widespread alternative
treatment to localized infections, there are a number of topics that need to be
addressed in the pre-clinical stages. These include i) development of sustainable
synthetic methods for photosensitizers, easily transposable into a larger scale; ii)
photosensitizers in vitro screening and selection of the lead molecules, based on their
photophysical/photochemical properties and antimicrobial activity; iii) optimization of
photoinactivation protocols and possible combination therapies that can boost PDI and
improve its activity spectrum. The work detailed in this chapter sought to address these
three issues.

First, cationic phthalocyanines (IPc-Zn-Et*, IPc-In-Et**) and their corresponding
phthalonitrile precursors were prepared under more sustainable reaction conditions.
This entailed the use of alternative reaction heating methodologies, namely ultrasound
and microwave irradiation, which resulted in a significant reduction of reaction times
and improvements in product yields up to 12%, when comparing with classical
conditions. Ultrasound irradiation proved to be more efficient for phthalonitrile
modulation, which involves SyAr reactions, and microwave irradiation was more suited
for metallophthalocyanine synthesis and corresponding cationization. Additionally,
toxic solvents such as DMF and quinoline were replaced by safer alternative (DMSO and
DMAE, respectively), in accordance with guidelines from the pharmaceutical industry.
In some cases, all these optimizations facilitated product purification and ensured an
easier scale-up. The di- (IP-H-Me?*) and tetra-cationic porphyrins (IP-H-Me?**), were
obtained by cationization of the corresponding precursor porphyrins under microwave
irradiation, with reaction times of just 5 min. Moreover, IP-Zn-Me** was obtained in the
same reaction time, through complexation of IP-H-Me** with Zn(OAc),. Regarding the
porphyrin modulation, DMF was substituted by DMSO for the cationization and by
methanol for the Zn(ll) metalation, resulting in similar yields to those reported in the
literature. The set of synthesized cationic photosensitizers allowed to understand the
influence of structural features such as i) tetrapyrrolic macrocycle family (porphyrin or

phthalocyanine); ii) the coordinating metal; iii) number of positive charges and iv)
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amphiphilicity, for the photoinactivation of E. coli, in monotherapy and in combination
with CIP.

Regarding the tetrapyrrolic macrocycle family, in vitro studies have showed that
cationic imidazolyl-substituted porphyrins (IP-H-Me?*, IP-H-Me** and IP-H-Me**) were
better suited than cationic phthalocyanines (IPc-Zn-Et**, IPc-In-Et**) to pursue an
efficient dual phototherapy protocol for E. coli inactivation in combination with CIP. The
order on which each therapy (PDI and CIP) is performed influences the outcome of the
therapy, and “PDI treatment before CIP administration” (approach B) was found to be
the best combination modality. In addition, while all porphyrins used were highly active
in the nM range, the structure-activity relationship studies performed have highlighted
the tetra-cationic meso-imidazolyl porphyrins IP-H-Me*" and IP-Zn-Me** as the most
promising PS. Since there was no significant different between free base and Zn(ll)
porphyrins, concerns regarding the Zn(ll) complex stability and synthesis transposition
to larger scale have led us to select IP-H-Me* as the lead photosensitizer. The best
results for IP-H-Me* were obtained with 16 nM of this PS and 5.4 J/cm?, where a
synergic 64-fold reduction of MICqp (from 0.25 to 0.004 mg/L) was observed. Dual
phototherapy was also efficient in boosting CIP activity on a MDR E. coli strain (MICcp
reduced from 32 to 0.5 mg/L), with similar PS concentrations, but higher light doses
(45.3 J/cm?). Complementary studies have demonstrated that IP-H-Me* - PDI + CIP
combination is synergic and also efficient when performed in more complex matrixes
such as MH culture medium. Considering the challenges arising from the transition from
planktonic in vitro studies to in vivo studies, this dual phototherapy protocol was further
optimized for the treatment of mice wounds infected with E. coli. The animal studies
revealed that the combination therapy (PDI + CIP) was more efficient than each
monotherapy (PDI or CIP) both in the inactivation of bacteria and improvement of
wound healing.

Overall, the results from the in vitro and animal studies illustrates the potential
of combining PDI with antibiotics in clinical settings. In particular, the synergistic
combination with CIP can be effective in the treatment of bacteria with reduced
susceptibility to antibiotics and also reduce the probability of resistance development.
This may play a vital role in the quest for treatments for widespread use that offer a

long-lasting efficacy, capable of serving multiple generations.
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CHAPTER 3

Computer-aided drug design of new E. coli gyrase B inhibitors

3.1 - Computational studies

Aiming to contribute towards the development of new antimicrobials through
rational drug discovery methodologies, we will discuss computational approaches for
the screening and design of new potential inhibitors for E. coli’s gyrase B (gyrB)
throughout this chapter. Our goal consists in the discovery of new chemical entities,
either by using readily available compounds that have not yet been tested for this
application or by directing the chemical synthesis to new families of compounds. To
achieve such goals, a virtual screening of the widely available National Cancer Institute
(NCI) database and a de novo designed virtual library of compounds was performed.
Among the virtual screening techniques, we highlight ligand and receptor-based
techniques such as pharmacophore modeling and molecular docking.

Pharmacophore, as described by IUPAC, is “an ensemble of steric and electronic
features that is necessary to ensure the optimal supramolecular interactions with a
specific biological target and to trigger (or block) its biological response”. These
tridimensional features can be based on topology and/or function (i.e. aromatic,
hydrogen bond acceptors/donors, acidic/anionic groups, basic/positive groups, or
hydrophobic groups). After appropriate validation, these models can be used as queries
to virtually screen chemical libraries. For each molecule, a set of low-energy
conformations is generated and each is fitted to the pharmacophore query by aligning
the molecules with the established features. If a molecule can fit the query features, it

is considered a hit.!
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Molecular docking is another important concept in the world of CADD, which will
be used to complement the screening by pharmacophore model. It requires 3D
structural information and evaluates the intermolecular interactions established
between a target and its ligands. By first determining the best conformational pose of
ligands, it is then possible to estimate in a quantitative manner the various forces
(bonding and non-bonding) involved in the formation of the protein-ligand complex. In
the case of the present work, as our interest is in non-covalent inhibitors, only non-
bonding interactions, like electrostatic and van der Waals, were considered.

The combination of both techniques can be very beneficial. On the one hand,
pharmacophore models allow a fast, albeit only qualitative, screening of big virtual
compound libraries. On the other hand, screening by molecular docking takes
considerably longer, but permits the ranking of compounds based on predicted activity
and helps to define priorities regarding the synthesis or acquisition of compounds. Thus,
in this chapter we focused on the construction of a pharmacophore model of E. coli’s
gyrase subunit B inhibitors to screen large digital libraries, followed by molecular

docking of the pharmacophore screening hits.

3.1.1 - Construction of pharmacophore model

Over this subsection, we explore the construction and optimization of multiple
pharmacophore models, from a set of known inhibitors (ligand-based pharmacophores)
that bind to the portion of E. coli’s gyrase B subunit responsible for the ATPase catalytic
activity. These models were validated by using test sets containing active and inactive
compounds, as well as computer-generated decoys. The model(s) that show better
overall performance were used to screen the NClI database. In addition, this model was
also used to screen a dataset of computer-generated compounds (de novo design)
inspired by the chemical structures of known ligands, with the objective of finding
synthetically amenable molecules/scaffolds with E. coli antimicrobial activity.

For the development of the pharmacophore model we used MOE (Molecular
Operating Environment) software.? This program is a drug discovery software that
integrates numerous valuable tools in a user-friendly environment to carry out

visualization, modelling and simulation of biomolecules and small molecules.
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Building databases of compounds with known biological activity

The flowchart presented in Scheme 3.1 illustrates the steps followed for the

construction of ligand-based pharmacophore models.

Experimental data of
E. coligyrB inhibitors

Literature search

v

l— Database Creation |—l

Actives Inactlves Intermediates
(ICso< 1 pM) (ICso 2 100 pM (1 <1C5q< 100 uM)
n==61 n =30 n=54
l Performance assessment
Test Tralnlng
set
n=43 n=18

Performance assessment

Scheme 3.1: Flowchart for the construction of ligand-based pharmacophore models in MOE.

First, through a comprehensive literature search,®>* we were able to retrieve
experimental data for compounds with a known structure that were tested for inhibition
of E. coli’'s GyrB. Only literature reports with the following inclusion criteria were
considered: i) small molecules amenable to chemical synthesis (i.e. no biomolecules); ii)
biochemical data (ICso) reported for E. coli gyrase; iii) identification of gyrB ATP binding
site as probable target. This last aspect is of considerable importance since the presence
of molecules in the created database that interact with gyrase through different binding
sites prevent the identification of common structural features, as the required spatial
interactions with the binding site’s side-chains would not be the same. Indeed, as
previously mentioned, quinolones are also small molecules with high E. coli gyrase
inhibition, but they bind to subunit A and therefore, their structural information would
have no use for the purpose of this work.

A total of 145 compounds and corresponding biological activity were retrieved.

They were divided into three groups and classified according to their activity: 61 were
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classified as actives (ICsp < 1 uM), 54 as intermediates (1 UM < ICso < 100 uM) and 30 as
inactives (ICso> 100 uM).

From the actives database, the most structurally diverse 18 compounds were
selected as the training set (Table 3.1), while the remaining 43 were included in the test
set.

Table 3.1: Compounds included in the training set for the construction of the ligand-based
pharmacophore models. LogP was estimated using MOE 2016.
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In cases where multiple derivatives with the same base scaffold were present,
the compound with the highest activity was chosen. It is worth noting that one of the
compounds of the training set is novobiocin, the antibiotic from the class of
aminocoumarins, but with little clinical use due to safety and effectiveness concerns, as

mentioned in Chapter 1.14

Structural alignment of training set molecules

The first computational step in MOE consists in the loading of the training set
molecules, followed by their spatial overlap through a stochastic conformer search
(Figure 3.1). The best alignment is defined by the combination of two factors: i) low

average strain energy of the conformer in the alignment and ii) high structural similarity
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between spatially overlapped conformers for each molecule. We found that due to the
presence of a high number of hydrogen bond acceptors and aromatic rings, some
molecules were not properly aligned, even after several iterations. Indeed, it was
common to observe only partial alignments (i.e. just one aromatic ring with another
aromatic ring). As there are various poses where the spatial overlap was good but not
optimal, the algorithms readily converged to these local energy minima. To circumvent
this problem, the outlier molecules were manually aligned with the group of correctly
aligned molecules and then a final automatic realignment was performed. A visual
inspection of the final alignment (Figure 3.1) allowed us to identify four main regions

which are essential to the generation of the pharmacophore hypothesis.

Peripheral
hydrophobic region

Hydrogen bond
acceptors

Central
aromatic region

Figure 3.1: Optimized alighment of the 18 training set molecules that will be used as a basis for
the generation of ligand-based pharmacophores. Atoms of different elements are
color coded: Dark grey - Carbon; Light grey - Hydrogen; Light red - Oxygen; Blue -
Nitrogen; Yellow - Sulphur; Dark red - Bromine; Light green - Fluorine; Dark green -
Chlorine.

There is a peripheral hydrophobic region characterized by the presence of halogens
(chlorine and bromine), alkylic or aromatic moieties. According to crystallographic data
(see analysis below in this chapter), this portion of the molecules binds to the deepest,

more inner part of the ATP binding pocket of gyrB subunit, which expectedly contains
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more hydrophobic side-chains. In addition, there is a considerable amount of well-
oriented hydrogen bond donors/acceptors between this region and a central aromatic
region, as can be seen by the presence of numerous nitrogen (blue) and oxygen (light
red) atoms. The central aromatic region is then linked to a peripheral region with a
higher structural variability, containing many hydrogen bond acceptors. Overall, these
molecules adopt a relatively planar structure throughout the four regions, with few

freely rotatable bonds.

Generation of pharmacophores

For the generation of pharmacophore hypotheses, there are various annotation
schemes in MOE, being Unified and EHT the most relevant. These annotation schemes
define the type of structural characteristics (called annotation points) that can be
included in a pharmacophore model. In other words, each annotation scheme confers a
different interpretation if a given structural group is considered “hydrophobic”,
“hydrogen bond acceptor” or “hydrogen bond donor”. As an example, for
bromobenzene (Figure 3.2), the Unified scheme would attribute only the annotation
point “hydrophobic” to the bromine atom. On the other hand, the EHT scheme would
attribute “hydrophobic” and “hydrogen bond acceptor/donor”, as it considers the
possibility of the bromine atom to participate in halogen bonding or serve as hydrogen
bond acceptor. While these types of interactions are weaker than normal hydrogen
bond interactions, they may be important in some protein-ligand interactions.'>¢
Indeed, there are advantages and disadvantages of using each of these schemes, as the
EHT scheme may overestimate the importance of these types of interactions and lead
to poor differentiation between a good inhibitor, with the capability of establishing
strong hydrogen bonds, and a poor inhibitor, with the capability of establishing only

weak hydrogen bonds.
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Hydrophobic group
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Hydrophobic and Aromatic Hydrophobic and Aromatic
groups groups

Figure 3.2: Schematic representation of the annotation points considered by each scheme
(Unified and EHT) for the molecule of bromobenzene. Atoms of different elements
are color coded: Dark grey - Carbon; Light grey - Hydrogen; Dark red — Bromine.

As each annotation scheme can lead to distinct pharmacophore models, with different

performances in identifying hit molecules, we decided to create two pharmacophores

based on Unified and EHT schemes.

Pharmacophore A (Unified scheme)

An initial pharmacophore hypothesis was first generated by choosing the five
most common annotation points among the aligned molecules of the training set (Figure
3.1), as determined by MOE, using the Unified scheme. The obtained pharmacophore
hypothesis was able to recognize as hits all the molecules of the training set as actives
(18/18). However, when we assessed its performance in discriminating between active
and inactive molecules, this hypothesis was considered unselective, with more than 90%
of hits obtained in both datasets. Consequently, we chose the next two more common
features, giving a pharmacophore hypothesis with seven features (Figure 3.3a). This
hypothesis clearly improved its selectivity, with 50% hits retrieved in the actives set and
only 6% hits from the inactives dataset. In this first hypothesis we have the following
features: i) F1 — Central aromatic or hydrophobic group; ii) F2 — Peripheral aromatic or
hydrophobic group; iii) F3 — Projected partner for hydrogen bond acceptor or donor; iv)

F4 — Hydrogen bond acceptor or donor; v) F5 — Carboxylic, anionic or hydrogen bond
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acceptor group; vi) F6 — Hydrogen bond donor; vii) F7 — Projected partner for hydrogen

bond acceptor or donor.

, F4: H-Ac|H-Don y

1<K W

b)

F4: H-Don

L\’ ? 7 F3: H-Don2
E . T*f‘y; b ¢ ‘./4
. t#—//

Figure 3.3: a) Pharmacophore hypothesis (Unified scheme) used as a starting point for further
optimization; b) Optimized pharmacophore model obtained using the Unified
scheme. The features are presented according to the following nomenclature: The
vertical bar | denotes an “or” feature; H-Ac: Hydrogen bond acceptor; H-Ac2:
Projected partner for hydrogen bond acceptor; Ani: Anionic; Aro: Aromatic; H-Don:
Hydrogen bond donor; H-Don2: Projected partner for hydrogen bond donor; Hyd:
Hydrophobic; 02: Carboxylic acid.

It is worth mentioning the relevance of making a distinction between the features “H-

Don: Hydrogen bond donor”, “H-Ac: Hydrogen bond acceptor” and “H-Don2: Projected

partner for hydrogen bond donor” or “H-Ac2: Projected partner for hydrogen bond

acceptor”. While the features “H-Don” and “H-Ac” refer to functional groups located in
the ligands, “H-Don2” and “H-Ac2” refer to features located outside the ligands, since
they are projections of the localization of the hydrogen bond partner (side-chain of the

protein). This is better clarified in Figure 3.4, where, as an example, the ligand molecule

has hydroxyl groups, which will interact with a carbonyl group present in the protein.
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Figure 3.4: Representation of hydrogen bond donor features (H-Don and H-Don2) for the case
of a ligand molecule containing hydroxyl groups and with a carbonyl group of a
protein.

This first pharmacophore hypothesis containing seven features (Figure 3.3a),
which was able to successfully differentiate actives from inactives, was used as a starting
point for further optimization. The optimization process was performed with the
purpose of having a model that could recognize all the molecules of the training set,
without compromising the selectivity between actives and inactives. This was
accomplished by removing structural features, simplifying existing features (i.e. reducing
the number of “or” features) and altering their position and radii.

In this process, it was found that F7:H-Ac2 was responsible for diminishing the
training set recognition. Therefore, by removing this feature, the number of positives in
the training set increased (15/18), but this tendency was also observed with the
inactives set (19/30). However, by removing H-Ac2 from F3, H-Ac from F4 and Ani and
H-Ac from F5, the positives in the inactives set were significantly reduced (7/30) with no
appreciable difference in the active datasets. In addition, the removal of the feature
F6:H-Don increased the number of positive hits in the training set (18/18), with no
detrimental difference in the number of false positives. Removal of Aro from F2 and
minimal adjustments in the coordinates and radii of the features yielded the final
pharmacophore hypothesis (Figure 3.3b). This model retrieved 95% and 17% hits from

the active and inactives datasets, respectively.
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Considering the false positives retrieved by the model, it can be observed that
some molecules were too bulky to fit in the binding site of gyrB, which could explain
their low activity. It is possible to fine-tune this model to avoid detection of these bulky
molecules by placing volume exclusion spheres around F2:Hyd (Figure 3.5). Volume
exclusion spheres, F6: VES, represent zones that cannot be occupied by the ligand, in

order to avoid possible steric clashes with the proteins’ residues.

ke

-y ‘
F3: H-Don2

Figure 3.5: Representation of the final optimized pharmacophore model in Unified scheme, with
the addition of volume exclusion spheres. H-Ac: Hydrogen bond acceptor; Aro:
Aromatic; H-Don: Hydrogen bond donor; H-Don2: Projected partner for hydrogen
bond donor; Hyd: Hydrophobic; VES: Volume exclusion sphere.

Pharmacophore B (EHT scheme)

Pharmacophore B was obtained using the same ligand alignment of the training
set (Figure 3.1). Then, an initial pharmacophore hypothesis was performed using the
EHT scheme, which allowed immediately to select five common features among the
ligands that delivered selectivity towards active detection. This initial pharmacophore

model (Figure 3.6a) was optimized using the same methodologies described above.
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Figure 3.6: a) Initial pharmacophore hypothesis (EHT scheme) used as a starting point for further
optimization; b) Optimized pharmacophore hypothesis obtained by the ligand-based
method, using the EHT scheme. H-Ac: Hydrogen bond acceptor; Aro: Aromatic; H-
Don: Hydrogen bond donor; H-Don2: Projected partner for hydrogen bond donor; H-
Ac2: Projected partner for hydrogen bond acceptor; Hyd: Hydrophobic.

Briefly, a reduction in the number of false positives was possible by removing H-
Ac2 from F3, while the addition of H-Ac to F5 increased the number of positives in the
actives dataset. Unfortunately, only 13 (in 18) positives were retrieved from the training
set, which means that there were still chemical scaffolds that this model was not able to
identify as actives. This was improved by changing the coordinates of F4: H-Don, raising
the number of positives in the training set to 16/18, along with the false positives (6/30).
Finally, Aro from F1 was removed and the position and radii of the features were slightly
changed, which resulted in a decrease of false positives to 3/30. The optimized model is

depicted in Figure 3.6b.
Comparative assessment of pharmacophore models’ performance

For the final assessment of the performance of each pharmacophore model, we

utilized the actives, intermediates and inactives datasets, as well as a decoy database.
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Ideally, the choice of inactive compounds should be done based on experimental data,
however given that the inactives dataset only contains 30 compounds, we also used a
virtually generated decoy database to validate the models. Decoys are molecules that
are presumably non-active, and can be generated from a set of active compounds. These
molecules share similar properties to active molecules, namely molecular weight,
predicted logP, number of rotatable bonds and hydrogen bond acceptor/donors, but
with different spatial positioning of functional groups. In other words, these decoys are
supposed to resemble ligands physically in order to challenge the models’ accuracy, but
at the same time have a different topology in order to minimize the likelihood of being
true actives. To this effect, we selected DUD-E tool for generating a total of 3750 decoys
based on our actives dataset.’” The results of this final assessment are presented in

Figure 3.7.
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Figure 3.7: Performance of generated pharmacophores A and B, evaluated by hit percentage in
actives, inactives and decoys datasets. In addition, the corresponding models with
volume exclusion spheres are presented separately (A w/ VES and B w/VES), and also
the performance of the combination of both pharmacophores (A+B w/VES).

