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“De vez em quando a mente do homem é
esticada por uma ideia nova ou sensagao

e nunca mais se reduz as suas antigas dimensdes. ”

Oliver Wendell Holmes Sr
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RESUMO

Introducdo: A répida disseminagdo de bactérias multirresistentes (MDR) e panresistentes
(PDR) destaca a importancia crucial da vigilancia da resisténcia antimicrobiana para orientar
politicas de salde publica, incluindo a necessidade de diagndsticos precisos e rapidos para a
identificacdo de MDRs. O Acinetobacter baumannii, potencial patdgeno causador de
infecgBes nosocomiais, muitas vezes apresenta resisténcia aos antibioticos da classe dos
carbapenémicos, resultando em prolongamento da internacdo e riscos a eficacia do
tratamento. As polimixinas sdo consideradas a ultima opcéo terapéutica para infec¢fes por
Acinetobacter baumannii resistentes a carbapenémicos (CRAB). A dificuldade em distinguir
cepas sensiveis e resistentes as polimixinas pode ser superada por abordagens avancgadas,
como a protedmica. Objetivo: Desenvolver metodologia experimental e computacional
baseada em prote6bmica para distinguir cepas de Acinetobacter baumannii sensiveis e
resistentes as polimixinas. Metodologia: Foram analisadas 28 cepas de Acinetobacter
baumannii — 14 sensiveis e 14 resistentes a polimixina B — obtidas do banco de cepas do
LACEN-PR, isoladas entre 2018 e 2022. As cepas foram submetidas a extracéo de proteinas,
que passaram por quantificacdo, digestdo e quantificacdo dos peptideos. Cada mistura
peptidica foi submetida a cromatografia liquida seguida por espectrometria de massas em
tandem (LC-MS/MS), obtendo-se duas réplicas técnicas de cada amostra biolégica. Os dados
foram analisados utilizando-se os softwares RawVegetable, a fim de verificar a
reprodutividade do experimento, PatternLab for proteomics V, na identificacéo de proteinas
e peptideos, e 0 DiagnoMass, para agrupamento espectral. Resultados: Foram identificadas
241 proteinas para ambos 0s conjuntos de cepas sensiveis e resistentes a polimixina. Desse
total, foram observadas 151 proteinas exclusivas nas cepas resistentes, e uma proteina
exclusiva para a condicdo suscetivel. Concluses: Os resultados indicaram que é possivel
distinguir as cepas de Acinetobacter baummanni resistentes das sensiveis baseando-se
apenas nos espectros de massas gerados, sem a necessidade de espectros gerados
previamente para fins de comparacdo. Apesar dos avan¢os, uma parte significativa dos
espectros de massas permanece nao caracterizada, com potencial de oferecer informagdes
valiosas sobre modificacBes pos-traducionais e substituices de aminoacidos. Faz-se
necessario o refinamento das ferramentas de anélise protedmica para permitir uma melhor
caracterizacdo de proteinas potencialmente envolvidas em mecanismos de resisténcia a
polimixina B.

PALAVRAS-CHAVE: bactérias multirresistentes; protedmica shotgun; espectrometria de
massas; resisténcia a polimixina.



ABSTRACT

Introduction: The rapid spread of multidrug-resistant (MDR) and pandrug-resistant (PDR)
bacteria highlights the crucial importance of antimicrobial resistance surveillance in guiding
public health policies, including the need for accurate and rapid diagnostics for MDR
identification. Acinetobacter baumannii, a potential pathogen responsible for nosocomial
infection, often exhibits resistance to carbapenem-class antibiotics, leading to prolonged
hospitalization and risks to treatment efficacy. Polymyxins are considered the last
therapeutic option for infections caused by carbapenem-resistant Acinetobacter baumannii
(CRAB). The challenge in distinguishing polymyxin-sensitive and -resistant strains can be
overcome through advanced approaches such as proteomics. Objective: To develop an
experimental and computational methodology based on proteomics to distinguish
Acinetobacter baumannii strains that are sensitive and resistant to polymyxins.
Methodology: A total of 28 Acinetobacter baumannii strains — 14 polymyxin B-sensitive
and 14 polymyxin B-resistant — were analyzed. These strains were obtained from the strain
bank of LACEN-PR, isolated between 2018 and 2022. The strains underwent protein
extraction, followed by quantification, digestion, and peptide quantification. Each peptide
mixture was subjected to liquid chromatography followed by tandem mass spectrometry
(LC-MS/MS), generating two technical replicates for each biological sample. Data analysis
was performed using RawVegetable to verify experiment reproducibility, PatternLab for
Proteomics V for protein and peptide identification, and DiagnoMass for spectral clustering.
Results: A total of 241 proteins were identified in both polymyxin-sensitive and -resistant
strains. Among them, 151 proteins were exclusive to resistant strains, while only one protein
was exclusive to the susceptible condition. Conclusions: The results indicate that it is
possible to distinguish polymyxin-resistant Acinetobacter baumannii strains from sensitive
ones based solely on the generated mass spectra, without the need for previously generated
spectra for comparison. Despite these advances, a significant portion of the mass spectra
remains uncharacterized, holding the potential to provide valuable insights into post-
translational modifications and amino acid substitutions. Further refinement of proteomic
analysis tools is required to allow for a better characterization of proteins potentially
involved in polymyxin B resistance mechanisms.