Relatively to the detection of compounds from the actives dataset,
pharmacophore A was better than B (95% and 90% respectively). Concerning the
detection of inactives, B had a lower rate of false positives (5%) than A (17%). In addition,
we found that the introduction of volume exclusion spheres (VES) helped to reduce the

rate of false positives of A from 17% to 13% and of B from 5% to 3%. When comparing

97



the performance against decoys, model A was worse than B (11% and 10% false positive
rate, respectively). The addition of volume exclusion spheres allowed to reduce the false
positive rate of A from 11% to 10% and of B from 12% to 8%.

Finally, we found that the combination of pharmacophores A and B with volume
exclusion spheres (A + B w/VES) maintained the same active and inactive hit rate of
pharmacophore B w/VES alone (90% and 3%, respectively), but allowed a significant
reduction of decoy hit rate to just 4%. We selected this combination for the next
database screenings because it gave the highest ratio of true positives/false positives
(decoys). Indeed, it is important to note that in a typical database screening, we expect
to have a very small number of true active compounds mixed with a vast amount of
inactives. The purpose of a pharmacophore model is therefore to generate a hit
molecule database with a higher relative percentage of active molecules and a lower
relative percentage of inactives. In other words, it will help to enrich our database with
active compounds. Therefore, when choosing the best pharmacophore model, one of
the most important aspects is to have a high proportion of true positives to false

positives.

3.1.2 — Docking studies: selection of best scoring function for gyrB

To help refine the compound databases that will be screened, preliminary
docking studies were conducted in order to determine the best model/scoring function
that can more efficiently predict the biological activity of gyrB inhibitors. The goal was
to test different software and scoring functions, and to determine the best model for an
efficient correlation between docking score and experimental biological activity. For this
purpose, some of the compounds included in the actives, intermediates and inactives
datasets were used. In these docking studies, we selected a crystallographic structure of
E. coli’'s DNA GyrB from PDB (PDB entry 4KFG; Figure 3.8). This structure was chosen due
to its good resolution (1.60 A) and performance on the PDB validation tests, showing a
low number of problematic torsion angles and steric clashes between protein residues.
Next, a sequence of standard tasks was performed in MOE to prepare this structure for

docking studies. These include small structural corrections and the addition of hydrogen
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atoms to the binding site residues and assignment of correct tautomers and protonation

states.

Figure 3.8: Binding site of the E. coli gyrase B ATP binding site (PDB: 4KFG), highlighting the
crystallographic ligand.

After the preparation of the crystallographic structure, we created a training set
composed of 11 compounds, retrieved from the actives, intermediates and inactives
datasets previously assembled. As such, this group of molecules have diverse structural
characteristics, resulting in multiple degrees of activity, ranging from reported ICso
values of 1 nM to 900 uM. This training set was then used to determine the docking
scoring function that could more accurately correlate the docking score to their reported
experimental ICso values. Overall, four scoring functions were evaluated. First, we tried
MOE’s docking tools, using the crystallographic ligand as reference for the target’s
binding site. Figure 3.9a represents the correlation obtained between the MOE docking
score and the compounds’ experimental ICso values. It is worth mentioning that the
docking score presented in MOE is in the form of the energy of the interaction, which
means that a lower (more negative) score corresponds to a better predicted ligand-
protein interaction. As such, the graph in Figure 3.9a does not give a meaningful

correlation. To overcome this issue, we selected GOLD 5.4 (Cambridge Crystallographic
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Data Centre) for the docking studies, one of the best software in this field.*® In GOLD,
the binding site region was defined by the amino acid residues within a radius of 15 A
around the THR165 residue (localized in a central part of the binding site), and three
different docking scoring functions were evaluated: ChemPLP, GoldScore and

ChemScore. The correlation curves obtained for each are presented in Figure 3.9b-d.
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Figure 3.9: Interaction energy/Docking score correlation with experimental ICso values of 11 gyrB
inhibitors retrieved from literature.

In the case of the GOLD scoring functions, the docking score is a positive number, with
the highest value corresponding to the highest predicted affinity. In a similar way to
MOE, the graphs relative to ChemPLP and GoldScore scoring functions did not give
meaningful correlations, again with R? close to 0 or with an inverted correlation,
respectively. On the other hand, ChemScore (Figure 3.9d) gave a meaningful correlation,
with a RZ2= 0.78. In other words, the most active compounds (with lower values of
experimental log ICsp) gave higher scores than inactive compounds (with higher log I1Cso

values). This scoring function was used for the screening of the NCI database and a
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database of de novo designed compounds, in combination with the previously

developed pharmacophore models. These studies are described in the next subsections.

3.1.3 — Screening of the NCI database

From the multiple public virtual databases available, we selected the National
Cancer Institute (NCI) database,’® which contains over 265,000 compounds. Although
there are bigger databases, like ZINC (over 230 million purchasable compounds),?° the
NCI database allows for a quicker and cheaper (compounds are freely provided to
researchers) initial screening effort. During the screening process, we applied some
restrictions based on the most desirable drug-like properties, given by both Lipinski and
Veber rules, and we defined three criteria: i) molecular weight below 500 Da; ii)
topological polar surface area (TPSA) between 40-120 AZ; iii) number of rotatable bonds
lower than 10. Given that the objective of this screening is to find active molecules that
can in the future be synthesized and further modified to optimize their activity and
properties, it is important to limit the molecular weight to 500 Da. In addition, both
Veber rules relative to the maximum polar surface area and number of rotatable bonds
are good indicators of membrane permeation and oral bioavailability. In this sense, the
polar surface area has shown better correlation than logP values.?*

The whole NCI database was screened using both pharmacophores A and B.
Under the aforementioned conditions, the initial screening with pharmacophore A
retrieved 1649 hits. This was followed by a second screening with pharmacophore B,
which yielded 941 compounds. As was demonstrated previously (Figure 3.7), it is
expected that the combination of both pharmacophores (A + B) increases the relative
percentage of true active molecules relative to false positives. This is preferable, even if
it results in some true actives being excluded during the screening process.

Next, it was important to identify compounds with problematic functional groups
(structural alerts), potential covalent inhibitors and pan-assay interference compounds
(PAINS), using the online tool FAFDrugs4.?? Structural alerts are responsible for around
80% of the toxicity in clinically approved drugs, with the majority being caused by the

production of toxic metabolites.?> Some examples of these groups are 5-membered ring
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heterocycles (pyrrole, thiophene, thiazole, furan) and benzene derivatives
(nitrobenzene, phenol, catechol, p-hydroxyanilines, arylacetic acids).?*

Relatively to the covalent inhibitors, it is worth noting that there are many
clinically approved covalent inhibitors with low to no safety concerns.?> Although B-
lactams are the prime example of the successful use of covalent inhibitors in
antimicrobial therapy, there is an increased risk of generalized toxicity. Indeed,
penicillins are known to be more immunogenic (allergenic) than other antibiotics, a
feature that may be attributed to its covalent inhibition mechanism.?® Taking into
account the fact that the known inhibitors for gyrB present in the actives dataset act
through a competitive and reversible mechanism, we decided to remove covalent
inhibitors from the hit list. In addition, we also excluded PAINS, which are compounds
with a promiscuous activity, giving false positives in biological assays. In other words,
they can interact non-specifically with various targets, through mechanisms such as
chemical aggregation, chelation, singlet oxygen production, redox activity, membrane
disruption, among other non-selective reactions with proteins.?’

Overall, from the 941 pharmacophore hits, 34 were considered duplicates and
discarded, 332 possessed structural alerts, 251 were identified as covalent inhibitors,
and 156 were considered as potential PAINS. Among them are reactive electrophilic
groups such as alkyl halides, thioketones, Michael acceptors, aliphatic ketones and
quinones. There are other groups such as nitro, anthracene, phenol and p-
hidroxyaniline, which are known to undergo chemical modifications in vivo, producing
metabolites with high toxicity. It is worth noting that, of all compounds with the
mentioned problematic groups, only those that were considered of high risk were
discarded, while low risk compounds were maintained in the dataset. Overall, this
selection process resulted in the exclusion of 506 compounds, decreasing the hit list to
435 compounds. To further refine the NCI compound search, we carried out docking
studies using the best scoring function (ChemScore function; Figure 3.9d). The structures
of the best scoring compounds are presented in Table 3.2. These compounds were
acquired from the NCI database for biological studies (E. coli gyrase inhibition and MIC

studies), the results of which will be discussed in section 3.3.

102



Table 3.2: Compounds acquired from the NCI database, aiming biological studies, and
corresponding docking scores.
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3.1.4 - De novo design and screening of a virtual library

Based on the previously developed pharmacophore models and on the
structures of known active ligands, it is possible to automatically generate derivatives of

these molecules in MOE, in a process called de novo design. This allows the construction
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of smaller, more focused, libraries of theoretical compounds that are not necessarily
present in any purchasable chemical database. However, this prevents facile access to
hit molecules from the computational models, as they have to be synthesized before
proceeding to the biological studies.

Taking into account some of the structural motifs present in known inhibitors of
gyrB,>%7 namely benzo-fused heteroaromatic rings, we chose the benzimidazole ring as

a scaffold for the design of potential new gyrB inhibitors (Figure 3.10).
F5: H-bond
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Figure 3.10: Overlap of the base scaffold 5(6)-substituted-2-(2-aminophenyl)-1H-benzimidazole
with the pharmacophore model developed.

According to the previously developed pharmacophore model (Unified Scheme, Figure
3.3b), the core benzimidazole ring fulfills two important structural features: F1:
Aromatic|Hydrophobic and F2: H-bond acceptor. Then, we placed a phenyl group at the
benzimidazole 2-position (between both nitrogen atoms), containing an amine in the
ortho position. This fulfills two additional pharmacophore criteria: F3: Hydrophobic and
F4: H-bond donor projection. Using the scaffold in Figure 3.10 as starting point, we
proceeded with the virtual design of chemical derivatives with different substituents in
the 5(6)-position (denoted by R in the figure), in order to fulfill the last structural feature
(F5: H-bond acceptor). This was done in MOE using the tool “Add group to ligand”, where
a number of different substituents are added, in accordance with some user-defined
restrictions. In this case, the following restrictions were applied: MW < 500 Da, TPSA <
40-120 A% and number of rotatable bonds < 10. In total, 23,832 unique structures were

generated. This virtual library underwent pharmacophore (A + B models) and docking
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(ChemScore function) screening, and the most promising compounds obtained are
presented in Table 3.3. It is worth noting that the selection of these molecules was based
not only in the docking score, but also in their synthetic feasibility. Its total synthesis and

chemical characterization are described in section 3.2.

Table 3.3: Structures and corresponding docking score of computationally designed 5(6)-
substituted-2-(2-aminophenyl)-1H-benzimidazole derivatives, selected for chemical

synthesis.
# Structure Mw (Da) | Docking score (ChemScore)
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3.2 - Synthesis and modulation of 2,5(6)-substituted benzimidazole

derivatives

From a synthetic point of view, the chosen 2,5(6)-substituted benzimidazole
scaffold is a good starting point due to the easiness in obtaining and modulating 2-
arylbenzimidazoles.?®* In order to allow easy manipulation of the desired 5(6) position
of the benzimidazole ring, it was important to start with a set of reagents containing
transformable functional groups to further yield chemically distinct derivatives. To this

effect, we started with a brominated aromatic ortho-diamine (4-bromo-1,2-
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diaminobenzene; Scheme 3.2) as one of the condensation pairs for this reaction. Bromo-
arenes offer numerous possibilities for modulation and are one of the most suited
substrates for palladium-catalyzed reactions, due to their: i) low C-Br bond dissociation
energy; ii) higher availability and lower cost than the corresponding iodo-arenes; iii)

higher comparable efficiency in Buchwald-Hartwig amination.
Synthesis of the core benzimidazole ring

The synthesis of 2-arylbenzimidazoles is generally carried by condensation of the
ortho-diamine with carbonyl groups, being carboxylic acids and aldehydes the most
commonly used.3! To obtain the desired base benzimidazole ring 3.2, two reaction
attempts were carried out using different condensation partners to the ortho-diamine
(Scheme 3.2).

As a first approach, the condensation of 4-bromo-1,2-diaminobenzene with
anthranilic acid (2-aminobenzoic acid) was attempted, following a protocol previously
reported using 1,2-diaminobenzene.3? This reaction was carried out in ethanol at reflux
temperature for 24 h. However, we were unable to obtain the desired product, and only
the starting materials were recovered. Changing to a higher boiling solvent like 1,4-
dioxane and carrying the reaction at reflux temperature for 24 h gave the same

outcome.

n=79%%

Pd/C
NH,NH,.H,0

MeOH, reflux

Br\©:NH2
NH,

n =48%

Scheme 3.2: Methodology used in the synthesis of 2-(2-aminophenyl)-5(6)-bromo-1H-
benzimidazole (3.2).

106



The presence of the strong electron donor amino group in the anthranilic acid triggers
two undesirable effects: i) decreased reactivity of the carboxylic group; ii) possibility of
self-polymerization. Based on these results, we offer no justification as to how the
authors of the aforementioned publication have successfully carried out this reaction in
such mild conditions. Indeed, the only difference in the structure of the reagents is the
presence of a bromine in the diamine, which should not yield such a pronounced
difference in reactivity.

As a second approach, we substituted the anthranilic acid for the more reactive
2-nitrobenzaldehyde. It is expected that the inherent higher reactivity of benzaldehyde
coupled with the electron withdrawing capabilities of the nitro group improve the
outcome of the reaction. In this case, the nitro group can be regarded as a form of
“protected amine” as it can then be readily converted into the desired amine group
using mild reaction conditions, such as catalytic hydrogenation. The synthesis of the
nitro derivative 3.1 (Scheme 3.2) was carried out by mixing equimolar amounts of the
diamine and the aldehyde in nitrobenzene, and the reaction was left at 180 °C for 8 h.
This procedure was based on a method used for the synthesis of bis-benzimidazoles®?
and the rationale for the use of nitrobenzene is its oxidative capability at high
temperatures.3 The reaction mechanism (Scheme 3.3) involves the formation of an
imine through nucleophilic attack of the amine to the aldehyde, followed by the
nucleophilic attack of the second amine to yield a benzimidazoline or 2,3-dihydro-1H-

benzimidazole.

NH )
NH
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341

Scheme 3.3: Simplified reaction mechanism proposal involved in the formation of compound
3.1.
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Nitrobenzene plays a role in the last step as it requires the oxidation of this intermediate
to the final benzimidazole ring. Naturally, this aromatization final step can be regarded
as the driving force of the product formation, as the intermediate reaction steps are
reversible, especially the imine formation step as it can be promptly hydrolyzed back to
the starting materials. Despite our best attempts, it was not possible to induce the
product precipitation from the reaction mixture and thus, the nitrobenzene was distilled
under reduced pressure. The product was purified by column chromatography using
silica gel as stationary phase and dichloromethane as first eluent (to remove the residual
nitrobenzene) followed by a gradient elution with a mixture of dichloromethane and
ethyl acetate (100:1 to 20:1). The product 3.1 was obtained in 48% isolated yield. The
moderate yield can be explained by the instability of the diamine at high temperatures,
as it is also prone to oxidation, and also the formation of black colored polymers that
are retained at the top of the silica gel column.

The product was fully characterized by 1D and 2D NMR spectroscopy and mass
spectrometry. The most relevant NMR spectra for the assignment of all *H and 3C
resonances are presented in Figures 3.11 and 3.12. Before proceeding to the assignment
of the spectra, it should be noted that, due to tautomeric equilibrium (Figure 3.11a), the
numbering for each tautomer species varies, since numbering priority must be given to
the —NH of the imidazole portion of the ring. Therefore, the *H and *3C assignment are
given for both tautomers, separated by a “/” (e.g. Ha/7, Hy/a, Hess). A very broad singlet
corresponding to the -NH proton at 12.5 - 14.0 ppm can be observed, a consequence of
a rapid exchange due to tautomerism. The aromatic protons’ resonances can be easily
assigned taking into account the chemical environment and the coupling constants of
each signal, even though these correlations were confirmed by *H-'H COSY (not shown).
This molecule possesses two independent aromatic spin systems, composed of three
and four resonances with different coupling patterns. The coupling pattern pertaining
to the core benzimidazole ring can be easily identified by three resonances consisting
of: a doublet with a %) type coupling (7.82 ppm, J = 2.0 Hz, Ha/7); a doublet with a 3J type
coupling (7.59 ppm, J = 8.5 Hz, Hy/4) and a doublet of doublets with both a 3J and a %)
coupling (7.39 ppm, J = 8.5, 2.0 Hz, Hess). Expectedly, the resonances concerning the
nitrophenyl group are shifted to a lower field due to the electron-withdrawing nature of

the nitro group. The two doublets of doublets at 8.05 ppm and 7.97 ppm can be
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attributed to Hy and to He, which are ortho and meta in respect to the nitro group.

Following the same logic, the two triple doublets at 7.88 and 7.78 ppm correspond to

Hs and Hs, which are para and meta to the nitro group, respectively.
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Figure 3.11: a) Tautomeric equilibrium of compound 3.1 and correspondent atom numbering;
b) *H NMR of 3.1 in DMSO-ds c) *C NMR of 3.1 in DMSO-ds. *approximate
resonance position predicted by MestreNova software.
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Figure 3.12: a) Overlap of 3.1 H-3C HSQC (green) with *H-*C HMBC (orange), in DMSO-ds; b)
main HMBC correlations used for resonance assignment.

Relatively to the 3C resonances, the dynamic process associated with
tautomerism is even more prevalent and severely hinders the visualization and
assignment of all signals. It is worth mentioning that the portion of the molecule that,
by symmetry, is exposed to the same chemical environment independently of the
tautomer present (C; and the nitrophenyl ring), possesses sharp carbon signals with the
expected relative intensities. All signals related to —CH- carbons could be assigned based
on the HSQC cross-peaks. Since the —CH- carbons that compose the benzimidazole ring
are susceptible to chemical shift changes due to tautomerism (Cs to Cy), they possess

signals that are broader than usual or even indistinguishable from the baseline.
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The Cg/s resonance could be identified in the 1D 3C NMR spectrum and was
assigned based on the HSQC cross-peak with He/s. However, C4/7 (118.08 ppm) and Cy/4
(116.45 ppm) could not even be observed in a 1D *3C NMR spectrum, which means that
their chemical shifts are heavily influenced by the different tautomers, resulting in
signals so broad that can be hardly distinguished from the baseline. Taking advantage of
the higher sensitivity of the HSQC experiment, we can observe the cross-peaks Ha/7/Ca/z
and Hy/4/Cy/4 and therefore, it’s possible to pinpoint the mean chemical shifts of both of
these carbons. The assignment of the quaternary carbons was carried out using the
HMBC correlations. In short, C, (148.68 ppm) possesses only one cross-peak with Hg; Co
(148.88 ppm) and Cy (123.21 ppm) both possess cross-peaks with protons from the
nitrophenyl group, although Cy is predictably shifted to lower field due to being ipso to
the nitro group. Relatively to the quaternary carbons of the benzene portion of

benzimidazole (Csajza, C7aj3a and Csys) it is expected that carbon Cs/s (114.71 ppm)

possesses a lower chemical shift given that it is the only one not linked to nitrogen and
suffers a shielding heavy-atom effect due to being directly linked to bromine. Despite
our best attempts, it was not possible to identify cross-peaks in HMBC to identify the
position of carbons Csa/7a and Cyazza. This is likely due to: i) lower sensitivity of quaternary
carbons and HMBC experiments in general, when compared to HSQGC; ii) an even greater
influence of tautomerism on the chemical shift fluctuation, which is expected given that
they will be alternatively linked to either a sp> or a sp? nitrogen.