KEYWORDS: multidrug-resistant bacteria; shotgun proteomics; mass spectrometry;
polymyxin resistance.



RESUMO POPULAR

A disseminacdo rapida de superbactérias — ou seja, bactérias causadoras de graves infec¢des
e resistentes ao tratamento com antibioticos — reforca a importancia do monitoramento da
comunicagdo rapida aos profissionais e gestores da area de salde publica. Diagnosticar
rapidamente bactérias resistentes é crucial na area da saude, especialmente para o
microrganismo Acinetobacter baumannii, que frequentemente é resistente a quase todos 0s
antibidticos disponiveis, complicando os tratamentos hospitalares. As polimixinas sdo a
ultima op¢do de antibidticos para tratar infeccBes multirresistentes por Acinetobacter
baumannii, e distinguir cepas sensiveis e resistentes € um grande desafio. O objetivo deste
estudo foi desenvolver um método para classificar proteinas presentes nas bactérias deste
grupo, resistentes e sensiveis as polimixinas. Foram usadas 14 amostras de Acinetobacter
baumannii resistentes e 14 sensiveis a polimixina. As amostras passaram por VAarios
processos para extrair proteinas e foram analisadas utilizando softwares especificos com
recursos de inteligéncia artificial. A anélise levou a identificacdo de proteinas que
diferenciam as amostras resistentes das sensiveis, mas ressaltou a necessidade de abordagens
adicionais. Mesmo com avangos, muitos perfis de proteinas permaneceram ndo
identificados. Estes poderdo fornecer informacd@es valiosas sobre modificacdes em proteinas,
cruciais para entender mecanismos de resisténcia. Além disso, o estudo permitiu visualizar
a contribuicdo desse tipo de pesquisa para a compreensdo da biologia da bactéria e ressaltou
a necessidade de novos avancgos nas ferramentas de analise.
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1 INTRODUCAO E REVISAO DE LITERATURA
1.1 RESISTENCIA ANTIMICROBIANA
1.1.1 CENARIO GLOBAL

A evolugéo global da resisténcia antimicrobiana (AMR — do inglés, antimicrobial
resistance) vem ocorrendo ha algum tempo, deixando as autoridades de salde cada vez mais
preocupadas com a situacdo. Para a Organizacdo Mundial da Saude (OMS), a AMR é
classificada como a reducdo da eficAcia de agentes antimicrobianos causada por um
fendmeno natural, adaptagdo do microrganismo, ou, possivelmente, por pressdo seletiva
devido ao uso indiscriminado em humanos, animais e na agricultura. A AMR representa uma
séria ameaca a saude global, resultando em milhares de mortes por ano em todo o mundo.
Os dados fornecidos pela OMS e outras fontes destacam a urgéncia de enfrentar esse
problema de forma abrangente e coordenada (1).

A resisténcia a pelo menos trés classes de antimicrobianos é caracterizada como
multirresisténcia, e reflete a capacidade de um microrganismo de resistir a multiplos tipos
de antimicrobianos. Essa resisténcia ocorre devido ao desenvolvimento de varios
mecanismos fisiologicos pelos microrganismos para se defenderem contra os efeitos desses
agentes. Isso representa um desafio significativo para a eficacia dos tratamentos médicos,
uma vez que as infeccBes causadas por essas cepas tornam-se mais dificeis de serem
controladas (2,3).