The condensation reaction to obtain product 3.1 was optimized, according to
Table 3.4. By exchanging the solvent from nitrobenzene (entry 1) to ethanol (entry 2)
and carrying the reaction at reflux temperature (80 °C), during 3 h, we found that the
product could be obtained in similar yield. Indeed, this means that oxidation can
proceed with atmospheric oxygen, without the need of any additional oxidative species.
Despite no obvious advantage regarding improved yields, this methodology offers two
considerable conveniences: i) the use of a lower boiling point solvent, which can be
easily evaporated; ii) different impurity profile, with lower prevalence of impurities with
similar polarity to the product, allowing swifter and easier purification by silica gel
chromatography. In addition, the reaction also proceeded well at room temperature
(entry 3), albeit in 6 h, at similar yield (50%). Furthermore, the addition of

Montmorillonite K10 as a heterogeneous acidic clay catalyst (entries 4 and 5) to promote
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activation of the carbonyl group increased both the reproducibility of the reaction and
the final isolated yield (up to 62% when performed at room temperature), while also

slightly reducing the reaction time.

Table 3.4: Optimization of the reaction conditions for the formation of 3.1 through the
condensation reaction between 4-bromo-1,2-diaminobenzene and @ 2-
nitrobenzaldehyde.®

0]

Br NH, O,N AN
J— BI’T P N\
N

NH» H OoN

3.1
# | T(°C) | Time (h) Solvent Catalyst Isolated yield (%)
1 180 8 Nitrobenzene - 48
2 80 3 Ethanol - 47
3 25 6 Ethanol - 50
4 25 4 Ethanol Montmorillonite K10 62
5 80 2 Ethanol Montmorillonite K10 54

(@ Typical reaction conditions: 4-bromo-1,2-diaminobenzene (1.1 mmol), 2-nitrobenzaldehyde (1.2 mmol) and the
catalyst (20 mg) were mixed in the solvent (3 mL) and heated to the designated temperature, over a variable time
period.

Since 3.1 was the substrate for all the synthesis leading up to the obtaining of
the designed compounds (Table 3.3), its synthesis was transposed into a multi-gram
scale (up to 5 g). This molecule fulfils three out of five pharmacophore features (Figure
3.13) and is thus a good starting material for nitro reduction and further modifications

in the 5(6)- position of the benzimidazole ring.
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F5: H-bond
acceptor
F1: Aromatic|
Hydrophobic F3: Hydrophobic

F2: H-bond
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Figure 3.13: Overlap of compound 3.1 with the developed pharmacophore model, highlighting
the three features (F1-F3) that it possesses and the two features that need to be
inserted (F4 and F5).

Pd-Catalyzed nitro reduction

Our initial strategy involved the reduction of the nitro group of 3.1 to the
corresponding amine and thus to obtain the originally intended 2-ortho-aniline
benzimidazole 3.2, according to Scheme 3.2. Of the wide range of possible reaction
conditions to obtain the desired product, we chose a catalytic method and thus avoid
the more severe classic conditions, involving Fe or Zn in acidic media. One of the
possibilities would be to utilize Pd/H,, however, it is well known that this combination
can react with bromine and promote dehalogenation.?> We selected a milder method
that employed hydrazine monohydrate as a substitute for hydrogen gas.3® This reaction,
if carried out in an open vessel, where hydrogen pressure is at most 1 atm, selectivity
promotes the reduction of nitro groups over dehalogenation, which only occurs in
closed vessels, where higher H, pressures would be achieved. In a typical experiment,
the reagent 3.1 was dissolved in methanol and Pd/C (5%) and hydrazine monohydrate
were added. The reaction was carried out at reflux temperature for 30 min. The product
3.2 was easily purified by column chromatography using ethyl acetate as eluent and was
isolated in 79% vyield. This compound fulfils four features, with only “F5: H-bond
acceptor” missing, which will be introduced via functionalization of the benzimidazole

5(6) position (Figure 3.14).
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Figure 3.14: Overlap of compound 3.2 with the developed pharmacophore model, highlighting
the four features (F1-F4) that it possesses and the feature that need to be inserted
(F5).

Pd-Catalyzed couplings for 5(6)-benzimidazole functionalization

Taking into account the initially proposed goal to functionalize the benzimidazole
at the 5(6) position through Pd-catalyzed reactions, it was necessary to protect both the
interior NH group of the benzimidazole ring as well as the aniline -NH; group. Given its
simplicity and straightforwardness in both protection and deprotection reactions, we
chose the boc protecting group. The reaction was carried out by dissolving 3.2, di-tert-
butyl dicarbonate and a catalytic amount of DMAP (4-(dimethylamino)pyridine) in
dichloromethane. The reaction was left stirring for several hours and the product
formation was monitored by TLC. Despite our best attempts, we could not promote the
formation of a single reaction product, as multiple TLC spots could be visible, even after
the addition of more di-tert-butyl dicarbonate and DMAP. The several formed products
can be explained by two factors: i) up to three boc groups can react with the molecule;
ii) the protection of the interior NH of the benzimidazole ring renders two different

constitutional isomers (Scheme 3.4).
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Theoretical products:
Boc
Br N Br. N
°N N
BOC R|/N\ R./N\
Br N Boc,O, DMAP R R
N a)R'=R"=H b)R'=H,R"=Boc c)R'=R"=Boc
N DCM, rt
HoN Br N
3.2 \CE N\
N
R./N\
R"

d)R'=H,R"=Boc e)R'=R"=Boc

Scheme 3.4: Theoretical product mixture that can be obtained by protection of the -NH groups
of 3.2.

Due to these setbacks, we decided to optimize our synthetic route and proceed first with
the benzimidazole N-H protection, followed by the functionalization at the 5(6) position,
and finally perform the nitro reduction in the last step. Scheme 3.5 summarizes the

general synthetic pathway.

R? N
Br N\ NH Br N\ Pd-catalyzed \CE N
protection coupling N
N N
H o,N
1

R' O,N

-NH
deprotection

R' = Protecting group: ! R2 N | R2 N
boc or benzyl : N |  Pd-catalysed N

| N ' ~ hydrogenation N

R? = Aryl or amine E H ; H o,N

Intended computationally
designed products

Scheme 3.5: General overview of the synthetic route utilized for the preparation of the intended
computationally designed products based on the 2,5(6)-substituted benzimidazole
scaffold.

We decided to perform the protection of the -NH group of the benzimidazole ring
because i) there is prior knowledge that benzimidazoles are more amenable to Pd-
catalyzed couplings when the heterocyclic N-H is protected®” and ii) the aromatic
benzimidazole -NH could, in theory, compete with the intended coupling partner during
amination reactions. Hence, we selected two possible protecting groups that are known

to be stable in the basic conditions required for the intended Pd-catalyzed couplings:

115



benzyl and boc groups. The corresponding protection reactions were carried out for

both groups and are depicted in Scheme 3.6.

Br N Br N
T T
N N

O,N

<

“

<
G\(\'%%Ps\ 3.3 (regioisomer mixture 1:1)
AN
$®‘?‘ 19 n=87%

BF\CEN\: g > (‘<\<"
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N 20 »L
(@)
\Fo
Br N Br. N
-0 -
N N
AOoN O,N
o ©O

——

3.4a
n=45%

3.4b
n=45%

Scheme 3.6: Synthesis of benzimidazole N-boc (3.3 as 1:1 mixture of regioisomers) and N-benzyl
(3.4a and 3.4b, isolated regioisomers) protected derivatives.

The protection reactions involving the synthesis of 3.3 was adapted from
methods previously reported.?” In short, to a solution of the starting material 3.1,
dissolved in dry THF at 0 °C and in an inert atmosphere, NaH (60% in mineral oil) was
added, followed by benzyl bromide and a catalytic amount of tetra-N-butylammonium
iodide (TBAI). The reaction was heated to reflux temperature (70 °C) for 2 h. After
completion, the reaction was quenched with methanol and the product 3.3 was purified
by column chromatography, obtained in 87% isolated yield, as a 1:1 mixture of two
regioisomers. Given the tautomeric nature of the benzimidazole ring, both nitrogens
could react, as they can interchange between a non-hydrogen bearing (sp?) state and a
hydrogen bearing (sp3) state, being the sp3 nitrogen the one that participates in the
reaction. Consequently, this led to the formation of 5-bromo-N-protected-1H-
benzimidazoles and 6-bromo-N-protected-benzimidazoles. For the protection with the
boc group, the reaction was carried out in DCM, for 24h at room temperature, with

addition of di-tert-butyl dicarbonate and DMAP as base. After a standard work-up, the
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products were purified through column chromatography in silica gel using hexane/ethyl
acetate 4:1 as eluent. Contrary to the previous case, the polarity of both isomers was
sufficiently different to allow their total chromatographic separation and both 5-bromo
(3.4a) and 6-bromo regioisomers (3.4b) were isolated in 45% yield each (90% combined
yield).

Given that the N-protection removes the dynamic process associated with
tautomerism, both isolated isomers gave well-defined and resolved *H and 3C NMR
spectra. In Figure 3.15, the full assignment is shown for the 5-bromo regioisomer (3.4a).
Here, unlike what was shown for 3.1, all proton and carbon resonances are presented
as sharp peaks, which facilitates their interpretation. The proton resonances were
assigned in accordance with the same principles that were used for compound 3.1.
Relatively to the 3C NMR spectrum, the assignment of the carbons directly bonded to
hydrogens was done using the HSQC and the quaternary carbons with HMBC. Of
particular interest are the resonances of carbons C3a and Czs, which could not be
observed in compound 3.1 due to tautomerism, and here clearly demonstrate a
significant chemical shift difference between them. In order to correctly assign each
regioisomer, a H-'H NOESY experiment was performed on 3.4a (Figure 3.16a) and 3.4b
(Figure 3.16b). Here, given the rigidity of the benzimidazole ring, it is expected that each
regioisomer presents a different correlation between the —CHs of the boc protecting
group (Hs”, Ha”, Hs”) and the protons of the benzimidazole ring. In the case of isomer
3.4a, a correlation was observed with Hz, which is meta relative to the bromine atom
(Figure 3.16a) and in the case of isomer 3.4b a correlation was observed with Hz, which
is ortho to the bromine atom (Figure 3.16b). Of the two protected benzimidazole
derivatives obtained, we first chose 3.3 to continue the synthetic route. Since the final
step of the synthetic route involves a catalytic hydrogenation of the nitro group, the
benzyl group protected benzimidazole offers a synthetic advantage, in the sense that it
can be deprotected in the same step. Given the difficulty in separating the two isomers
of 3.3, and since both yield the same compound with tautomeric properties after

deprotection, all described reactions were pursued with the 1:1 mixture of isomers.
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Figure 3.15: 1D NMR spectra of compound 3.4a performed in CDCls: a) H; b) 13C.
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Figure 3.16: *H-'H NOESY NMR spectra performed in CDCl; of a) 3.4a; b) 3.4b.

Scheme 3.7 contains an overview of the attempted Pd-catalyzed reactions, with
the optimized reaction conditions and corresponding yields. Starting from compound
3.3, four new products were obtained (3.5 - 3.8) through Suzuki-Miyaura and Buchwald-

Hartwig reactions. Details on each reaction are given in the next sections.
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Scheme 3.7: Pd-catalyzed reactions involving the 1:1 regioisomer mixture of benzyl protected
benzimidazole 3.3.

Suzuki-Miyaura Pd-coupling reactions

Compounds 3.5 and 3.6 were obtained through a Suzuki-Miyaura Pd-coupling
reaction, which involves the reaction between an aryl halide (or triflate) with an
organoboron species, using a palladium catalyst and a base. In accordance with the
computational studies (section 3.1), we proceeded with the synthesis of two molecules
that could be obtained by the modulation of the benzimidazole 5(6) position with
commercially available boronic acids, containing hydrogen bond acceptors.

In organometallic reactions, oxygen could be detrimental to the catalyst’s
efficiency, slowing down reactions and increasing the formation of side products. In the
case of Suzuki reactions, besides the phosphine ligands being prone to oxidation, oxygen
can interact with intermediate Pd(0) species of the catalytic cycle, forming Pd(Il) peroxo
complexes that are able to consume two molecules of boronic acid to vyield
homocoupling side-products. For this reason, for all reactions described herein, we
used the freeze-pump-thaw method for solvent degassing.

As a first approach, our method employed a mixture of DME/EtOH/H,0 7.5:7.5:1
as solvent for the reaction. Briefly, the substrate and the boronic acid were dissolved in
a mixture of DME/EtOH 1:1 and the solvent was degassed. Then, Pd(OAc), and PPhs
were added and, after an incubation time of 15 min at room temperature, an aqueous
solution of Na,COs was added and the reaction was heated to 90 °C during 72 h. After

the usual work-up procedure followed by purification by column chromatography in
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silica gel as stationary phase, compound 3.5 was obtained as a mixture of isomers in 30%
yield. Expectedly, we obtained the ethyl ester derivative of compound 3.6 in a similar
yield using the same methodology, as result of a heat-promoted transesterification with
ethanol, present in the solvent mixture.

Aiming to improve this reaction’s outcome, we changed the solvent mixture to
THF/H,0 4:1. After solvent degassing, Pd(OAc),, PPhs and K,COs3 were added and the
reaction was carried out at 70 °C. The complete substrate conversion was observed after
just 16 h, which constitutes a clear improvement over the previous method. In addition,
significantly increased yields were obtained (66% for 3.5 and 80% for 3.6) and no ester
hydrolysis/transesterification was observed. The solvent choice for this reaction seems
of particular importance, as an aqueous solution of an inorganic base is a crucial
component for the successful transmetallation of the boronic acid in the catalytic
cycle,®® and therefore, the use of a water-miscible coordinating co-solvent like THF can
aid in keeping all inorganic and organic components in the same phase. Indeed, this
mixture of THF/H,O allowed the dissolution of all components, unlike the
DME/EtOH/H,0 mixture, which may have helped to speed-up the reaction, while

preventing the formation of undesired side-products.

Pd-catalyzed Buchwald-Hartwig amination

Compounds 3.7 and 3.8 were obtained by a Pd-catalyzed Buchwald-Hartwig
amination using 4-(methylsulfonyl)aniline and 3-(methylsulfonyl)aniline in 78 and 81%
yields, respectively. Briefly, the catalytic cycle of this reaction (Scheme 3.8) started with
activation of Pd(ll) precursor through reduction to the catalytically active Pd(0) species.
Typically, this occurs through a B-hydride elimination in the amine, when it possesses
hydrogens in B position relative to the nitrogen. In the present case, as we are dealing
with a primary aniline, reduction of the Pd(ll) is purportedly mediated by the phosphine
ligand.3° This is followed by coordination with a “n” number of phosphines, yielding the
active L,Pd(0) species. In case of bulky phosphines, only one phosphine is coordinated
with each metallic center. Then, oxidative addition to the C-Br bond allows substrate
activation through formation of a Pd(ll) coordination complex with the aryl substrate

and bromine. Although this step would be more favorable when using aryl iodides, it is
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known that Pd(ll) complexes are prone to formation of stable dimers with iodine, when
compared with other halogens.*? This decreases the overall reactivity of aryl iodides, as
dimers inhibit amine binding and continuation of the catalytic cycle. For this specific
reason, we designed this synthetic pathway using aryl bromides, as it avoids delicate
reaction conditions optimization. After amine binding and deprotonation, with
consequent formation of HBr, the final step occurs, consisting of a reductive elimination.
Here, a new C-N bond forms, with concomitant reduction of the Pd(ll) species to Pd(0),

restarting the catalytic cycle.

Pd(ll) precursor
L, = Phosphine

H Ln .
N N Reduction
CEPMER
N N Br
/2 R1_</
R L.Pd(0) \
R
Reductive Oxidative
elimination addition

Amine

R3 binding
Base-HBr Deprotonation L HzN/@
n
N\ /
N Pdgl)
R1_</ j©/ Br
/N

Base R2

Scheme 3.8: Proposed catalytic cycle for Buchwald-Hartwig coupling of 5-bromo-N-protected-
1H-benzimidazole with an aniline.

The optimal reaction conditions for this Buchwald-Hartwig coupling are highly
dependent on the substrate and nucleophile. Previous reports®’ on the catalytic
amination of similar benzimidazole substrates have highlighted that 5-bromo-N-
protected-1H-benzimidazoles could be coupled with alkyl amines in modest yields
(60%), while the 6-bromo-N-protected-1H-benzimidazoles isomer was not reactive
under the same catalytic system employed. Indeed, the benzene portion of the

benzimidazole ring is less electron-deficient than, for example, the 2 position of
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benzimidazoles,*** which should have a detrimental effect on metal oxidative addition.
In an effort to overcome some challenges described in the literature for the amination
of the benzimidazole 5(6) position, namely low vyields, use of non-appropriately
substituted amines and/or the need for huge amounts of catalyst,3#* we proceeded
to do an optimization of the reaction conditions, using the synthesis of 3.7 as model
reaction. A screening of solvents, type of phosphine, substrate/catalyst relation and
reaction time was carried out, and is presented in Table 3.5. It is worth noting that,
despite compound 3.8 having a more favorable computational docking score, due to the
considerably higher price of the commercial 3-(methylsulfonyl)aniline, all optimization
studies were performed with 4-(methylsulfonyl)aniline (to obtain product 3.7) and then
adapted for 3-(methylsulfonyl)aniline, to obtain 3.8.

In a typical experiment, the substrate 3.3, 4-(methylsulfonyl)aniline, Cs,COs,
Pd(OAc), and the selected phosphine were dissolved in either rigorously dried toluene
or dioxane and the reaction was carried out at 100 °C for 16 h. First, the reaction was
performed in toluene, using BINAP, DPEphos and XPhos and a remarkable effect of
phosphine structure was observed (Table 3.5, entries 1-3). The palladium/XPhos system
gave clearly the best performance, yielding 91% conversion after 16 h (entry 3). Then,
to improve the solubility of the reaction components and evaluate the solvent effect,
toluene was then replaced by dioxane and the reaction was performed under the same
conditions. Again, BINAP and DPEphos did not originate an active catalytic system
(entries 5-6), being the palladium/XPhos the one with best performance (100%
conversion). Then, we reduced the reaction time from 16 h to 8 h, and 79% conversion
was obtained (entry 7). Finally, we increased the substrate/catalyst ratio from 10 to 20
and, after 16 h, only 57% substrate conversion was obtained (entry 8).

Overall, these results show that the activity of the catalytic system is strongly
dependent on the structure of palladium/phosphine catalyst, being the monodentate
sterically hindered XPhos much more active under these conditions, as previously
reported.® The greater reactivity of the Pd/XPhos is a consequence of the phosphine’s
structure (Figure 3.17). In contrast to BINAP and DPEphos, which are bidentate aryl
phosphines, XPhos is a bulky monodentate phosphine, linked to one aryl group and two

cyclohexyl groups.
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Table 3.5: Optimization of the reaction conditions for the Buchwald-Hartwig coupling of benzyl

protected benzimidazole 3.3 with 4-(methylsulfonyl)aniline.®

Pd precursor,
Phosphine,

-0y B O
[}] Solvent Il
Bn O5N Bn 02N
3.3 3.7
# Phosphine Solvent Subtrate/Catalyst Conversion (%)
1 15 mol% BINAP Toluene 10 trace
2 15 mol% DPEphos Toluene 10 trace
3 15 mol% XPhos Toluene 10 91
4 15 mol% BINAP Dioxane 10 trace
5 15 mol% DPEphos Dioxane 10 trace
6 15 mol% XPhos Dioxane 10 100 (78) ®)
7 15 mol% XPhos Dioxane 10 79
8 7.5 mol% XPhos Dioxane 20 57

BINAP:(2,2’-bis(diphenylphosphino)-1,1’-binaphthyl); DPEphos: bis[(2-diphenylphosphino)phenyl] ether;
Xphos: [2-Dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl]; @ Typical reaction conditions: 3.3 (0.74
mmol); 4-(methylsulfonyl)aniline (0.88 mmol); Cs,CO3 (1.47 mmol); Pd(OAc), (0.074 mmol); phosphine
(0.11 mmol); solvent (5 ml); Temperature = 100 °C; Time = 16 h; ) Isolated yield; ) Time = 8 h.