Em 2013, o Centers for Disease Control and Prevention (CDC) dos Estados Unidos
publicou seu primeiro relatério nacional divulgando o crescente aumento da AMR e seus
planos de acdo para combater essa ameaca. Nesse relatorio, dados apresentados indicavam
que pelo menos 23.000 pessoas morriam ao ano por infecgOes bacterianas resistentes a

antibidticos naquele pais e 700.000 no mundo (4).
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Em 2014, o economista Jim O Neill, comissionado pelo entdo primeiro-ministro
britanico David Cameron, elaborou um relatério baseado em dados e opiniGes de
especialistas na &rea de AMR, para o Public Health England, no qual afirmou que até 2050
o custo global dispendido com infec¢Bes por bactérias multirresistentes poderia alcancar
US$ 100 trilhGes (1). Nesse mesmo relatério, O Neill afirma que se a AMR ndo for
combatida agora, até 2050 os 6bitos relacionados as bactérias multirresistentes poderdo ser
impressionantes, superando os Obitos por neoplasias: a cada trés segundos, uma pessoa
morrera, podendo atingir dez milhdes de vitimas por ano (5).

Em maio de 2015, a OMS, em parceria com a Organizacdo das NacGes Unidas para
Alimentacdo e Agricultura (FAO — do inglés, Food and Agriculture Organization of the
United Nations) e a Organizacdo Mundial de Sadde Animal (OMSA), anteriormente
denominada como “Alianga Tripartite” e hoje como “Alianca Quadripartite”, em funcdo da
expansdo e da incluséo do Programa das Nagdes Unidas para o Meio Ambiente (PNUMA),
publicou, a partir da Assembleia Mundial da Satde (AMS), um endosso do Plano de Acéao
Global (GAP — do inglés, Global Action Plan) para combate & AMR. Destacava-se a
importancia de os paises membros terem seu proprio plano de acdo nacional, sinalizando um
prazo de até maio de 2017 para sua elaboracéo (6).

Com a finalidade de reafirmar as pautas levantadas na AMS e cumprir as
necessidades do GAP no combate 8 AMR, em setembro de 2016 realizou-se a “Reunido de
Alto Nivel das Nacoes Unidas sobre Resisténcia Antimicrobiana”, reunindo autoridades de
todo o mundo. Os paises que participaram da reunido assinaram uma declaracéo politica para
reafirmar o compromisso na batalha contra a AMR (7).

Antes mesmo de serem descritos os impactos da COVID-19, em 2019, Murray et al.
estimaram um aumento significativo da AMR desde os Gltimos relat6rios publicados pelo

CDC e OMS, resultando em 1,27 milhdo de 6bitos atribuidos e 4,5 milhdes de 6bitos
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associados a resisténcia antimicrobiana (8).

Em marco de 2019 foi realizada uma reunido com os principais especialistas da
Regido da Américas para avaliar os avangos dos programas de Prevencdo e Controle de
Infeccdo (PCI). Destacou-se a importancia de fortalecer esses programas disponibilizando
verbas para recursos e contratacdes de especialistas na area da saude (9).

Também em 2019, o CDC atualizou seus dados sobre a AMR, enfatizando o
progresso de suas ac¢des (10), e em 2022 divulgou um relatorio especial sobre o impacto do
COVID-19 sobre a AMR, indicando que, nos EUA, muito do progresso até entdo adquirido
foi prejudicado. Entre as varias ameacas apontadas pelo CDC, o Acinetobacter baumannii
destacou-se como um microrganismo de ameaca urgente, causando 8.500 mortes por ano em

pacientes hospitalizados no pais (11).