S ST > W< I oW
cehl N

BINAP DPEphos XPhos

(2,2’-bis(diphenylphosphino)- Bis[(2-
1,1’-binaphthyl)

[2-Dicyclohexylphosphino-

diphenylphosphino)phenyl] 2’4’ 6’-triisopropylbiphenyl]

Figure 3.17: Structures of phosphine ligands used for the optimization of the Buchwald-Hartwig
reaction.

This type of dialkylbiaryl phosphines corresponds to a newer generation of phosphines,

which are suitable to a wider range of substrates and improves on reactions’ conversion
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and reproducibility. Indeed, the presence of the cyclohexyl groups increase the rate of
oxidative addition, which may be important when dealing with less suitable substrates,
like in this case. In addition, these cyclochexyl and the isopropyl groups increase the
phosphine’s steric bulkiness, promoting the formation of the mono-ligated LiPd(0)
species, which is considered to be the most important catalytic species.

Following the optimized conditions reported in entry 6 of Table 3.5, and after the
usual work-up and purification by column chromatography, the product 3.7 was
obtained in 78%. Given that our computational studies demonstrated that the meta
derivative had a higher docking score to the protein, we utilized the same optimized
conditions, but this time using 3-(methylsulfonyl)aniline, and the desired product 3.8
was obtained in 81%. Despite the para derivative having a predicted lower
nucleophilicity than the meta derivative, such did not translate into a noteworthy

difference in reaction yield, under these conditions.
Catalytic N-benzyl deprotection and nitro reduction

The last step of the synthetic pathway is the catalytic hydrogenation of all the
newly obtained compounds, 3.5 to 3.8, for which we used 4.1 for the optimization of

the reaction conditions (Scheme 3.9).

MeQ
LY N
MeO T )
& N
6000 'a‘\ MeO Bn HyN

\sS
o) = 759
N N < §C \M n=75%
MeO ; N 4
Z N
MeO Bn O,N
e n Y PO'/C H C 48/7
3.5 bar)

Scheme 3.9: Catalytic hydrogenation of 3.5.

Our first approach used Pd/C in ethanol and employed mild reaction conditions,
namely 3 bar of H, and 50 °C, during 8 h. Under these conditions, complete conversion
of the substrate was achieved, however only the nitro group had been reduced, with
the benzyl group untouched. Next, the pressure of H, was raised to 5 bar, the

temperature to 80 °C, and the reaction was carried out for 48 h. No traces of starting
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material were observed and multiple new products were identified by TLC but, after
purification through column chromatography, none corresponded to the intended
product, as determined through NMR analysis. It is possible that the harsher reaction
conditions required for benzyl removal may have resulted in the degradation of the
substrate.

To circumvent these issues posed by the removal of the benzyl group, we decided
to perform the same Pd-catalyzed couplings with the N-boc protected benzimidazole
(3.4a and 3.4b), whose synthesis was previously described in Scheme 3.6. Using the
reaction conditions described above, 3.4a or 3.4b were coupled with 3,4,5-
trimethoxyphenyl boronic acid or 3-fluoro-4-(methoxycarbonyl)phenyl boronic acid,
giving products 3.9a or 3.9b and 3.10a or 3.10b with approximately the same NMR yields
(75% and 70%, respectively). This result points out that both regioisomers have similar
reactivity towards Suzuki-Miyaura coupling. For further studies, isolation and full
characterization, only the products 3.9a and 3.10a have been isolated upon column

chromatography, in 72% and 66% isolated yields, respectively (Scheme 3.10).

Br N
\
B(OH),

Boc 02
3.4a

Pd(OAc), PPhs Na,CO3 \O” ~OMe

e THF/HZO reflux
MeO
MeO
BOC 02N BOC 02
3.9a 3.10a
n=72% n =66%
\DCM/TFA 11, rt ‘ DCM/TFA 5:1, rt
F
MeO
MeO [
Z N MeO = N
H O,N
MeO s O 312 °
n =99% n =65%

Scheme 3.10: Suzuki couplings involving boc-protected benzimidazole (3.4a), and subsequent
deprotection.
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For 3.9a, deprotection was performed under TFA/DCM 1:1 for 2 h, resulting in
guantitative yield of product 3.11. For 3.10a, due to the presence of the methyl ester
group, we decided to use TFA/DCM 1:5 (5 h) and, following purification, 3.12 was
obtained in 65% vyield. Even with a lower percentage of TFA, some hydrolysis of the
methyl ester was observed. Indeed, the presence of the electron-withdrawing fluorine
ortho to the methyl ester may have contributed to the ester group vulnerability towards
hydrolysis.

It should be noted that in the amination reaction of 3.4a with 3-
(methylsulfonyl)aniline (Scheme 3.11), using the reaction conditions described above,
without isolation of the protected product, we obtained product 3.13 in 48% isolated
yield. This slightly lower yield may be attributed to partial deprotection of the boc group
during the reaction, since it is known that carbamates with N-heterocycles such as
imidazole and indole are much easier to cleave under basic conditions.*® As the
nitrogen’s lone electron pairs participate in the aromaticity of the benzimidazole ring,
the resonance stabilization of the carbamate group is smaller, making it more
susceptible towards nucleophilic attacks. Therefore, the boc-protected product was not
isolated, and we proceeded directly to the deprotection step. When the amination
reaction was finished, the solid was filtered, the solvent was evaporated and the solid
was re-dissolved in a mixture of TFA/DCM 1:1 for 2 h. After basic work-up to neutralize

the acid, product 3.13 was purified by column chromatography, and isolated in 48%

yield.
(0]
u/
\CE >—© (;E DOMITFA 1 (:E
Pd OAc), XPhos,
Boc Cs,CO3 Boc O,N
3.4 Dioxane, reflux
“a 3.13

n =48%

Scheme 3.11: Buchwald—Hartwig coupling involving boc-protected benzimidazole (3.4a), and
subsequent deprotection.

Finally, to prepare our initially designed compounds (Table 3.2) with all the
appropriate functional groups, according to the pharmacophore model developed, we
proceeded with the catalytic hydrogenation of the nitrophenyl group to an aminophenyl

using the conditions previously described for the synthesis of 3.2. Briefly, the substrate,
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NH2NH;.H,0 and Pd/C were mixed in MeOH. The reaction was left at reflux temperature
for 10-30 min, then filtered and the solvent evaporated, yielding 91% for 3.14, 56% for
3.15 and 80% for 3.16 (Scheme 3.12). It is worth mentioning that for 3.15 we observed
the formation of a dimeric species, whose identity was assigned by mass spectrometry
(Figure 3.18). As this reaction only proceeds at methanol’s reflux temperature (70 °C), it
is conceivable that, after the nitro group reduction to amine, a concomitant nucleophilic
attack of the amine at the ester group occurs. The ester group is especially reactive due
to the presence of the electron-withdrawing fluorine group in ortho position. This
hypothesis is further corroborated by analysis of the *H NMR spectrum, in which the
integration of the methyl ester (-OCHs) protons is lower than expected. Attempts to
perform the reaction at lower temperatures resulted in low conversion, which is

expected as this reaction requires high temperatures to enable H; release from NH;NH,.

R N a: 3.1 and 3.13 N N,
Z N b: 3.12 = N

Ho,N H hN
OMe

3.1 R= %Qfom 314 n=91%
OMe
E

3.12 R = @COOMe 345 n=90%*

* using method a n = 56% with

SO,Me contamination by dimeric species

H
3.13 R= %N 3.16 1 =80%
a. Pd/C (5%), NH,NH5.H,0, MeOH, reflux; b. Pd/C (5%), H, (5 bar), MeOH, rt

Scheme 3.12: Pd/C catalyzed reduction of compounds 3.11-3.13 using hydrazine monohydrate.

To overcome this synthetic challenge, the reduction of 3.12 was carried out in a
closed vessel, using Hz (5 bar) and Pd/C, at room temperature, during 8 h. Under these
conditions, the intended product 3.15 was obtained in 90% yield, with no formation of
dimeric impurities. We found that the NH2NH,.H,0 method requires temperatures of
=70 °C for an efficient reduction, which potentiates aminolysis of the ester group, with
consequent formation of the dimeric species. On the other hand, when using H; gas, the
reaction can be carried out under milder conditions (room temperature), considerably

reducing the rate of ester aminolysis. The obtained compounds 3.14 - 3.16 fulfill all five
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required pharmacophore features and this is highlighted in Figure 3.19, where 3.16 is

overlapped with the pharmacophore model.

Inter’ls=i +MS, 2.3min #226, Background Subtracted (#65-82), Background Subtracted (#65-82)
x10°
2.5 1+ R
362.1310 O\,S z > XN
U
MeO Z H
O,N
3.15
2.09 [|V|+H]+

F

OO

! \

|
—0 = H

H HN
1.5
J
N \
NH, F

1+

735.2171
[M-H+2Na]*

0.5

152.0705
0.0 U BT ol . . . . . .
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Figure 3.18: Mass spectrum (ESI positive mode) of product 3.15, showing its contamination with
a dimeric species.

F5: H-bond
acceptor

O F1: Aromatic|
I ydrophobic F3: Hydrophobic
]

X —N
HN—— >
= N
H
F2: H-bond H 2 N
donor
F4: H-bond donor
projection

Figure 3.19: Overlap of compound 3.16 with the developed pharmacophore model, highlighting
all the five required features (F1-F5) that it possesses.
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Thus, the studies pursued with biological assays against E. coli, using both molecules
acquired from the NCI database and the novel 2,5(6)-substituted benzimidazole

derivatives synthesized in this chapter.

3.3 — Biological studies

Biochemical assays on E. coli DNA gyrase

The biological studies started with the biochemical assays involving the
evaluation of direct inhibition of E. coli’s DNA gyrase comparing the 2,5(6)-substituted
benzimidazoles previously synthesized with the NCI database commercial compounds.
The biochemical studies in E. coli’s gyrase were conducted by Catarina Madeira from the
Metabolism and Genetics group at iMed.ULisboa (group leader: Ana Paula Leandro).
This assay utilized a commercial testing kit (HTS assay kit for E. coli gyrase, from
Inspiralis),”® containing all required components for a standardized test. As mentioned
in the introductory chapter, DNA gyrase acts by forming negative supercoils of DNA,
which facilitates its replication and transcription. Briefly, this biochemical assay
determines the DNA gyrase activity by quantifying the amount of plasmid (circular DNA
strand) that is supercoiled. When this plasmid is supercoiled, it will bind to a specific
oligonucleotide that is immobilized in a 96-well plate. This plasmid/oligonucleotide
complex can then be detected by using a DNA-specific probe that emits fluorescence.
Thus, a decrease in fluorescence relative to the control is indicative of a lower amount
of supercoiled plasmid, which means a decrease of enzyme activity. In Table 3.6 are
presented the fluorescence (%) registered, and corresponding inhibition result, in the
DNA gyrase inhibition assay. Novobiocin, an inhibitor of the ATPase binding site of E. coli
gyrase subunit B, was used as positive control.? As expected, it exerted a significant
inhibitory activity (67 + 27.7%), when compared with the negative control. Of all tested
compounds, only NCI-1 and NCI-5 decreased the average fluorescence intensity
registered (11 and 32%, respectively). However, further statistical analysis has revealed
that none of these values were significant, when compared to the negative control. In
sum, none of the tested compounds showed a detectable inhibitory activity towards E.

coli gyrase, under the concentrations tested (up to 100 uM). The assays using
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compounds 3.14, 3.15, 3.16, NCI-2 and NCI-4 display an average fluorescence intensity
above 100%, which can be attributed to some intrinsic fluorescence. Thus, for these
cases the results cannot be considered valid and alternative tests that rely on agarose

gel electrophoresis to access DNA gyrase activity should be used.>®

Table 3.6: Biochemical studies in E. coli gyrase inhibition, using compounds (100 puM
concentration) synthesized 2,5(6)-substituted benzimidazoles and retrieved from
the NCI database. Fluorescence percentage is relative to the negative control (no

compound).
Fluorescence Inhibition
# Compound
intensity (%) (%)
1 Negative control (no compound) 100.0 £ 13.8 -
QHOYNHZ
o 0.0 o W0
N NN o
2 Ho Oy 32.5+27.7 67 +27.7
HO
Positive control (Novobiocin, commercial
antibiotic) 3
OMe
MeO
MeO O N\
3 149.2+£9.3 0
N
H H,N
3.14
F
MeOOC
QP
4 O N 211.0+5.5 0
N
H HN
3.15
H
N N
PAGKLY;
N
5 0=%0 H,N 137.8 £ 26.5 0
I
3.16
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11.4+17.4
(No
6 88.6+17.4
statistical
659383 (NCI-1) significance)
7 N N
(- -
7 4 150.2+13.3 0
90716 (NCI-2)
HN-N
\ I oN
8 N__ N—NH 98.2+19.1 0
371704 (NCI-3)
0
HN-NH
>:N
SNGZ
9 H 123.7 + 8.3 0
~ NN
N N
T
Cl Cl
647083 (NCI-4)
H I 32.0+24.0
N o)
0o
O . (No
10 N~ °N II\IF 68.0+24.0
H H S statistical
213814 (NCI-5) significance)
_N
HNT
N)\lN H
11 S X N\rs 99.9+29.2 0
©: | (0] l\}\/>
N
H
624478 (NCI-6)

As was discussed before, the inhibition of E. coli does not occur only by DNA
Gyrase inhibition and can occur by several mechanisms, including i) degradation of
structure and function of the cell wall; ii) inhibition of protein, DNA or RNA synthesis; iii)

inhibition of metabolic pathways (e.g. folic acid synthesis), among others.’! So, we
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decided to pursue the studies by determining the MIC of the synthesized compounds

from the benzimidazole family and from the NCI database against E. coli.

MIC determination on bacteria

The MIC studies were first conducted for the compounds of the benzimidazole

family (Table 3.7).

Table 3.7: MIC values determined for compounds from the benzimidazole family in E. coli
planktonic suspensions.

# Compound MIC in E. coli (mg/L)

OMe
MeO

MeO O N\

1 >250
N

Bod O,N

3.9a

F

QP
2 O \>—© >250
N

MeOOC

Boc OxN
3.10a
OMe
MeO
MeO O N,
3 >250
N
Ho,N
3.11
F
MeOOC
QU
4 O N >250
N
H o,N
3.12
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H
N N
PRGN,
N
5 H >250

N
6 O S >500

N

7 O \>—© >250
N
H

HoN
3.15
H
N N
SAGKLY;
N
8 O=?=O H,oN >250
3.16
OMe

MeO
SO
9 MeO O >'—© >500
N

3.17

OMe
MeO
SO
10 MeO O >'—© >500
\

3.18

Z.:.Z

Briefly, an aqueous solution of each compound was prepared, containing the minimum

amount of DMSO required for solubilization (10-40%). Since DMSO possesses
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antimicrobial activity by itself, appropriate control experiments were conducted to
ensure that the observed MIC values could be attributed to the tested compounds. The
experimental procedure followed the same guidelines presented in Chapter 2 for the
appraisal of the ciprofloxacin MIC.

First, we evaluated the neutral compounds 3.9a to 3.16 and no significant E. coli
inhibitory activity was observed (MIC > 500 mg/L, Table 3.7, entries 1-8). Since it is well
demonstrated that the enhancement of antimicrobial activity occurs from the presence

of cationic groups in the antibiotic’s structure,>?>*

we proceeded with the cationization
of 3.11 (Scheme 3.13). Briefly, 3.11 was dissolved in DMF, and a large excess of methyl
iodide and K,COs; were added. The reaction, carried out at 40 °C, was complete in 24 h.
The solvent was evaporated and the resulting solid was washed with acetone, giving the
cationic product, 3.17 in 96% yield. Finally, reduction of the nitro group was performed
under the previously described conditions (Pd/C and hydrazine method), giving 3.18 in
85% yield. The antimicrobial activity of these two new cationic benzimidazole derivative

compounds against E. coli is presented in Table 3.7 (entries 9 and 10) and once again,

no significant E. coli inactivation was observed.

MeO
CH3I K,CO3
o S8
DMF 40 °C
\o N
3.1 3.17

n =96%

MeOH, reflux

MeO
SO
MeO N

Pd/C
NH,NH,.H,0
OMe

Scheme 3.13: Cationization of 3.11 with methyl iodide and subsequent catalytic reduction.

Then, the MIC studies were extended to all NCI database compounds (NCI-1 to
NCI-6) and in all cases, an E. coli MIC > 500 mg/L was observed. It is worth reminding

that the lower permeability of E. coli’s cell wall, combined with the presence of efflux

135



pumps, plays an important role in limiting the uptake of antibiotics. These are among
the major obstacles for the pharmaceutical development of new antibiotics against E.
coli. Thus, having in hand a group of compounds with potential antimicrobial activity
against other gram-positive bacterial strains, we decided to conclude the studies by

evaluating them against S. aureus and the results are collected in Table 3.8.

Table 3.8: MIC values determined for compounds from the benzimidazole family in S. aureus
planktonic suspensions.

# Compound MIC in S. aureus (mg/L)
1 3.9a 250
2 3.10a >250
3 3.11 250
4 3.12 >500
5 3.13 >250
6 3.14 >250
7 3.15 >500
8 3.16 >500
9 3.17 125
10 3.18 >500

In S. aureus, neutral benzimidazole compounds 3.9a and 3.11 gave significant
MIC values (Table 3.8, entries 1-2, MIC = 250 mg/L). It is worth mentioning that both
compounds encompass nitro and a 3,4,5-trimethoxyphenyl groups in the 2 and 5(6)
benzimidazole positions, respectively, which may be important for the observed
antimicrobial activity. Regarding the evaluation of the cationic benzimidazoles, the
compound with the nitro group (3.17) significantly decreased the S. aureus MIC (from
250 to 125 mg/L; Table 3.8 entry 9), when compared with the neutral 3.11. Once again,
the structure-activity relevance is evidenced, since the simple reduction of the nitro
group towards -NH; (3.18; Table 3.8, entry 10) gave a significant decrease in
antimicrobial activity against S. aureus. These experimental results open the way for the
implementation of future CADD studies directed towards the inhibition of S. aureus

specific targets.
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Next, MIC studies were conducted for the most promising compounds acquired
from the NCl database, in S. aureus planktonic suspensions. The results are presented in

Table 3.9.

Table 3.9: MIC values determined for compounds from the NCI database in S. aureus planktonic
suspensions.

# Compound MIC in S. aureus (mg/L)

H o
|NYN\,,S// N/é\\(
N O A\
1 & \[::]\ M 500

659383 (NCI-1)

2 Q\//NH(ZZ/ >250

90716 (NCI-2)

3 N [ij—NH >250

371704 (NCI-3)

0
HN—NH

—N

SNPZ

H
\+N/\H/N\N/ 7
cr o
647083 (NCI-4)

§ <|)
[ j \[ ) o) I )
5 N)J\N N >250
H H

I
o]

42

Cl

213814 (NCI-5)

N

/
/

HN"

N)\N

| H
6 S N N._S 500
SUQREY
H

624478 (NCI-6)
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Among this selection of NCI compounds, NCI-4 had promising S. aureus
antimicrobial activity, with MIC = 42 mg/L. Although the observed MIC value is higher
than antibiotics currently used in clinic,® it highlights the potential of this base scaffold
for further chemical modifications and improvement of its antimicrobial activity,

through CADD and structure/activity studies.