1.1.2 CENARIO NACIONAL

O Brasil foi um dos paises signatarios do acordo pautado na AMS e, a partir da
publicacdo do GAP pela OMS, equipes do Ministério da Satde, em conjunto com a Agéncia
Nacional de Vigilancia Sanitaria (ANVISA) e varios Ministérios (Meio Ambiente,
Agricultura, Pecuaria e Abastecimento, Ciéncia e Tecnologia, Educacdo e Cultura, entre
outros), elaboraram o Plano de Acdo Nacional (PAN-BR). As acGes especificas da ANVISA,
previstas no plano, tiveram inicio em 2018 com vigéncia de cinco anos (2018-2022), tendo
enfoque em Satde Unica (One Health), como recomendado pela OMS. O principal objetivo
foi garantir e manter o tratamento e prevencdo de doencas infecciosas, investindo em
medicamentos seguros, eficazes e de qualidade, sendo acessivel a toda populacdo e
utilizados de forma responsavel. O PAN-BR busca engajar uma variedade de setores,
reconhecendo que a AMR é uma questdo complexa que requer uma abordagem

multifacetada. No ambito da agricultura, pecuéria e abastecimento, estabelecido pelo
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Ministério da Agricultura, Pecuéria e Abastecimento (MAPA), as estratégias visam
combater a AMR por meio de uma abordagem integrada e interdisciplinar. Destacando a
implementacdo de sistemas de vigilancia para monitorar o uso de antimicrobianos e o
surgimento de resisténcia em animais de produgdo e produtos derivados, revisdo e
atualizacdo das regulamentacdes sobre o0 uso de antimicrobianos em animais para garantir a
conformidade com as melhores praticas, restricdo e proibicdo de determinados
antimicrobianos para reduzir a resisténcia, promoc¢do de programas de capacitacdo para
veterinarios, produtores e profissionais do setor sobre o uso racional de antimicrobianos e o0s
riscos da AMR, educacéo e conscientiza¢do de todos os envolvidos na cadeia de producéo
alimentar sobre praticas seguras e a importancia do controle da AMR, pesquisa e
desenvolvimento de alternativas ao uso de antimicrobianos, como probiéticos, vacinas e
praticas de manejo que reduzem a necessidade de antimicrobianos, implementacdo de boas
préticas de producdo para fortalecer a satide animal sem o uso excessivo de medicamentos,
melhorias nas praticas de biosseguranca, manejo, nutricdo e ambiente, aplicacdo de
protocolos de biosseguranca para minimizar a disseminagdo de patégenos (12). Apesar de
todo esforco, muitas acbes do PAN-BR ndo foram desenvolvidas devido ao periodo critico
enfrentado durante a pandemia da COVID-19, o que também dificultou, até 0 momento
(julho de, 2024), a elaboracdo do novo documento que estava previsto para 2022.

Além disso, no ano de 2017, o Brasil aderiu ao programa “Sistema Global de
Vigilancia de Resisténcia Antimicrobiana” (GLASS), e, em 2018, iniciou seu proprio
capitulo do programa, o0 BR-GLASS. Dados de 2018 foram compilados, oriundos da rotina
de trés laboratérios de microbiologia hospitalar com amostras procedentes de pacientes de
301 cidades brasileiras. O microrganismo mais preocupante foi o Acinetobacter spp., pois
81,4% dos isolados hospitalares desta bactéria eram resistentes ao meropenem (13).

Recentemente, a Geréncia de Vigilancia e Monitoramento em Servicos de Saude
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(GVIMS/GGTES/ANVISA) publicou uma nova verséo do Plano Nacional para a Prevengao
e 0 Controle da Resisténcia aos Antimicrobianos nos Servicos de Saude (PAN-SERVICOS
DE SAUDE), com vigéncia entre 2023 e 2027. O plano anterior (2017-2021), atingiu seus
objetivos. O documento atual foi revisado pela Camara Técnica de Resisténcia Microbiana
(CATREM/ANVISA) e pela Comissédo Nacional de Prevencdo e Controle de Infecgdes
Relacionadas a Assisténcia a Salde (CNCIRAS/ANVISA), e tem como objetivo geral
continuar promovendo a implementacdo de estratégias para deteccdo, prevencdo e redugdo
da AMR nos servigos de salde, separados por eixos, que sdo: melhorar a conscientizacao e
a compreensdo sobre a resisténcia aos antimicrobianos nos servigos de salde, reforcar o
conhecimento e a base cientifica por meio da vigilancia de infecgdes e da resisténcia aos
antimicrobianos nos servicos de salde, reduzir a incidéncia de infeccGes em servicos de
satde com medidas eficazes de prevencdo e controle, e promover o gerenciamento adequado
do uso de antimicrobianos nos servicos de satde (14) .