3.4 — Conclusion

The urgent need for the development of new antibiotics effective against E. coli
prompted us to the design and synthesis of new molecules, aiming DNA gyrase B
inhibition. Using CADD tools, two optimized pharmacophore models (Unified and EHT
annotation schemes) were constructed for inhibition of E. coli’s gyrB, based on the
structural and biological data of known inhibitors available in literature. Both models
identified five common structural features, such as the presence of hydrogen bond
acceptors/donors, aromatic rings and hydrophobic portions. Their performance in
discriminating between active and inactive compounds was assessed, revealing a > 90%
true active hit rate and a < 10% false positive rate. Additionally, it was found that the
combination of both Unified and EHT pharmacophore models improved the ratio of true
positives/false positives, being this approach selected for screening of the virtual
libraries.

After obtaining the pharmacophore models, the work described in this chapter
followed two different development strands: i) virtual screening of chemical databases
such as the one from the NCI and ii) computationally-assisted design of new molecules
based on the acquired structural information from known inhibitors. Regarding the
screening of the NCI database, a total of 435 promising pharmacophore hit compounds
were selected for molecular docking studies using the crystallographic structure of E.
coli's gyrB as target. The GOLD ChemScore function was determined to be the most
accurate for predicting the interaction between ligand and target, yielding six promising
structures that were supplied by NCI. These compounds did not display a statistically
significant inhibition of E. coli’s gyrase in concentrations up to 500 mg/L and also did not

have any E. coli inhibitory activity through other gyrase-independent mechanisms.
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Relatively to the development of new molecules aiming E. coli DNA gyrase B
inhibition, a set of derivatives of 2-(2-aminophenyl)-5(6)-substituted-1H-benzimidazoles
were designed in MOE and screened using the pharmacophore models and docking. This
led to the selection of three promising molecules that were selected for chemical
synthesis. The optimization of the condensation/oxidation reaction of 4-bromo-1,2-
diaminobenzene with 2-nitrobenzaldehyde, yielding 5(6)-bromo-2-(2-nitrophenyl)-1H-
benzimidazole 3.1, led us to find a sustainable synthetic approach, using ethanol as
solvent and Montmorillonite K10 as a reusable catalyst, which allowed a significant
improvement in product yield and isolation process. Additionally, boc revealed to be the
ideal benzimidazole protecting group since its deprotection does not lead to any
significant formation of the side products, as obtained when using benzyl protecting
group. The studies herein described pave the way for efficient functionalization of the
more synthetically challenging 5(6) position, via cross-coupling Suzuki—Miyaura and
Buchwald—Hartwig reactions, using functionalized phenylboronic acids (products 3.9a
and 3.10a were isolated with 72% and 66%, respectively) and amines (3-
methylsulfonyl)aniline), catalyzed by Pd/XPhos (product 3.13). Finally, the use of
NH2NH;.H,0 or H; and Pd/C revealed to be a clean strategy to promote the reduction of
the nitro group to the corresponding amine, giving 3.14, 3.15 and 3.16 with 91%, 90%
and 80% yields respectively.

The final neutral benzimidazole-based compounds (3.14-3.16) did not show E.
coli’s gyrase inhibition in concentrations up to 100 uM and also did not gave a significant
E. coli MIC value (> 500 mg/L), even when the cationic ones (3.17-3.18) was evaluated.
However, the neutral benzimidazole derivative 3.11 containing the nitro and 3,4,5-
trimethoxyphenyl groups at 2 and 5(6) positions, respectively, led to a significant S.
aureus inhibition (MIC = 250 mg/L). Furthermore, its corresponding monocationic
derivative 3.17 showed a higher S. aureus inhibition, with a MIC of 125 mg/L.

Regarding the S. aureus MIC results for the NCl compounds, we should highlight
the compound NCI-4 which showed a promising MIC = 42 mg/L. These results reinforce
the idea that the development of antibiotics for gram-positive bacteria is facilitated,
since intracellular targets are more accessible due to a higher cell wall permeation by

antimicrobial molecules.
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The main focus of this topic was the discovery of new families of compounds with

activity for E. coli, for which pharmaceutical drug development has been practically

inexistent. However, the antimicrobial activity of the tested compounds from both

strands of development highlight a serendipitous discovery of potential S. aureus

antibiotics, a bacterial species for which development of new therapies is also urgently

needed, according to WHO.?® Given that DNA gyrase is a generally well preserved

protein among bacteria, it is possible that compounds designed for E. coli’s DNA gyrase

may show better S. aureus’s DNA gyrase inhibitory. On the other hand, these molecules

may be interacting with a different target, for which complementary biochemical studies

would be needed, to give further insights on their action mechanism.
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CHAPTER 4

Experimental

In this chapter, detailed information regarding reaction procedures, techniques
and instruments used during the experimental work are given. It is divided into four
sections: General information (section 4.1), experimental of Chapter 2 (section 4.2),

experimental of Chapter 3 (section 4.3) and references (section 4.4).

4.1 - General information

All reagents and solvents were purchased from Sigma-Aldrich, Fluorochem,
Acros Organics and José M. Vaz Pereira. All reagents were used as supplied, without
further purification. Air and moisture-sensitive reactions were handled under nitrogen
or argon atmosphere, in a vacuum system, using Schlenk techniques. For anhydrous
reactions, all the glassware was dried by heating overnight at 150 °C and then stored in
a desiccator using activated silica gel. When required, the solvents were degassed and

dried according to standard procedures, as detailed below.

Instrumentation and methodologies

Thin-layer chromatography

The reactions progress were controlled using thin-layer chromatography (TLC) as
a standard method. Silica 60 (Fluka) plates with UV3s4 indicator were used as stationary

phase. The eluents used were typically composed of hexane, dichloromethane or ethyl
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acetate, or a mixture composed by hexane/dichloromethane, hexane/ethyl acetate or

dichloromethane/ethyl acetate, in variable ratios.

Column adsorption chromatography

Most reaction products were purified by column adsorption chromatography,
using silica gel 60 (Merck) as stationary phase. The eluents used are described in the

synthetic methods relative to each compound.

Size exclusion chromatography

For the cases where size exclusion chromatography was used, Sephadex® G-10
was selected as stationary phase (size exclusion for compounds with MW > 700 g/mol)
and deionized water as eluent. The preparation of the Sephadex® G-10 resin is as
follows: i) the dry powder is added to a 1 M NacCl solution and the resin will swell at 90
oC for 3 h; ii) the supernatant is decanted; iii) the slurry is added to a column and packed
by gravity flow; iv) copious amounts of deionized water are added to remove NaCl salts
from the resin; v) the reaction crude is added to the top of the column and eluted with

water.

Microwave-assisted chemistry

All microwave-assisted reactions were performed in a CEM Discover SP
equipment. Appropriate microwave glass vessels with 10 mL capacity were used, tightly
sealed with a Teflon lid. In all cases, the reaction vessel was loaded with the reaction

components and sealed in a glove-box, under N, atmosphere.

Ultrasound

All ultrasound-assisted reactions were carried out in a 3 L OVAN ultrasonic

equipment.
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Nuclear Magnetic Resonance Spectroscopy (NMR)

The proton (*H) and carbon (*3C) Nuclear Magnetic Resonance Spectroscopy
(NMR) were recorded in a Bruker Avance 400 (400, 101 MHz, respectively), located in
the Chemistry Department of the University of Coimbra. In both cases, tetramethylsilane
(TMS) (6=0.00 ppm) was used as internal standard. NMR data is presented as follows:
Nucleus (frequency, solvent): chemical shift (6, ppm) [signal multiplicity (s-singlet, d-
duplet, t-triplet, g-quartet, dd-doublet of doublets, ddd- doublet of doublet of doublets,
td-triplet of doublets), coupling constant (J, in Hz), relative intensity (nH, where n is the

proton number), proton/carbon assignment].

Mass spectrometry (MS)

The electron impact (EI) mass spectra were recorded in an Autospec Micromass
by Unidade de Masas e Protedmica — University of Santiago de Compostela, Spain. The
electrospray-time of flight (ESI-TOF) mass spectra were recorded in a Bruker Microtof

by Unidade de Masas e Protedmica.

UV-Visible spectroscopy

The UV-Visible spectra were recorded in a Hitachi U-2010 spectrophotometer,

using quartz cells with an optical path of 1 cm.

Solvent degassing

Solvents used in the Pd-catalyzed couplings were degassed using the freeze-
pump-thaw method. Briefly, the oxygen of the system was removed by 3x cycles of
vacuum/argon; then, the solvent was frozen with liquid nitrogen and was placed under
vacuum for 5 min; then, the vacuum stopcock was closed, and the solution was warmed
to room temperature; the system was degassed with 3x cycles of vacuum/argon and the

aforementioned steps were repeated for a total of 3 times.

Solvent drying

147



When anhydrous conditions were required, toluene and 1,4-dioxane were dried
using the Na/benzophenone method. In a round-bottom flask, sodium flakes and
benzophenone were added to the solvent. The mixture was kept under reflux until a
strong blue color was observed. After distillation, the solvents were stored under

nitrogen atmosphere and activated 4 A molecular sieves.!

4.2 — Experimental of Chapter 2

4.2.1 - Synthesis of photosensitizers

4-(1H-imidazol-1-yl)phthalonitrile (2.1)

Conventional synthesis: In a round-bottom flask, imidazole (0.82 g, 12 mmol), 4-

nitrophthalonitrile (1.7 g, 10 mmol) and K2CO3 (2.1 g, 15 mmol) were mixed in DMF (5
mL). The reaction was kept at room temperature for 48 h, with vigorous stirring. Then,
the base was filtered off and the filtrate was washed with DMF. The product was
precipitated from the reaction mixture by addition of cold water. The precipitate was
washed with hot methanol (50 mL) under vigorous stirring. After filtering and drying, a
yellow solid was obtained in 56% yield (1.1 g).

Ultrasound multi-gram synthesis: In a round-bottom flask, imidazole (2.45 g, 36

mmol), 4-nitrophthalonitrile (5.1 g, 30 mmol) and K,COs (6.2 g, 45 mmol) were mixed in
DMSO (15 mL). The reaction was carried out under ultrasounds for 8 h. Then, cold water
was added to the reaction mixture and the precipitated product was filtered off and
dried. A yellow solid was obtained in 68% vyield (4.75 g). Characterization data in

accordance to literature.?

51 on| 'HNMR (400 MHz, DMSO-de): 6, ppm 8.58 (d, /= 1.7 Hz, 1H, Hy),
/@1" 8.53 (s, 1H, Hx), 8.29-8.22 (m, 2H, Hs, He), 7.98 (s, 1H, Hs), 7.18
N_J ) 2" | (s, 1H, Ha)

' 13C NMR (101 MHz, DMSO-ds): 6, ppm 140.2 (Cs), 136.0 (C2),

135.7 (Cs), 130.9 (Ca), 124.4 (C3), 117.6 (Cs), 116.4 (C1), 115.6 (C17), 115.4 (C), 111.7
(C)
MS (El): m/z calculated for [C11HeN4] 194.0592; Found: 194.0591 [M]*
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2(3),9(10),16(17),23(24)-tetrakis(1H-imidazol-1-yl)phthalocyaninato zinc (ll) (2.2)

Conventional synthesis: In a round-bottom flask, 2.1 (288 mg, 1.5 mmol) and

Zn(OAc)2.2H20 (110 mg, 0.50 mmol) were dissolved in DMAE (2 mL). The reaction was
stirred at 140 °C for 24 h, under inert atmosphere. After cooling, methanol was added
to the reaction mixture and the resulting precipitate was filtered off and washed with
water, methanol and acetone. After drying, a green precipitate was obtained in 71%
yield (222 mg).

Microwave-assisted synthesis: A microwave vessel was loaded with 2.1 (288 mg,

2.6 mmol), Zn(OAc)2.2H,0 (110 mg, 0.50 mmol) and DMAE (0.5 mL) as solvent. The
reaction was carried at 140 °C during 1 h, with a Pmax = 150 W. After cooling down, the
product was precipitated using methanol, filtered and washed with water, methanol and
acetone. The product was obtained in 69% yield (215 mg). Characterization data in

accordance to literature.?

1H NMR (400 MHz, pyridine-ds): 5, ppm 9.41-
9.24 (m, 8H, Har), 8.91-8.83 (m, 4H, Ha,), 8.31-
8.06 (m, 8H, Har), 7.80-7.72 (m, 4H, Ha,)

MS (ESI-TOF): m/z calculated for [CagH25N16ZN]
841.1740; Found: 841.1735 [M+H]*

2(3),9(10),16(17),23(24)-tetrakis(1H-imidazol-1-yl)phthalocyaninato chloroindium
(1) (2.3)

Conventional synthesis: In a round-bottom flask, 2.1 (288 mg, 1.5 mmol) and

InCl3 (111 mg, 0.50 mmol) were dissolved in quinoline (3 mL). The reaction was stirred
at 180 °C for 8 h, under inert atmosphere. After cooling, methanol was added to the

reaction mixture and the resulting precipitate was filtered off and washed with water,
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methanol and acetone. After drying, a green precipitate was obtained in 67% yield (245

mg).

Microwave-assisted synthesis: A microwave vessel was loaded with 2.1 (288 mg,

2.6 mmol) and InCl3 (111 mg, 0.50 mmol) and DMAE (0.5 mL) as solvent. The reaction
was carried at 180 °C during 1 h, with a Pmax = 150 W. After cooling down, the product
was precipitated using methanol, filtered and washed with water, methanol and
acetone. After drying, a green precipitate was obtained in 76% vyield (278 mg).

Characterization data in accordance to literature.?

[N\> 14 NMR (400 MHz, DMSO-ds): 5, ppm 8.54 (s,

N N | 4H, Ha), 8.17 (d, J = 2.0 Hz, 4H, Hay), 8.12 (dd, J
= 8.1, 2.0 Hz, 4H, Har), 8.01 (s, 4H, Har), 7.94 (d, J
= 8.1 Hz, 4H, Har), 7.17 (s, 4H, Ha)

MS (ESI-TOF): m/z calculated for [CasH26N1gNa]
801.2424; Found: 801.4744 [M-InCl+2H+Na]*

2(3),9(10),16(17),23(24)-tetrakis(3-ethyl-1H-imidazol-1-yl)phthalocyaninato zinc (ll)
tetraiodide (IPc-Zn-Et*)

A microwave vessel was loaded with 2.2 (50 mg, 0.059 mmol) and iodoethane
(94 uL, 1.18 mmol) and DMSO (0.3 mL). The reaction was carried at 120 °C during 5 min,
with a Pmax = 150 W. After cooling down, the product was precipitated using acetone
and washed with diethyl ether. After drying, a green precipitate was obtained in 59%

yield (51 mg). Characterization data in accordance to literature.?
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2(3),9(10),16(17),23(24)-tetrakis(3-ethyl-1H-
chloroindium (ll) tetraiodide (IPc-In-Et**)

A microwave vessel was loaded with

1H NMR (400 MHz, DMSO-dg): §, ppm
10.50-10.10 (m, 4H, Ha), 9.80-9.05 (m,
4H, Har), 9.00-8.50 (m, 8H, Ha), 8.44-
8.08 (m, 8H, Har), 4.45 (br, 8H, Hera),
1.62 (brs, 12H, Heus)

MS (ESI-TOF): m/z calculated for
[C52H44I3N152n] 1337.0344; Found:
1337.0394 [M-I]*

imidazol-1-yl)phthalocyaninato

2.2 (50 mg, 0.054 mmol) and iodoethane

(86 pL, 1.08 mmol) and DMSO (0.3 mL). The reaction was carried at 120 °C during 5 min,

with a Pmax = 150 W. After cooling down, the product was precipitated using acetone

and washed with diethyl ether. After drying,

yield (53 mg). Characterization data in accord
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a green precipitate was obtained in 63%

ance to literature.?

'H NMR (400 MHz, DMSO-dg): 8, ppm
10.42 (brs, 4H, Har), 9.94-9.50 (m, 8H,
Har), 8.89-8.77 (m, 8H, Har), 8.33 (br, 4H,
Har), 4.53 (br, 8H, Hcn2), 1.74 (brs, 12H,

Hchs)

MS (ESI-TOF): m/z calculated for
[Cs2Haal2N16In]/2 630.5536; Found:
1337.0394 [M-CI-21]>*/2 630.5526



5,15-bis(1,3-dimethylimidazol-2-yl)porphyrinate diiodide (IP-H-Me?*)

A microwave vessel was loaded with 5,15-bis(1-methylimidazol-2-yl)porphyrin
(50 mg, 0.11 mmol), iodomethane (68 uL, 1.1 mmol) and DMSO (0.3 mL). The reaction
was carried at 120 °C during 5 min, with a Pmax = 150 W. After cooling down, the product
was precipitated using a mixture of acetone and pentane, filtered and dried. The desired
porphyrin was obtained as a dark purple solid in 95% vyield (82 mg). Characterization

data in accordance to literature.?

1H NMR (400 MHz, CDs0D): &, ppm 10.89 (s, 2H,
Hmeso), 9.87-9.86 (m, 4H, Hg), 9.17-9.15 (m, 4H,

Hg), 8.38 (s, 4H, Himid), 3.85 (s, 12H, Huve)

MS (ESI-TOF): m/z calculated for [CsoH2sNs]/2

250.1213; Found: 250.1218 [M-21]%*/2.

5,10,15,20-tetrakis(1,3-dimethylimidazol-2-yl)porphyrinate tetraiodide (IP-H-Me**)

A microwave vessel was loaded with 5,10,15,20-tetrakis(1-methylimidazol-2-
yl)porphyrin (50 mg, 0.08 mmol), iodomethane (100 pL, 1.6 mmol) and DMSO (0.3 mL).
The reaction was carried at 120 °C during 5 min, with a Pmax =150 W. After cooling down,
the product was precipitated using a mixture of acetone and pentane, filtered and dried.
The desired porphyrin was obtained as a dark brown solid in 92% yield (88 mg).

Characterization data in accordance to literature.?