A disseminacdo répida de bactérias resistentes a medicamentos destaca a importancia
crescente da vigilancia da AMR para orientar decisdes e abordar um problema prioritario de
salde publica (15). Com o crescente aumento das mortes relacionadas a AMR e projecGes
preocupantes para o futuro, a Organizacdo Pan-Americana da Saude (OPAS) e a OMS
destacam a urgéncia de medidas efetivas por parte dos estados membros, recomendando o
aprimoramento tanto dos métodos de tratamento quanto os de diagnostico para deteccdo
rapida de microrganismos multirresistentes (MDR — do inglés, multidrug-resistant) (16).

Com a pandemia do COVID-19, o cenario da AMR exacerbou a disseminacédo da
AMR devido ao uso indiscriminado e incorreto de antimicrobianos no seu tratamento,
destacando ainda mais a urgéncia de abordar esse desafio de forma proativa e eficaz (17—

19).
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1.2 Acinetobacter baumannii

1.2.1 MORFOLOGIA

Um dos microrganismos que mais causam infecgdes nosocomiais € o Acinetobacter
baumannii, cocobacilo gram-negativo, ndo fermentador, aerdébio, pertencente a familia
Moraxellaceae, considerada uma bactéria oportunista predominante em unidades de terapia
intensiva (UTIs) e em pacientes imunossuprimidos. Ele é responsavel por causar pneumonia
adquirida no hospital e associada a ventilacio mecénica (HAP, PAV), bacteremia,
meningite, infeccdo do trato urinario (ITU), e infeccdes de pele (20,21).

O Acinetobacter baumannii € frequentemente um patégeno MDR, causando doencas
de dificil tratamento, devido a sua plasticidade genética que facilita a aquisi¢do de genes de
resisténcia a antibidticos por meio de plasmideos e outros elementos genéticos moveis (22).

A espécie possui uma notavel capacidade de sobreviver em condi¢cdes ambientais
adversas, como em superficies e equipamentos médicos. Além disso, consegue persistir em
ambientes com baixa umidade, o que facilita sua disseminacdo em unidades de salde e
aumenta a dificuldade de erradicacdo (23). Em 2017, a OMS publicou sua primeira lista de
patdgenos prioritarios resistentes, na qual o Acinetobacter baumannii resistente a
carbapenémicos (CRAB — do inglés, carbapenem-resistant Acinetobacter baumannii) foi
incluido no grupo de prioridade 1, considerado critico. Recentemente, o documento foi
atualizado, mantendo o patdégeno na mesma prioridade. A lista tem como objetivo incentivar
0S governos a investirem em pesquisa e desenvolvimento de novos antibidticos para as

espécies mais criticas (24-26).

1.2.2 POTENCIAL PATOGENICO

A classe de antibioticos carbapenémicos ja foi considerada a Gltima opcéo terapéutica

para o tratamento de infec¢des por Acinetobacter baumannii MDR. No entanto, nos ultimos
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anos, houve aumento expressivo de isolados resistentes a essa classe, levando a aplicacdo
clinica de polimixinas, uma antiga classe de antibioticos utilizada na década de 1960.
Naquela época, essas drogas tiveram seu uso interrompido devido & sua nefrotoxicidade e
neurotoxicidade. Com o surgimento de cepas extensivamente resistentes a medicamentos
(XDR), e até mesmo cepas pan-resistentes (PDR), ou seja, microrganismos resistentes a
todas as classes de drogas antimicrobianas disponiveis no mercado, a colistina tem sido
forcadamente utilizada pelos médicos no combate a essas infecgdes, como uma das Unicas
opcOes para tratamento de CRAB, agravando drasticamente este cenério (27,28). No entanto,
cepas de Acinetobacter baumannii resistentes a colistina também vém sendo evidenciadas
mundialmente, permanecendo apenas o cefiderocol, um novo antibiético da classe das
cefalosporinas, como a Unica droga ativa (29).

O cefiderocol é um antibi6tico que tem como alvo a aquisi¢do de nutrientes pelas
bactérias gram-negativas, agindo como um sidero6foro sintético, que imita os sideroforos
naturais das bactérias. Os sideroforos sdo moléculas que as bactérias secretam para capturar
ferro do ambiente, um nutriente vital para seu crescimento. O cefiderocol é transportado
ativamente para o periplasma bacteriano, inibindo a sintese da parede celular através da
ligacdo as proteinas de ligacédo as penicilinas (PBPs — do inglés, penicillin-binding proteins),
principalmente a PBP3, levando a morte bacteriana (30,31).

Contudo, uma pesquisa clinica de fase 3 com cefiderocol, randomizada, aberta, de
grupo paralelo, centrada em patdgenos responsaveis por infeccbes graves causadas por
bactérias gram-negativas resistentes aos carbapenémicos, conduzida em 95 hospitais
distribuidos por 16 paises na América do Norte, América do Sul, Europa e Asia, foi realizada
com os participantes aleatoriamente designados em uma proporgédo de 2:1 (dois para um)
para receber cefiderocol ou a melhor terapia disponivel. Os resultados indicaram uma maior

mortalidade por todas as causas em infec¢des por Acinetobacter baumannii, que apresentou
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uma taxa de resisténcia de 50%. Esse achado pode estar relacionado a heterorresisténcia
generalizada, fendbmeno no qual uma mesma populacdo bacteriana contém tanto células
sensiveis quanto celulas resistentes ao antibidtico, sendo esse efeito particularmente
relevante em isolados de CRAB, podendo contribuir para falhas terapéuticas e reforcar a
necessidade de monitoramento rigoroso da resisténcia antimicrobiana. Tais evidéncias
destacam os desafios enfrentados no desenvolvimento de terapias eficazes contra infecgdes
causadas por cepas resistentes de Acinetobacter baumannii. Entretanto, sdo necessarios mais
ensaios clinicos randomizados e estudos in vivo para fornecer uma compreensdo mais
abrangente da eficacia e seguranca do uso de cefiderocol em infec¢des por Acinetobacter
baumannii (32-34).

Apesar de ndo ser idealmente eficaz para todas as infeccbes por Acinetobacter
baumannii, o cefiderocol mantém sua utilidade como antibidtico para o tratamento de
infeccbes causadas por bactérias gram-negativas (35). Porém, essa droga ndo esta sendo

comercializada no Brasil até o presente momento (junho de 2024).
1.2.3 EPIDEMIOLOGIA GERAL

O primeiro caso de CRAB foi relatado na Escécia em 1985, onde foi detectada a
producdo de ARI-1 (Acinetobacter resistente ao imipenem). Desde entdo, surgiram relatos
de cepas em outras regides da Europa, Asia e Américas do Norte e do Sul, incluindo paises
como Espanha, Bélgica, Inglaterra, Franca, Hong Kong, Kuwait, Singapura, Argentina,
Brasil e Cuba (36,37).

Em uma reviséo publicada por Chagas et al. (38) em fevereiro de 2024, destacaram-
se as taxas de CRAB no nivel mundial e, mais especificamente, na América Latina. Essas
taxas oscilaram globalmente, com variagdes significativas entre regides. Uma analise com

isolados de Acinetobacter baumannii em 13 paises da regido Asia-Pacifico revelou uma
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ampla variacdo na proporcdo de isolados resistentes, desde 2,8% no Japdo, 6,5% na
Australia, até 88% na Coreia do Sul. Na Asia e nas Américas, exceto no Japdo e Canada, a
resisténcia parece ser um problema critico, enquanto a Oceania e parte da Europa possuem
taxas abaixo de 10%. Em areas como o Mediterraneo, Oriente Médio e norte da Africa, até
90% das cepas séo resistentes aos carbapenémicos. Na Europa, a vigilancia da AMR de 2022
indicou uma variagdo ampla, com taxas de resisténcia que véo de menos de 1% em alguns
paises a mais de 50% em outros, especialmente no sul e leste do continente. Na America do
Norte, entre 2013 e 2016, foram registradas taxas de ocorréncia de isolados de Acinetobacter
baumannii suscetiveis de 54,9% e 57,7% ao meropenem e imipenem, respectivamente.
Comparando os periodos de 1997-2000 e 2013-2016, houve uma reducao significativa na
taxa de suscetibilidade ao meropenem, caindo de 88,8% para 54,9% naquela regido. As taxas
de ocorréncia de CRAB entre Acinetobacter baumannii na América Latina estdo entre as
mais altas do mundo, chegando até 90% em alguns paises e superando 50% em muitos
outros. Esse nimero pode variar de 0 a 97,5% entre os isolados latino-americanos. Em
concluséo, a revisdo apontou uma taxa global de resisténcia ao meropenem de 64,4%, com
as maiores porcentagens observadas na Africa/Oriente Médio, América Latina,

Asia/Pacifico Sul e Europa.