'H NMR (400 MHz, DMSO-dg): 6, ppm 9.35
(brs, 8H, Hg), 8.53 (s, 8H, Himid), 3.75 (s, 24H,
M)/ -3.21 (brsl 2HI ﬂw)

MS (ESI-TOF): m/z calculated for [CagHa2N12]/4
172.5908; Found: 172.5908 [M-4l]*/4
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5,10,15,20-tetrakis(1,3-dimethylimidazol-2-yl)porphyrinate zin(ll) tetraiodide (IP-Zn-
Me4+)

A microwave vessel was loaded with IP-H-Me* (20 mg, 0.016 mmol),
Zn(OAc)2.2H20 (35 mg, 0.16 mmol) and methanol (0.3 mL). The reaction was carried at
120 °C during 5 min, with a Pmax = 150 W. After cooling down, the solvent was
evaporated. Then, the crude was dissolved in water and purified through size exclusion
chromatography, using Sephadex G10 as stationary phase. The desired porphyrin was
obtained as a dark purple solid in 90% yield (18 mg). Characterization data in accordance

to literature. 4

1H NMR (400 MHz, DMSO-ds): 5, ppm 9.23 (brs,
8H, Hg), 8.51 (brs, 8H, Himig), 3.69 (s, 24H, Hue)

MS (ESI-TOF): m/z calculated for
[Ca0Ha0N12Zn]/4 188.0692; Found: 188.0693 [M-
4I]4+/4

4.2.2 — EcoScale calculations

The detailed calculations used for the assessment of the Ecoscale values® in the
optimization of the synthesis of phthalonitrile 2.1, and of phthalocyanines 2.2 and 2.3

are presented in this subsection.
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a) Synthesis of 4-(1H-imidazol-1-yl)phthalonitrile (2.1)

1. Conventional heating (room temperature), DMF as solvent, 48 h reaction time, 56%

isolated yield (Table 2.1, entry 1):

Parameter Deduction points
1. Yield: (100 - yield%)/2 22
2. Price of reaction components to

) i 0 (Inexpensive, < 10 S)
obtain 10 mmol final product

10 (DMF, extremely toxic)
5 (DMF, highly flammable)

3. Safety 10 (imidazole, extremely toxic)
10 (K2COs3, extremely toxic)

4. Technical setup 0 (Common setup)

5. Temperature/time 2 (Room temperature < 48 h)

6. Workup and purification 2 (2x Crystallization and filtration)

7. Total (100 - deduction points) 39

2. Ultrasound (room temperature), DMF as solvent, 9 h reaction time, 62% isolated yield

(Table 2.1, entry 2):

Parameter Deduction points
1. Yield: (100 - yield%)/2 19
2. Price of reaction components to

O (Inexpensive, < 10
obtain 10 mmol final product ( P °)

10 (DMF, extremely toxic)
5 (DMF, highly flammable)

3. Safety ) .
10 (Imidazole, extremely toxic)
10 (K2COs3, extremely toxic)
4. Technical setup 2 (Ultrassound activation)
5. Temperature/time 1 (Room temperature < 24 h)
6. Workup and purification 2 (2x Crystallization and filtration)
7. Total (100 - deduction points) 41
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3. Ultrasound (room temperature), DMSO as solvent, 8 h reaction time, 68% isolated

yield (Table 2.1, entry 4):

Parameter

Deduction points

1. Yield: (100 - yield%)/2

16

2. Price of reaction components to
obtain 10 mmol final product

0 (Inexpensive, < 10 $)

3. Safety

10 (Imidazole, extremely toxic)
10 (K2COs3, extremely toxic)

4. Technical setup

2 (Ultrassound activation)

5. Temperature/time

1 (Room temperature < 24 h)

6. Workup and purification

1 (Crystallization and filtration)

7. Total (100 - deduction points)

60

b) Synthesis of 2(3),9(10),16(17),23(24)-tetrakis(1H-imidazol-1-

yl)phthalocyaninato zinc (l1) (2.2)

1. Conventional heating (140 °C), DMAE as solvent, 24 h reaction time, 71% isolated yield

(Table 2.3, entry 1):

Parameter

Deduction points

1. Yield: (100 - yield%)/2

14.5

2. Price of reaction components to
obtain 10 mmol final product

0 (Inexpensive, < 10 S)

3. Safety

10 (Zinc acetate, extremely toxic)
5 (Zinc acetate, dangerous for environment)
5 (DMAE, toxic)
5 (DMAE, highly flammable)

4. Technical setup

0 (Common setup)

5. Temperature/time

3 (Heating, > 1 h)

6. Workup and purification

1 (Crystallization and filtration)

7. Total (100 - deduction points)

56.5
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2. Microwave heating (140 °C), DMAE as solvent, 1 h reaction time, 69% isolated yield
(Table 2.3, entry 2):

Parameter Deduction points
1. Yield: (100 - yield%)/2 15.5
2. Price of reaction components to

0 (Inexpensive, < 10
obtain 10 mmol final product ( P °)

10 (Zinc acetate, extremely toxic)
5 (Zinc acetate, dangerous for environment)

3. Safety .
5 (DMAE, toxic)
5 (DMAE, highly flammable)
4. Technical setup 2 (Microwave activation)
5. Temperature/time 2 (Heating, <1 h)
6. Workup and purification 1 (Crystallization and filtration)
7. Total (100 - deduction points) 56.5

c) 2(3),9(10),16(17),23(24)-tetrakis(1H-imidazol-1-yl)phthalocyaninato
chloroindium (ll1) (2.3)

1. Conventional heating (180 °C), Quinoline as solvent, 8 h reaction time, 67% isolated

yield (Table 2.3, entry 3):

Parameter Deduction points
1. Yield: (100 - yield%)/2 16.5
2. Price of reaction components to

0 (Inexpensive, < 10
obtain 10 mmol final product ( P ?)

10 (Indium chloride, extremely toxic)

3. Safety 10 (Quinoline, extremely toxic)
5 (Quinoline, dangerous for the environment)
4. Technical setup 0 (Common setup)
5. Temperature/time 3 (Heating, > 1 h)
6. Workup and purification 1 (Crystallization and filtration)
7. Total (100 - deduction points) 56.5
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2. Microwave heating (180 °C), Quinoline as solvent, 1 h reaction time, 66% isolated yield

(Table 2.3, entry 4):

Parameter Deduction points
1. Yield: (100 - yield%)/2 17
2. Price of reaction components to

O (Inexpensive, < 10
obtain 10 mmol final product ( P °)

10 (Indium chloride, extremely toxic)

3. Safety 10 (Quinoline, extremely toxic)
5 (Quinoline, dangerous for the environment)
4. Technical setup 2 (Microwave activation)
5. Temperature/time 2 (Heating, < 1 h)
6. Workup and purification 1 (Crystallization and filtration)
7. Total (100 - deduction points) 56.5

3. Microwave heating (180 °C), DMAE as solvent, 1 h reaction time, 76% isolated yield

(Table 2.3, entry 5):

Parameter Deduction points
1. Yield: (100 - yield%)/2 12
2. Price of reaction components to

. . 0 (Inexpensive, < 10 S)
obtain 10 mmol final product

10 (Indium chloride, extremely toxic)

3. Safety 5 (DMAE, toxic)

5 (DMAE, highly flammable)
4. Technical setup 2 (Microwave activation)
5. Temperature/time 2 (Heating, < 1 h)
6. Workup and purification 1 (Crystallization and filtration)
7. Total (100 - deduction points) 63

4.2.3 — In vitro biological studies

Bacterial strains and culture conditions

In this study, we selected a standard E. coli strain from American Type Culture
Collection (ATCC 25922), which is used as a control in evaluation of antibiotic
susceptibility tests (clinical antibiograms)® that shows susceptibility to ciprofloxacin and

an E. coli strain from our laboratory that shows reduced susceptibility to ciprofloxacin
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(MIC = 0.25 mg/L; just a log, below the breakpoint that defines clinical resistance),
herein referred to as reduced susceptibility (RS) E. coli strain.

The MDR E. coli strain used was isolated from an aviary, showing resistance to
ciprofloxacin (MIC = 32 mg/L), tetracyclines and amoxicillin.

Mueller-Hinton broth (Sigma Aldrich) was used for overnight incubation in MIC
determination of ciprofloxacin and for dual phototherapy studies. For CFU counting,

plates coated with Mueller Hinton agar (MH, Sigma Aldrich) were used.

Photosensitizers and antibiotics

Stock solutions of the photosensitizers were prepared by dissolving 1.0 mgin 1.0
mL DMSO. Further dilutions to the appropriate concentration were made using distilled
water. Ciprofloxacin was commercially acquired as its corresponding HCI salt (Sigma-
Aldrich). Stock solutions (1 mg/mL) of ciprofloxacin in water slightly acidified with HCI

(pH = 5) were prepared and further diluted using distilled water.

Light sources

For phthalocyanine irradiation (IPc-Zn-Et**, IPc-In-Et*), a custom-made red LED
(Amax = 659 nm) with fluence of 4.0 mW/cm? was used. For porphyrin irradiation (IP-H-
Me?*, IP-H-Me*, IP-Zn-Me**), a custom-made blue LED (Amax= 415 nm) with fluence of

3.0 mW/cm? was used.

Ciprofloxacin MIC determination

The planktonic E. coli strains were cultured in Mueller—Hinton agar (MH) at 37 °C
overnight. Cell density was adjusted to 0.5 optical density in MacFarland grade in double
distilled (ddH,0), which corresponds to approximately 1-2 x 108 CFU/mL, and was
diluted 20-fold. The range of CIP concentrations tested was 500 mg/L to 0.004 mg/L.
Sterile microplates with 96 round-bottomed wells were filled with MH broth, CIP, and
10 ulL of the bacteria solutions, in order to have a final inoculum size of approximately 5
x 10° CFU/mL. For experiments where the effect of the inoculum size on MIC was
measured, further dilutions of the 5 x 10° CFU/mL inoculum were performed

accordingly. Wells with only MH medium, or bacteria were used as sterile, and growth
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controls, respectively. The microplates were incubated at 37 °C for 20 h. The lowest
concentration of the compound that prevented visible growth was considered to be the

minimal inhibitory concentration (MIC). The experiments were performed in triplicate.

Photodynamic inactivation of planktonic cultures

The planktonic E. coli strains were cultured in Mueller—Hinton agar (MH) at 37 °C
overnight. Cell density was adjusted to 0.5 optical density in MacFarland grade in ddH;0,
which corresponds to approximately 1 — 2 x 108 CFU/mL, and was diluted 20-fold. In 96-
well plates, 10 uL of the diluted inoculum were added to a solution of 90 L of
photosensitizer in ddH;0 at the desired concentration, for a final inoculum size of 5 x
10° CFU/mL. The plates were incubated in the dark, at room temperature, for 1h.
Following incubation, the wells were irradiated with the appropriate light source, using
light doses between 1.8 - 5.4 J/cm?. Dark controls were covered in aluminum foil during
the time of irradiation. The light dose used represents the actual light dose absorbed by
each compound, corrected by LED light emission overlap with compound absorption 7,
using the following multiplicative factors: IPc-In-Et** = 0.28; IPc-Zn-Et** = 0.34; IP-H-Me?*
=0.25; IP-H-Me* = 0.69; IP-Zn-Me** = 0.63. After irradiation, 10 pL aliquots were taken
from each well and dilutions in water were done as needed and plated in Petri dishes
with MH agar. After 37 °C incubation during 24 h, the colony-forming units (CFU) were
counted. Experiments were performed in triplicate. Data analysis was carried out in

GraphPad Prism 8.0 (GraphPad Software, San Diego, California USA).

Dual phototherapy

The planktonic E. coli strains were cultured in Mueller—Hinton agar (MH) at 37 °C
overnight. Cell density was adjusted to 0.5 optical density in MacFarland grade in ddH;0,
which corresponds to approximately 1-2 x 108 CFU/mL, and was diluted 20-fold. In 96-
well plates, 10 pyL of the diluted inoculum were added to a solution of 80 uL of
photosensitizer in ddH;0 at the desired concentration, for a final inoculum size of 5 x
10° CFU/mL. Then, 10 pL of several 2-fold diluted stock solutions of CIP at different
concentrations were added (for PDI + CIP simultaneous treatment modality A) or 10 uL

of ddH,0 (for PDI before CIP, modality B). The plates were incubated in the dark, at room
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temperature, for 1 h. Following incubation, the wells were irradiated with the
appropriate light source, using light doses between 1.8 —45.3 J/cm?. After irradiation of
the wells, an aliquot of 10 uL of ddH,0 (PDI + CIP simultaneous treatment modality A)
or from several 2-fold diluted stock solutions of CIP were added (for PDI before CIP,
modality B), in order to calculate the MICcp. Next, 100 pL of MH broth were added to
each well, and the plates were incubated at 37 °C during 20 h. The MICcp was
determined as the minimum concentration of ciprofloxacin required to inhibit visible
bacterial growth. Experiments were performed in triplicate. Data analysis was carried

out in GraphPad Prism 8.0.

Bacterial growth curve under dual phototherapy

Following the general procedure B for dual phototherapy, deep 96-well plates of
1 mL volume were used. Volumes were scaled up = 5-fold: 400 uL of photosensitizer
solution and 50 pL of bacterial inoculum were used. After irradiation, 50 pL of stock
solution of CIP were added to achieve the desired final concentrations, followed by 500
uL of MH broth. Then, the plates were left at 4 °C or 20 °C for 18 h. After this time, the
content of each well was homogenized and transferred to 1 mL plastic cuvettes, which
were incubated at 37 °C and 300 rpm, corresponding to t = 0 time point. The optical
density was measured at 610 nm for each sample hourly, using Thermo Scientific
Genesys 10UV spectrophotometer. Growth curves were constructed in GraphPad Prism

8.0.

4.2.4 - In vivo dual phototherapy

Escherichia coli (ATCC 25922) was used for contamination of mice wounds. The
inoculum maintained in glycerol (40%) in Brain Heart Infusion liquid culture (BHI, Kasvi,
S&o José dos Pinhais, Brazil) medium at -20 °C was reactivated in BHI (9:1) at 37 °C, 150
rom for 16 h in a rotary incubator (model Q315IA Quimis® - Brazil) and centrifuged to
remove the culture medium. All procedures were approved by the Institutional
Committee for the Use and Care of Animals (protocol 3375250621) of the S3o Carlos
Institute of Physics. The induction of skin wounds in Swiss mice was performed using the

methodology proposed by Takakura et al. (2003).2 The animals were immunosuppressed
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on the first and fifth day of the experiment by two subcutaneous injections of
methylprednisolone acetate 40 mg/kg body weight using 40 mg/mL. The animals were
anesthetized on the second day of the experiment with an intraperitoneal injection of a
solution of ketamine (30 mg/kg), xylazine (13 mg/kg) and diazepam 5 mg/kg. The wound
was made with the animals shaved using a punch of 3 mm in diameter, and 50 uL of E.
coli suspension in 108 CFU/mL was added to the wound. The animals were anesthetized
with a solution of ketamine and xylazine (the same concentration) after 6 days of
bacterial inoculation, and separated in groups containing three animals each. The mice
in the PDI + CIP group received a topical application of 50 pL of IP-H-Me* at 20 puM,
followed by 1 h dark incubation and then LED illumination was performed with 50 J/cm?
at 410 nm, and in sequence 1.25 pg/mL of ciprofloxacin was added during 1h. Other
animals only received the application of PS, light or ciprofloxacin in the same
parameters, and the control group didn’t receive any treatment. Immediately after the
application of treatments, the microorganisms were collected using a sterile swab
soaked in saline solution (5x) and rubbed for 30 seconds on the wound. The collection
was subjected to serial dilutions and seeded in duplicate on BHI agar medium (HIMEDIA,
India). The plates were incubated for 24 h at 37 °C and, the values of CFU/mL were
calculated. A second collection was also carried out 72 h after the treatments, following
the same procedure. Then, the mice were euthanized in accordance with the procedure
approved by the Ethic Committee on Animal Use of the Physics Institute of Sao Carlos -

Sao Paulo University (CEUA/IFSC) (Figure 4.1).
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DE SAO PAULO
Instituto de Fisica de Sao Carlos NO USO DE ANIMAIS

4”‘:““} D_'_:(SE UNIVERSIDADE COMISSAO DE ETICA

CERTIFICADO

Certificamos que a proposta intitulada "Uso combinado de antibiéticos e terapia fotodindmica para o tratamento de feridas
contaminadas", protocolada sob o CEUA n? 3375250621, sob a responsabilidade de Kate Cristina Blanco e equipe; Vanderlei
Salvador Bagnato - que envolve a producdo, manutencao e/ou utilizacdo de animais pertencentes ao filo Chordata, subfilo
Vertebrata (exceto o homem), para fins de pesquisa cientifica ou ensino - esta de acordo com os preceitos da Lei 11.794 de 8 de
outubro de 2008, com o Decreto 6.899 de 15 de julho de 2009, bem como com as normas editadas pelo Conselho Nacional de
Controle da Experimentacao Animal (CONCEA), e foi aprovada pela Comissao de Etica no Uso de Animais da Instituto de Fisica de
Sao Carlos - Universidade de Sao Paulo (CEUA/IFSC) na reuniao de 05/08/2021.

We certify that the proposal "Combined use of antibiotics and photodynamic therapy for the treatment of contaminated wounds",
utilizing 40 Heterogenics mice (40 females), protocol number CEUA 3375250621, under the responsibility of Kate Cristina Blanco
and team; Vanderlei Salvador Bagnato - which involves the production, maintenance and/or use of animals belonging to the
phylum Chordata, subphylum Vertebrata (except human beings), for scientific research purposes or teaching - is in accordance
with Law 11.794 of October 8, 2008, Decree 6899 of July 15, 2009, as well as with the rules issued by the National Council for
Control of Animal Experimentation (CONCEA), and was approved by the Ethic Committee on Animal Use of the Physics Institute of
Sao Carlos - Sao Paulo University (CEUA/IFSC) in the meeting of 08/05/2021.

Finalidade da Proposta: Pesquisa (Académica)
Vigéncia da Proposta: de 08/2021 a 10/2021 Area: Grupo de Optica / Fem
Origem: Servigo de Biotério da Prefeitura da USP - Campus de Ribeirdo Preto

Espécie:  Camundongos heterogénicos sexo: Fémeas idade: 6 a6 meses N: 40
Linhagem: Swiss Peso: 25a25g

Local do experimento: Biotério do Laboratério de Biofotdnica

Sao Carlos, 24 de novembro de 2021
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Prof. Dr. Fernando Fernandes Paiva Profa. Dra. Ana Paula Ulian de Aratjo
Coordenador da Comissao de Etica no Uso de Animais Vice-Coordenadora da Comiss&o de Etica no Uso de Animais
Instituto de Fisica de Sao Carlos - Universidade de Sao Paulo Instituto de Fisica de Sao Carlos - Universidade de Sao Paulo
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Hordrio de atendimento: 22 a 62 das 08h as 12h e 13h30 as 17h30 : e-mail: ceva@ifsc.usp.br
CEUAN 3375250621

Figure 4.1: Certificate of approval from the Ethic Committee on Animal Use of the Physics
Institute of Sao Carlos - Sao Paulo University (CEUA/IFSC).
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4.3 - Experimental of Chapter 3

4.3.1 - Computer-aided drug design methods
Generation of the pharmacophore model

Through a comprehensive literature search, >*° several ligands of the E. coli DNA
gyrase subunit B with different affinities were identified. From a total of 145
compounds, 61 were classified as actives (IC50 < 1.0 uM), 54 as intermediates (1.0 uM
< IC50 < 100uM) and 30 as inactives (IC50 = 100 uM). From the actives dataset, the most
structurally diverse 18 compounds were selected as the training set while the remaining
43 were included in the test set. In cases where multiple derivatives were present, the
compound with the highest activity was chosen. For the purpose of generating the
pharmacophore queries, MOE (Molecular Operating Environment) 2018.0802 software
was used,?? using the Unified and EHT annotation schemes. After the training set ligands’
structural alignment, common features were identified using MOE’s annotation
schemes. From a set of about 50 pharmacophoric queries generated through variation
of feature type, number and radii, the best models were selected based on their
performance in discriminating between actives and inactives in the test sets and
computer-generated decoys. The 3750 computer-generated decoys were obtained with

the DUD-E tool, based on the actives dataset.?!
Docking studies on E. coli DNA gyrB

Docking studies were performed in GOLD 5.4 (Cambridge Crystallographic Data
Centre),?? using E. coli’'s DNA gyrase subunit B ATPase binding domain crystallographic
structure (PDB entry 4KFG).?3 For protein preparation, hydrogen atoms were added to
the binding site residues and correct tautomers and protonation states were assigned.
Water molecules and the ligand were deleted from the crystal structure before the
docking studies. The binding site region was defined by a radius of 15 A around the
THR165 residue. To validate our protocol, the crystal structure ligand was docked into
the defined binding site and the best scoring pose was able to reproduce the

crystallographic pose with an RMSD value of 0.57 A. A set of 10 structur-ally diverse
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compounds with varying values of ICsp was docked using the defined pro-tocol. The
following scoring functions were tested: ChemScore, GOLDscore and ChemPLP. The
scoring function that yielded a better docking score correlation with ex-perimental I1Cso
(ChemScore) was selected. From a set containing 6681 computationally generated
derivatives of 2-aminophenyl-5(6)-substituted benzimidazoles, GOLD’s ChemScore
function was used to rank their predicted inhibitory activity. The best scoring poses were
then graphically analyzed in MOE and the relevant protein side-chain interactions were

determined.

Screening of NCI database

The NCI database (Release 4 File Series - May 2012) containing 265,242
structures in sdf format was downloaded?* and loaded into MOE. The dataset was
washed and protonated considering pH = 7. Using the tool “pharmacophore search”, the
NCl database was screened using the optimized pharmacophore A (unified scheme) with
volume exclusion spheres. The resulting hit database was further screened using the
optimized pharmacophore B (EHT scheme) with volume exclusion spheres. The hit list
from both pharmacophores was analyzed using the online tool FAFDrugs4,% in order to
identify problematic functional groups (structural alerts), potential covalent inhibitors
and pan-assay interference compounds (PAINS). The dataset composed of compounds
with no to low risk were docked in the crystallographic structure of E. coli’'s DNA gyrase
subunit B ATPase binding domain crystallo-graphic structure (PDB entry 4KFG).?® The

best scoring compounds were acquired from the NCI for biological testing.

De novo design and screening of a virtual library

The de novo design of a virtual library was carried out using the “Add group to
ligand” tool in MOE, using a 2-(2-aminophenyl)-1H-benzimidazole as base scaffold. The
benzimidazole 5(6) position was selected for adding multiple computer-generated
substituents. The following restrictions were applied for the final structures: Mw < 500
Da, TPSA < 40-120 A% and number of rotatable bonds < 10. In total, 23,832 unique
structures were generated. The dataset was washed and protonated considering pH =

7. The dataset was screened using pharmacophore A and B with volume exclusion
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spheres and through molecular docking, using E. coli’s DNA gyrase subunit B ATPase
binding domain crystallographic structure (PDB entry 4KFG),?®> under the same

conditions reported for the screening of the NCl database.

4.3.2 - Synthesis of benzimidazole compound family

5(6)-bromo-2-(2-nitrophenyl)-1H-benzimidazole (3.1)

Nitrobenzene method: In a round-bottom flask, 4-bromo-1,2-benzenediamine

(900 mg, 4.83 mmol) and 2-nitrobenzaldehyde (800 mg, 5.31 mmol) were mixed in
nitrobenzene (10 mL). The reaction was stirred at 180 °C for 8 h, after which the
nitrobenzene was distilled, under reduced pressure. The obtained black slurry was
dissolved in ethyl acetate, followed by the addition of silica powder and evaporation of
the solvent to dryness. The resulting solid was loaded into a silica gel column, and the
crude was purified with a gradient elution with dichloromethane/ethyl acetate, starting
with pure dichloromethane and finishing with 20:1. The product was obtained as a
yellow solid in 48% yield (738 mg).

Ethanol method: In a round-bottom flask, 4-bromo-1,2-benzenediamine (5.0 g;

26.8 mmol), 2-nitrobenzaldehyde (4.46 g; 29.6 mmol) and 500 mg of Montmorillonite
K10 were mixed in ethanol (60 mL). The reaction was stirred at room temperature for 4
h. The mixture was filtered, the solvent was evaporated, and the obtained dark orange
slurry was dissolved in ethyl acetate, followed by the addition of silica powder and the
evaporation of the solvent to dryness. The resulting solid was loaded into a silica gel
column, and the crude was purified dichloromethane/ethyl acetate 10:1. The product

was obtained as a yellow solid in 62% yield (5.28 g).

'H NMR (400 MHz, DMSO-ds): 6, ppm 14.50-12.00 (brs,
4 6 5
3 3
Br"{j’:“\ ! . | 1M N-H), 805 (dd, /=80, 1.3 Hz, 1H, Ha), 7.97 (dd, J =
2
6 Ni" =7, | 7.8,15Hz 1H, He), 7.88 (td, /= 7.6, 1.3 Hz, 1H, Hy), 7.82

(d, J=1.9 Hz, 1H, Ha/7), 7.78 (td, J = 7.8, 1.5 Hz, 1H, Ha),

7.59 (d, J = 8.5 Hz, 1H, H7/4), 7.39 (dd, J = 8.5, 2.0 Hz, 1H, He/s)

165



13C NMR (101 MHz, DMSO-ds): 5, ppm 148.9 (Cy), 148.7 (C2), 132.8 (Cs), 131.2 (Cx),
131.1 (Ce), 125.4 (Cess), 124.4 (C'), 123.9 (Cr), 118.1 (Cas7), 116.5 (C7/a), 114.7 (Csys). Cza
and Cza not visible due to tautomerism.

MS (ESI-TOF): m/z calculated for [C13H9BrNsO;] 317.9878; Found: 317.9877 [M+H]*

2-(2-aminophenyl)-5(6)-bromo-1H-benzimidazole (3.2)

In a round-bottom flask, 5(6)-bromo-2-(2-nitrophenyl)-1H-benzimidazole (1.5g,
4.72 mmol), hydrazine monohydrate (2.3 mL, 47.2 mmol) and Pd/C 5% (117 mg) were
mixed in methanol (20 mL). The solution was stirred for 30 min at reflux temperature
(70 °C). The resulting solution was filtrated, and ethyl acetate was added. The organic
phase was washed 5x with water and dried with anhydrous Na;SOa. The product was
purified by silica gel chromatography using ethyl acetate as eluent. A dark yellow

compound was obtained in 79% yield (1.07g).

'H NMR (400 MHz, CDCl3): §, ppm 7.73 (d, J = 1.8 Hz, 1H,
4 6 5
o S{j’a:N\ ] Ha/7), 7.52 (dd, J = 7.9, 1.5 Hz, 1H, He), 7.45 (d, J = 8.5 Hz,
r 2 4'
6 N 7 1H, Hysa), 7.35 (dd, J = 8.5, 1.8 Hz, 1H, Hess), 7.22 (ddd, J

=8.2,7.2,1.5 Hz, 1H, Hy), 6.81 (dd, J = 8.2, 1.1 Hz, 1H,

Hz), 6.75 (ddd, J=7.9, 7.2, 1.1 Hz, 1H, Hs/)

13C NMR (101 MHz, CDCls): §, ppm 152.8, 147.6, 131.5,126.7,126.0,117.9, 117.3, 117.1,
116.0, 115.8, 110.9. C3a and C7a not visible due to tautomerism.

MS (ESI-TOF): m/z calculated for [C13H11BrN3] 288.0136; Found: 288.0131 [M+H]*

1-benzyl-5(6)-bromo-2-(2-nitrophenyl)-1H-benzimidazole (3.3)

In an oven-dried Schlenk tube coupled with a condenser, 5(6)-bromo-2-(2-
nitrophenyl)-1H-benzimidazole (2.5 g, 7.86 mmol) was dissolved in dry THF (5 mL). The
system was degassed with 5x vacuum/argon cycles. To the stirring solution at 0 °C, NaH
(60% in mineral oil) (226 mg, 9.43 mmol) was slowly added under an argon flow. After
the evolution of the hydrogen gas, benzyl bromide (1.12 mL, 9.43 mmol) and a catalytic

amount of tetra-n-butylammonium iodide were added. The mixture was heated at reflux
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temperature (70 °C) for 2h. After cooling, the reaction was quenched with methanol,
and the solvent was evaporated. The crude was purified by column chromatography
using dichloromethane/ethyl acetate 1:20. The isomer mixture was obtained as a yellow

solid in 87% yield (2.8 g).

H NMR (400 MHz, CDCls): 1:1 regioisomer mixture; §,
ppm 8.17-8.10 (m, 1H, Har), 7.89 (d, J = 1.8 Hz, 0.5H, Ha/),
7.65-7.59 (m, 2.5H, Ha), 7.44 — 7.33 (m, 2H, Hal), 7.30
(dd,J=8.6,1.8 Hz, 0.5H, Har), 7.22-7.16 (m, 3H, Ha, Hs),

7.03(d, = 1.8 Hz, 0.5H, Ha), 6.96-6.90 (m, 2H, Hz"), 5.13

(s, 1H, Hy~), 5.11 (s, 1H, Hy~)
13C NMR (101 MHz, CDCl3): 1:1 regioisomer mixture; 6, ppm 150.9, 150.5, 148.8, 144.1,
141.8, 136.2, 135.1, 135.0, 134.1, 133.6, 133.5, 132.73, 132.70, 131.58, 131.56, 129.2,
129.1, 128.41, 128.38, 126.8, 126.76, 126.72, 126.4, 125.38, 125.4,125.2, 125.1, 123.1,
121.5,117.0, 116.0, 113.8, 112.1, 48.7, 48.6
MS (ESI-TOF): m/z calculated for [C13H9BrN303] 408.0348; Found: 408.0345 [M+H]*

1-boc-5-bromo-2-(2-nitrophenyl)-1H-benzimidazole and 1-boc-6-bromo-2-(2-
nitrophenyl)-1H-benzimidazole (3.4)

In a round-bottom flask, 5(6)-bromo-2-(2-nitrophenyl)-1H-benzimidazole (1.66
g, 5.22 mmol), di-tert-butyl dicarbonate (2.28g, 10.44 mmol) and DMAP (638 mg, 5.22
mmol) were mixed in dichloromethane (30 mL) and the reaction was left stirring at room
temperature for 24 h. The solvent was evaporated, and the product was purified by
column chromatography using hexane/ethyl acetate 4:1 as eluent. Two pure fractions
of light yellow solids (isomers 3.4a and 3.4b) were obtained in a 1:1 ratio with an overall

yield of 89% (1.95 g).
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1-boc-5-bromo-2-(2-nitrophenyl)-1H-benzimidazole (3.4a)

' 1H NMR (400 MHz, CDCls): 5, ppm 8.30 (dd, J = 8.2, 1.3
Br}ij‘:“\g’ 1 = o | Hz/1H H3),7.95(d,/=8.7 Hz, 1H, Hy), 7.92 (d, /= 1.9 H,

6 N?Z_Q. 1H, Ha), 7.79 (td, J = 7.5, 1.3 Hz, 1H, Hy), 7.70 (ddd, J =
8.2,7.5,1.6 Hz, 1H, He), 7.64 (dd, J = 7.5, 1.6 Hz, 1H, Hg),

o
4\@' 7.54 (dd, J = 8.7, 1.9 Hz, 1H, He), 1.37 (s, 9H, Hz")
13C NMR (101 MHz, CDCl3): 6 151.0 (Cy), 147.74 (Cy1), 147.73 (Cy), 144.0 (Cza), 133.9 (C),

132.2 (Cza), 132.1 (Cy), 130.8 (Ca'), 128.8 (Cr), 128.7 (Ce), 124.7 (Cz), 123.4 (Ca), 117.7
(Cs), 116.7 (C7), 86.4 (C2v), 27.7 (C32)
MS (ESI-TOF): m/z calculated for [C1sH17BrN304] 418.0402; Found: 418.0403 [M+H]*

1-boc-6-bromo-2-(2-nitrophenyl)-1H-benzimidazole (3.4b)

> 1H NMR (400 MHz, CDCls): &, ppm 8.30 (dd, J = 8.2, 1.3

o :g Hz, 1H, Hy), 8.28 (d, J = 1.9 Hz, 1H, Hy), 7.79 (td, J = 7.5,

Bre 1 73\]/1 & 5 1.3 Hz, 1H, Hs), 7.70 (ddd, J = 8.2, 7.5, 1.5 Hz, 1H, Ha'),

\©: />2_1'©4' 7.65 (dd, J=7.5, 1.5 Hz, 1H, He), 7.64 (d, J = 8.5, 1H, Ha),
R NSOZN 2 3 7.52 (dd, J = 8.5, 1.9 Hz, 1H, Hs), 1.37 (s, 9H, Hz")

13C NMR (101 MHz, CDCls): & 150.2 (C2), 147.6 (C2),
147.6 (C1~), 141.6 (Cza), 133.94 (C7a), 133.8 (Cs), 132.0 (Cg), 130.7 (Ca), 128.7 (Cy), 127.9
(Cs), 124.6 (C3), 121.4 (Ca), 119.0 (Ce), 118.5 (C7), 86.4 (C27), 27.5 (C37)
MS (ESI-TOF): m/z calculated for [C1sH17BrN304] 418.0402; Found: 418.0403 [M+H]*

1-benzyl-5(6)-(3,4,5-trimethoxyphenyl)-2-(2-nitrophenyl)-1H-benzimidazole (3.5)

In a Schlenk tube, 1-benzyl-5(6)-bromo-2-(2-nitrophenyl)-1H-benzimidazole (500
mg, 1.22 mmol) and 3,4,5-trimethoxyphenylboronic acid (526 mg, 2.48 mmol) were
dissolved in a mixture of THF/H20 4:1 (15 mL). Under an argon flow, Pd(OAc); (27 mg;
0.12 mmol), PPh3 (80 mg; 0.30 mmol) and K>COs3 (380 mg, 9.2 mmol) were added and
the reaction was heated to 70 °C for 16 h. After cooling, ethyl acetate was added to the

reaction, and the insoluble solid was filtered. The organic phase was then washed with
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a 1M solution of NaOH (5x), followed by water (2x). After drying with Na;SO4 and
filtering, the solvent was evaporated. Then, a column chromatography in silica gel was
performed using dichloromethane/ethyl acetate 5:1 as eluent. The isomer mixture was

obtained as a yellow solid in 66% yield (399 mg).

'H NMR (400 MHz, CDCl3): 1:1 regioisomer

mixture; §, ppm 8.20-8.11 (m, 1H, Ha/), 7.94
(d, J = 1.6 Hz, 0.5H, Has), 7.79 (d, J = 8.4 Hz,
0.5H, Har), 7.67 — 7.58 (m, 2H, Hal), 7.48 —
7.40 (m, 2H, Ha), 7.27-7.18 (m, 4H, Ha/),
7.02-6.95 (m, 2H, Ha/), 6.76 (s, 1H, Hy»), 6.63

(s, 1H, Hy, He), 5.19 (s, 1H, H1~), 5.17 (s, 1H, H1~), 3.87-3.80 (m, 9H, H7~, Hg, Ho)

13C NMR (101 MHz, CDCl3): 1:1 regioisomer mixture; & 153.57, 153.55, 150.4, 150.3,
148.9, 137.71, 137.67,137.5, 137.1, 135.6, 135.4, 135.3, 134.5, 133.54, 133.51, 132.83,
132.77,131.54, 131.46, 129.12, 129.08, 128.3, 128.2, 126.9, 126.8, 125.7, 125.2, 125.1,
123.6,122.9,120.2,118.4,111.0, 109.3, 105.0, 104.9, 61.1, 56.3, 48.7

MS (ESI-TOF): m/z calculated for [C29H26N305] 496.1872; Found: 496.1870 [M+H]*

1-benzyl-5(6)-(3-fluoro-4-(methoxycarbonyl)phenyl)-2-(2-nitrophenyl)-1H-

benzimidazole (3.6)

In a Schlenk tube, 1-benzyl-5(6)-bromo-2-(2-nitrophenyl)-1H-benzimidazole (300
mg, 0.74 mmol) and 3-fluoro-4-(methoxycarbonyl)phenylboronic acid (293 mg, 1.48
mmol) were dissolved in a mixture of THF/H,0 4:1 (8 mL). Under an argon flow, Pd(OAc)
(16 mg; 0.074 mmol), PPhs (48 mg; 0.18 mmol) and K2CO3 (100 mg, 1.38 mmol) were
added and the reaction was heated to 70 °C for 16 h. After cooling, ethyl acetate was
added to the reaction, and the insoluble solid was filtered. The organic phase was then
washed with water (2x). After drying with Na,SOs4 and filtering, the solvent was
evaporated. Then, a column chromatography in silica gel was performed using
dichloromethane/ethyl acetate 5:1 as eluent. The isomer mixture was obtained as a

yellow solid in 80% yield (286 mg).
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1H NMR (400 MHz, acetone-dg): 1:1
regioisomer mixture; 6, ppm 8.28-8.20 (m,
1H, Har), 8.06 (d, J = 1.7 Hz, 0.5H, Har), 8.04-
7.95 (m, 1H, Har), 7.95 (d, J = 1.7 Hz, 0.5H,

Har), 7.90-7.83 (m, 2H, Ha), 7.80 (d, J = 8.5

Hz, 0.5H, Hag), 7.76-7.52 (m, 4.5H, Ha), 7.33-7.23 (m, 3H, Ha), 7.20-7.15 (m, 2H, Hal),
5.28 (s, 1H, H17), 5.25 (s, 1H, Hy), 3.94 (s, 1.5H, Hg~), 3.93 (s, 1.5H, Hg")

13C NMR (101 MHz, acetone-dg): 1:1 regioisomer mixture; §, ppm: 165.0, 164.9, 164.9,
164.9, 164.3, 164.2,161.7, 161.6, 152.0, 151.9, 150.4, 150.3, 149.3, 149.2, 149.1, 149.0,
144.9, 144.9,137.2,137.1,137.1,136.9, 134.4, 134.3, 134.3, 134.2, 133.8, 133.8, 133.3,
133.2,133.2,132.3,132.3,129.6,129.5, 128.6, 128.6, 127.9, 127.9, 126.5, 126.4, 125.8,
125.7,123.6, 123.6,123.4,122.6, 121.2,119.4, 117.6,117.5, 117.5, 117.4, 116.1, 116.1,
115.9, 115.8, 112.5, 110.7, 52.5, 52.5, 49.0, 48.8

MS (ESI-TOF): m/z calculated for [C2gH21FN304] 482.1516; Found: 482.1513 [M+H]*

1-benzyl-N-(4-(methylsulfonyl)phenyl)-2-(2-nitrophenyl)-1H-benzimidazol-5(6)-amine
(3.7)

In a Schlenk tube, Pd(OAc)2 (0.074 mmol, 16.5 mg), XPhos (0.11 mmol, 53 mg),
1-benzyl-5(6)-bromo-2-(2-nitrophenyl)-1H-benzimidazole (300 mg, 0.74 mmol), 4-
(methylsulfonyl)aniline (151 mg, 0.88 mmol) and Cs,COs3 (1.47 mmol, 479 mg) were
added to dry dioxane (5 mL) and the temperature was set to 100 °C. The reaction was
carried out at reflux temperature for 16 h. After cooling, the crude mixture was filtered
and the solid was washed with acetone. The filtrate was evaporated and a column
chromatography in silica gel was performed using dichloromethane/ethyl acetate 1:1 as

eluent. After drying, a brown solid was obtained in 78% yield (282 mg).
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'H NMR (400 MHz, acetone-dg): 1:1 regioisomer
mixture; 5, ppm 8.25-8.10 (m, 2H, Har, Hnh), 7.90-
7.80 (m, 2H,, Har), 7.80-7.55 (m, 4H, Ha/), 7.42 (d,
J=8.6 Hz, 0.5H, Har), 7.36-7.16 (m, 6H, Ha:), 7.16-
7.08 (m, 1.5H, Has), 7.04 (d, J = 8.9 Hz, 1H, Ha),

5.46 (s, 1H,Hi1v), 5.44 (s, 1H, H1~), 3.01 (s, 3H, H7»)
13C NMR (101 MHz, acetone-dg): 1:1 regioisomer mixture; §, ppm 151.6, 151.3, 150.8,
150.6, 150.4, 145.1, 141.0, 137.6, 137.3, 136.9, 136.8, 134.21, 134.15, 133.4, 133.3,
133.2,132.2, 132.1, 130.8, 130.4, 130.1, 130.0, 129.62, 129.57, 128.6, 127.91, 127.87,
126.60, 126.56, 125.73, 125.70, 121.4, 119.9, 118.4, 114.5, 114.2, 114.1, 113.7, 112.5,
104.1, 48.9, 44.94, 44 .88;
MS (ESI-TOF): m/z calculated for [C27H23N404S] 499.1440; Found: 499.1434 [M+H]*

1-benzyl-N-(3-(methylsulfonyl)phenyl)-2-(2-nitrophenyl)-1H-benzimidazol-5(6)-amine
(3.8)

In a Schlenk tube, Pd(OAc); (0.074 mmol, 16.5 mg), XPhos (0.11 mmol, 53 mg),
1-benzyl-5(6)-bromo-2-(2-nitrophenyl)-1H-benzimidazole (300 mg, 0.74 mmol), 3-
(methylsulfonyl)aniline (151 mg, 0.88 mmol) and Cs,COs3 (1.47 mmol, 479 mg) were
added to dry dioxane (5 mL) and the temperature was set to 100 °C. The reaction was
carried out at reflux temperature for 16 h. After cooling, the crude mixture was filtered
and the solid was washed with acetone. The filtrate was evaporated and a column
chromatography in silica gel was performed using dichloromethane/ethyl acetate 1:1 as

eluent (Rs = 0.23). After drying, a brown solid was obtained in 81% yield (300 mg).

'H NMR (400 MHz, acetone-dg): 1:1
regioisomer mixture; 6, ppm 8.12 (s, 1H, Hun),
7.77 (dd, J=7.6,1.7 Hz, 1H, Ha,), 7.45-7.36 (m,
2H, Ha), 7.31 (dd, J = 7.3, 1.8 Hz, 1H, Hal),

7.04-6.95 (m, 4H, Har), 6.85-6.75 (m, 5H, Har),

6.70-6.64 (m, 3H, Har), 4.95 (m, 2H, Hy), 2.70 (s, 3H, Hy»)
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13C NMR (101 MHz, acetone-dg): 1:1 regioisomer mixture; §, ppm 149.7, 149.0, 146.3,
143.5,141.8,136.9,136.3,133.6,132.2,131.6,131.2,130.3,128.6,127.7,127.0, 124.94,
124,93, 118.7,117.6,116.0, 111.9, 111.6, 109.9, 47.6, 43.7

MS (ESI-TOF): m/z calculated for [C27H23N404S] 499.1440; Found: 499.1436 [M+H]*

1-boc-5-(3,4,5-trimetoxiphenyl)-2-(2-nitrophenyl)-1H-benzimidazole (3.9a)

In a Schlenk tube, 1-boc-5-bromo-2-(2-nitrophenyl)-1H-benzimidazole (300 mg,
0.72 mmol) and 3,4,5-trimethoxyphenylboronic acid (229 mg, 1.08 mmol) were
dissolved in a mixture of THF/H,0 4:1 (5 mL). Under an argon flow, Pd(OAc); (16 mg;
0.72 mmol), PPh3 (47 mg; 0.18 mmol) and K2CO3 (89 mg, 2.2 mmol) were added and the
reaction was heated to 70 °C for 16 h. After cooling, ethyl acetate was added to the
reaction, and the insoluble solid was filtered. The organic phase was then washed with
a 1M solution of NaOH (5x), followed by water (2x). After drying with Na;SO4 and
filtering, the solvent was evaporated. Then, a column chromatography in silica gel was
performed using a gradient mixture as eluent, starting with dichloromethane and ending
in dichloromethane/ethyl acetate 20:1. The light yellow solid was obtained in 72% yield
(260 mg).

'H NMR (400 MHz, acetone-d¢): 5, ppm 8.36
(m, 1H, Hz), 8.14 (d, J = 8.6 Hz, 1H, H;), 8.00-
7.95 (m, 2H, Ha, Hs'), 7.91-7.85 (m, 2H, Ha', He),
7.78 (dd, J = 8.6, 1.8 Hz, 1H, He), 7.04 (s, 2H,
Hz~), 3.96 (s, 6H, Hy~), 3.79 (s, 3H, Hg~), 1.39

(s, 9H, Hs")

13C NMR (101 MHz, acetone-dg): 6, ppm
154.9, 151.3, 148.93, 148.91, 144.6, 139.1, 139.0, 137.6, 135.0, 133.5, 133.3, 131.8,
130.1, 125.5, 125.4, 119.2, 116.2, 105.8, 86.5, 60.73, 60.65, 56.7, 27.7
MS (ESI-TOF): m/z calculated for [C27H2sN307] 506.1927; Found: 506.1924 [M+H]*
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1-boc-5-(3-fluoro-4-(methoxycarbonyl)phenyl)-2-(2-nitrophenyl)-1H-benzimidazole
(3.10a)

In a Schlenk tube, 1-boc-5-bromo-2-(2-nitrophenyl)-1H-benzimidazole (300 mg,
0.74 mmol) and 3-fluoro-4-(methoxycarbonyl)phenylboronic acid (170 mg, 0.86 mmol)
were dissolved in a mixture of THF/H;0 4:1 (5 mL). Under an argon flow, Pd(OAc). (16
mg; 0.074 mmol), PPhs (48 mg; 0.18 mmol) and K2CO3 (298 mg, 2.15 mmol) were added
and the reaction was heated to 70 °C for 16h. After cooling, ethyl acetate was added to
the reaction, and the insoluble solid was filtered. The organic phase was then washed
with water (2x). After drying with Na,SO4 and filtering, the solvent was evaporated.
Then, a column chromatography in silica gel was performed using dichloromethane as

eluent. The product was obtained as a yellow solid in 66% yield (235 mg).

'H NMR (400 MHz, acetone-dg): 5, ppm 8.45

(d, J = 1.8 Hz, 1H, Ha), 8.39-8.36 (m, 1H, Hs),
8.07 (t,J = 7.9 Hz, 1H, Hs"), 8.02-7.97 (m, 1H,
Hs), 7.92-7.87 (m, 2H, He, He), 7.86 (d, J =
8.4, 1H, Hy), 7.82 (dd, J = 8.4, 1.8 Hz, 1H, He),
7.72 (dd, J = 8.0, 1.8 Hz, 1H, He~), 7.65 (dd, J

=12.3,1.8 Hz, 1H, Hy»), 3.93 (s, 6H, Hg~), 1.40

(s, 9H, Hs")
13C NMR (101 MHz, acetone-dg): 5, ppm 165.0 (d, J = 3.7 Hz), 163.1 (d, J = 258.1 Hz),
152.0, 148.87 (d, J = 8.8 Hz), 148.84, 148.79, 144.5, 136.8 (d, J = 2.0 Hz), 135.1, 134.8,
133.7 (d, J= 1.7 Hz), 133.3, 131.9, 129.9, 125.4, 124.8, 123.9 (d, J = 3.4 Hz), 121.6, 118.2
(d,/=10.6 Hz), 116.4 (d, J = 23.6 Hz), 115.0, 86.8, 52.6, 27.7
MS (ESI-TOF): m/z calculated for [C2sH23FN306] 492.1571; Found: 492.1564 [M+H]*

5(6)-(3,4,5-trimethoxyphenyl)-2-(2-nitrophenyl)-1H-benzimidazole (3.11)
In a round-bottom flask, 1-boc-5-(3,4,5-trimethoxyphenyl)-2-(2-nitrophenyl)-1H-
benzimidazole (0.28 mmol, 140 mg) was dissolved in a mixture of DCM/TFA 1:1 (2.0 mL).

After 3 h, the acid was neutralized by slow addition of a saturated aqueous solution of
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NaHCOs. Dichloromethane was added and the organic phase was washed 2x with a
saturated solution of NaHCO3 and then 2x with H,0, followed by drying over anhydrous
NayS0a4, filtering and solvent evaporation. The product was purified by column
chromatography in silica gel using DCM/Ethyl acetate 1:2 as eluent (Rt = 0.37). After
drying, a yellow solid was obtained in 99% yield (112 mg).

1H NMR (400 MHz, DMSO-dg): &, ppm 13.09
(brs, 1H, Hnw), 8.04 (dd, J= 8.1, 1.2 Hz, 1H, Hz),
8.00 (dd, J = 7.6, 1.4 Hz, 1H, Hg), 7.91 — 7.87

(m, 2H, Hs, Has7), 7.77 (ddd, J = 8.1, 7.6, 1.4 Hz,

1H, He), 7.67 (d, J = 8.4 Hz, 1H, Hya), 7.59 (dd, J = 8.4, 1.7 Hz, 1H, Hes), 6.97 (s, 2H, Hy),
3.89 (s, 6H, H7”), 3.70 (s, 3H, Hg")

13C NMR (101 MHz, DMSO-dg): 6, ppm 153.2, 149.0, 148.0, 136.80, 136.78, 135.3, 132.7,
131.0, 130.9, 124.3, 124.1, 122.2, 104.4, 60.1, 56.0. Missing '3C resonances are not
visible due to tautomerism.

MS (ESI-TOF): m/z calculated for [C22H20N30s] 406.1403; Found: 406.1404 [M+H]*

5(6)-(3-fluoro-4-(methoxycarbonyl)phenyl)-2-(2-nitrophenyl)-1H-benzimidazole
(3.12)

In a round-bottom flask, 1-boc-5-(3,4,5-trimetoxiphenyl)-2-(2-nitrophenyl)-1H-
benzimidazole (0.42 mmol, 208 mg) was dissolved in DCM (2.0 mL) and TFA (0.4 mL) was
added. After 5 h, the acid was neutralized by slow addition of a saturated aqueous
solution of NaHCOs. Dicloromethane was added and the organic phase was washed 2x
with a saturated solution of NaHCO3; and then 2x with H;0, followed by drying over
anhydrous NaySOa, filtering and solvent evaporation. The product was purified by
column chromatography in silica gel using DCM/Ethyl acetate 6:1 as eluent (Rt = 0.27).

After drying, a yellow solid was obtained in 65% yield (107 mg).
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'H NMR (400 MHz, acetone-dg): 6, ppm
12.20-12.15 (m, 1H, Hun), 8.09 — 7.93 (m, 4H,
Har), 7.88 (td, J = 7.6, 1.4 Hz, 1H, Ha,), 7.83 —

7.59 (m, 5H, Har), 3.92 (s, 3H, Hg")

13C NMR (101 MHz, acetone-dg): 5, ppm 165.0 (d, J = 3.8 Hz), 163.0 (d, J = 258.1 Hz),
150.5, 149.9, 149.3 (d, J = 8.8 Hz), 133.5, 133.4 (d, J = 1.7 Hz), 132.1, 131.8, 125.8, 125.3,
123.6 (d, J = 3.2 Hz), 117.4, 116.0 (d, J = 23.4 Hz), 52.5. Missing 13C resonances are not
visible due to tautomerism.

MS (ESI-TOF): m/z calculated for [C21H15FN304] 392.1047; Found: 392.1042 [M+H]*

N-(3-(methylsulfonyl)phenyl)-2-(2-nitrophenyl)-1H-benzimidazol-5(6)-amine (3.13)

In a Schlenk tube, Pd(OAc); (0.072 mmol, 16.1 mg), XPhos (0.11 mmol, 52 mg),
1-benzyl-5(6)-bromo-2-(2-nitrophenyl)-benzimidazole (300 mg, 0.72 mmol), 3-
(methylsulfonyl)aniline (147 mg, 0.86 mmol) and Cs,COs3 (1.43 mmol, 467 mg) were
added to dry dioxane (5 mL) and the temperature was set to 100 °C. The reaction was
carried out at reflux temperature for 16 h. After cooling, the crude mixture was filtered
and the solid was washed with acetone. The filtrate was evaporated and dissolved in a
mixture of DCM/TFA 1:1 (4.0 mL). After 2 h, the acid was neutralized by slow addition
of a saturated aqueous solution of NaHCOs. Ethyl acetate was added to the mixture and
the organic phase was washed 2x with a saturated solution of NaHCO3 and then 2x with
H,O. The organic phase was dried with anhydrous Na;SO, filtered and evaporated.
Purification by column chromatography in silica gel was performed using
dichloromethane/ethyl acetate 1:1 as eluent. After drying, a brown solid was obtained

in 48% yield (140 mg).

'H NMR (400 MHz, acetone-dg): 5, ppm 11.95
3a

O: >_© (brs, 1H, Hy), 8.02 (dd, J = 7.6, 1.4 Hz, 1H, Hg),

é@ 7a 7.98 (dd, J = 8.0, 1.2 Hz, 1H, Hx), 7.87 (brs, 1H,

O Hy), 7.84 (td, J = 7.6, 1.2 Hz, 1H, Hy), 7.74

(ddd, J=8.0, 7.6, 1.4 Hz, 1H, Ha'), 7.65-7.55 (m,
2H, Hess, Ho), 7.47 (brs, 1H, Hazz), 7.44 (t, J = 7.9 Hz, 1H, Hs~), 7.35 (d, J = 7.9 Hz, 1H,
Ha), 7.31(d, J = 7.9 Hz, 1H, He~), 7.16 (d, J = 8.6 Hz, 1H, Hy/a), 3.08 (s, 3H, H7~)
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13C NMR (101 MHz, acetone-dg): §, ppm 150.4, 143.4,133.3,131.8, 131.4, 131.1, 125.9,
125.2,117.8, 113.7, 44.3. Missing 13C resonances are not visible due to tautomerism.

MS (ESI-TOF): m/z calculated for [C20H17N404S] 409.0971; Found: 409.0964 [M+H]*

2-(2-aminophenyl)-5(6)-(3,4,5-trimethoxyphenyl)-1H-benzimidazole (3.14)

In a round-bottom flask, 5(6)-(3,4,5-trimethoxyphenyl)-2-(2-nitrophenyl)-1H-
benzimidazole (50 mg, 0.125 mmol), hydrazine monohydrate (45 pL, 1.25 mmol) and
Pd/C 5% (10 mg) were mixed in methanol (1.0 mL). The solution was stirred for 30 min
at reflux temperature (70 °C). The resulting solution was filtrated and the solvent

evaporated. A white solid was obtained in 91% yield (43 mg).

1H NMR (400 MHz, CDsOD): &, ppm 7.77 (brs,
1H, Ha), 7.72 (dd, J = 8.0, 1.5 Hz, 1H, Hg), 7.61
(brs, 1H, Har), 7.48 (dd, J = 8.3, 1.6 Hz, 1H, Hes),

7.19 (ddd, J=8.2,7.2,1.6 Hz, 1H, Hy), 6.88 (dd,

J=8.2,1.2 Hz, 1H, Hz), 6.75 (ddd, J = 8.0, 7.2, 1.2 Hz, 1H, Hs), 3.92 (s, 6H, Hy), 3.81 (s,
3H, Hg")

13C NMR (101 MHz, CDsOD): &5, ppm 154.8, 154.7, 149.1, 139.7, 138.4, 131.8, 128.6,
123.1,117.9,117.7, 113.2, 105.8, 61.2, 56.7

MS (ESI-TOF): m/z calculated for [C22H22N303] 376.1661; Found: 376.1655 [M+H]*

2-(2-aminophenyl)-5(6)-(3-fluoro-4-(methoxycarbonyl)phenyl)-1H-benzimidazole
(3.15)

In a closed reactor, 5(6)-(3-fluoro-4-(methoxycarbonyl)phenyl)-2-(2-
nitrophenyl)-1H-benzimidazole (20 mg, 0.051 mmol) and Pd/C 5% (2 mg) were mixed in
methanol (2.0 mL). The reactor was charged with H; (5 bar) and the reaction was stirred
at room temperature during 8 h. After gas depressurization, the solid Pd/C was filtered
off and the methanolic solution was evaporated. A light-yellow solid was obtained in

90% vield (25 mg).
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'H NMR (400 MHz, CDsOD): 6, ppm 8.00-
7.84 (m, 3H, Har), 7.72 (t, J = 8.4 Hz, 1H, Ha),
7.57-7.41 (m, 3H, Ha), 7.72 (t, J = 7.7 Hz, 1H,

Har), 6.90-6.80 (m, 2H, Har), 3.89 (s, 3H, Hg")
13 NMR (101 MHz, CDsOD): 8, ppm 164.0, 161.8 (d, J = 295 Hz), 154.0 (d, J = 24 Hz),

148.4,143.7,134.3,132.3, 130.7, 127.4,122.6,121.9,121.1, 118.6, 116.2, 115.0, 111.3,
109.7 (d, J = 6.8 Hz), 52.3. Missing *3C resonances are not visible due to tautomerism.

MS (ESI-TOF): m/z calculated for [C21H16FN303] 362.1305; Found: 362.1310 [M+H]*

2-(2-aminophenyl)-N-(3-(methylsulfonyl)phenyl)-1H-benzimidazol-5(6)-amine (3.16)

In a round-bottom flask, N-(3-(methylsulfonyl)phenyl)-2-(2-nitrophenyl)-1H-
benzimidazol-5(6)-amine (40 mg, 0.098 mmol), hydrazine monohydrate (50 uL, 1.5
mmol) and Pd/C 5% (8 mg) were mixed in methanol (2.0 mL). The solution was stirred
for 30 min at reflux temperature (70 °C). The resulting solution was filtrated and the

solvent evaporated. A white solid was obtained in 80% yield (30 mg).

te 2 € s H NMR (400 MHz, CD30D): §, ppm 7.68 (dd,
'HNS—E\IN@ +| J=80,1.5Hz, 1H He), 7.54 (m, 2H, Har), 7.39
7_@.’@;; 772 N1H2N 2 3 | (m, 2H,Ha), 7.27 (m, 2H, Har), 7.18 (ddd, J =
O i 8.2, 7.2, 1.5 Hz, 1H, Hs), 7.07 (dd, J = 8.6, 2.1

Hz, 1H, Ha:), 6.87 (dd, J = 8.2, 1.2 Hz, 1H, H),
6.74 (ddd, J = 8.0, 7.2, 1.2 Hz, 1H, Hx), 3.08 (s, 3H, Hy»)
13C NMR (101 MHz, CDsOD): 6, ppm 154.4, 148.9, 148.5, 142.8, 131.6, 131.3, 128.5,
120.7, 117.9, 117.8, 117.4, 113.5, 113.3,44.4
MS (ESI-TOF): m/z calculated for [Ca0H19N402S] 379.1229; Found: 379.1228 [M+H]*

1,3-dimethyl-5(6)-(3,4,5-trimethoxyphenyl)-2-(2-nitrophenyl)-1H-benzimidazol-3-ium
iodide (3.17)

In a round-bottom flask, 5(6)-(3,4,5-trimethoxyphenyl)-2-(2-nitrophenyl)-1H-
benzimidazole (70 mg, 0.17 mmol), iodomethane (54 uL, 0.86 mmol) and K,COs (48 mg,
0.35 mmol) were mixed in DMF (2.0 mL) at 50 °C during 24 h, with more addition of
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iodomethane (54 uL, 0.86 mmol) after 16 h. Afterwards the base was filtered off and
washed with THF. The solvent was evaporated under reduced pressure and the resulting
solid was washed with 10 mL of acetone, filtered and dried. A yellow solid was obtained
in 96% vyield (93 mg).

'H NMR (400 MHz, DMSO-dg): 6, ppm 8.71

(dd, J = 8.1, 1.4 Hz, 1H, Ha/), 8.43 (brs, 1H, Har),
8.27 — 8.14 (m, 5H), 7.14 (s, 2H, Hy~), 3.93 (s,
6H, H7~), 3.90 (s, 3H, H127), 3.86 (s, 3H, H1s27),

3.73 (s, 3H, Hg").

13C NMR (101 MHz, DMSO-ds): 6, ppm 153.4, 148.1, 146.8, 139.6, 137.9, 136.0, 135.2,
134.6, 133.1, 132.4, 131.1, 126.7, 126.3, 115.9, 113.8, 111.3, 105.1, 60.2, 56.3, 32.68,
32.65

MS (ESI-TOF): m/z calculated for [C24H24N305s] 434.1711; Found: 434.1709 [M-I]*

2-(2-aminophenyl)-1,3-dimethyl-5(6)-(3,4,5-trimethoxyphenyl)-1H-benzimidazol-3-
ium iodide (3.18)

In a round-bottom flask, 1,3-dimethyl-5(6)-(3,4,5-trimethoxyphenyl)-2-(2-
nitrophenyl)-1H-benzimidazol-3-ium iodide (25 mg, 0.045 mmol), hydrazine
monohydrate (22 uL, 0.45 mmol) and Pd/C 5% (5 mg) were mixed in methanol (2.0 mL).
The solution was stirred for 30 min at reflux temperature (70 °C). The resulting solution
was filtrated and the solvent evaporated. A white compound was obtained in 85% yield

(20 mg).

'H NMR (400 MHz, CD3OD): &, ppm 8.19 (brs,
1H, Ha), 8.02 (brs, 2H, Har), 7.54-7.46 (m, 1H,
Har), 7.35 (dd, J = 7.8, 1.6 Hz, 1H, Ha), 7.09-7.00

5
(M, 3H, Har), 6.93 (t, J = 7.4 Hz, 1H, Has), 4.00 (s,

3H, Hwe), 3.97 (br, 9H, Hwe), 3.84 (s, 3H, Hwve)
13C NMR (101 MHz, CD30OD): &, ppm 154.8, 152.1, 149.9, 141.7, 139.2, 137.0, 135.5,
134.4,133.1,132.1,127.4,118.4,118.1,114.1,112.0, 106.2, 105.0, 61.2, 57.0, 33.4, 33.1
MS (ESI-TOF): m/z calculated for [C24H26N303] 404.1969; Found: 404.1968 [M-I]*
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