1.2.4 SURTOS NO BRASIL

O primeiro surto descrito mundialmente por CRAB aconteceu na cidade de Curitiba,
Parand, no ano de 1999. As cepas do surto eram provenientes de dois hospitais, tendo sido
isoladas de oito pacientes. Desses, cinco foram a 6bito (39).

A cepa produtora de New Delhi metallo B-lactamase (NDM) mais antiga do Brasil
foi descrita retrospectivamente por Deglmann et al. em 2019 (40), referente a um isolado de

2012, do banco de cepas do Hospital Dona Helena, em Joinville-SC. O gene foi encontrado
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em um Acinetobacter pitti. Contudo, a deteccdo da primeira cepa portadora do gene em
Acinetobacter baumannii foi relatada em 2014 na urina de um paciente de 71 anos com
doenca respiratoria obstrutiva, internado em um hospital em Londrina, Parand. No
septuagésimo dia de internamento, o paciente foi a ébito (41).

Em 2013, Cieslinski et al., (42) verificaram a distribuicdo clonal de cepas de A.
baumannii OXA-carbapenemase (OXA-23) em todo estado do Parand, através de técnica de
reacdo em cadeia da polimerase repetitiva palindrémica (repPCR — do inglés, repetitive
element palindromic polymerase chain reaction). Foram analisadas 46 cepas de CRAB,
isoladas de oito hospitais, localizados em quatro cidades diferentes durante 2009-2011,;
100% das cepas eram portadoras do gene blaoxa-23. O estudo identificou sete clones que se
mostraram semelhantes a cepas de referéncia internacional. O cluster principal, denominado
clone A, compreendeu 32 dos 46 isolados (69,6%), agrupados com o clone internacional (IC
— do inglés, international clone) IC-4. O cluster B continha quatro isolados (8,7%), e
agrupou com o IC-7; os clusters C (IC-4) e D (IC-5) apresentaram trés isolados cada (6,5%),
e o cluster E incluiu dois isolados (4,3%). Por sua vez, os isolados F e G exibiram um perfil
Unico que ndo se associou a nenhuma dos IC. O estudo representou a primeira analise de
epidemiologia molecular de CRAB no pais, com isolados coletados de hospitais situados em
diversas regides de um mesmo estado.

Durante a primeira onda da pandemia de COVID-19, entre maio de 2020 a maio de
2021, Camargo et al. (43) observaram a rapida disseminacdo de uma variante emergente de
CRAB, a IC-2, cepa considerada incomum no Brasil, responsavel por um surto significativo
em um hospital publico no pais. Foram recuperados 137 isolados para testes de sensibilidade
a antibioticos, analise por PCR e tipagem molecular. Para analise mais aprofundada, o
genoma completo do primeiro isolado recebido, foi sequenciado e analisado. No total, 76%

dos pacientes apresentaram uma unica variante da enzima OXA-23, do tipo IC-2. Todas as
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amostras eram suscetiveis a polimixina B, mas mostraram uma alta resisténcia (>95%) a
antibidticos como aminoglicosideos, fluoroquinolonas e beta-lactdmicos. Ao analisar o
genoma, descobriu-se que o isolado representativo também carregava uma enzima chamada
ArmA, uma metilase de RNAr 16S. Esta foi a primeira vez que a enzima foi detectada em A
Acinetobacter baumannii no Brasil.

Em agosto de 2021 a GVIMS/GGTES/ANVISA e a Coordenacdo Geral de
Laboratdrios de Saude Publica/Ministério da Satide (CGLAB) divulgaram a nota técnica N°
05/2021, ressaltando o aumento logaritmico de infec¢cdes por CRAB durante a pandemia de
COVID-19, no Brasil. O documento aponta dados do Laboratério Central do Estado do
Paranad (LACEN-PR) coletados entre 2018 e 2021, identificando aumento de 111% no envio
de cepas MDR de hospitais de cinco estados durante os primeiros trimestres de 2019 e 2021.
Os isolados de Acinetobacter baumannii apresentaram um aumento ainda mais expressivo,
atingindo 130% durante o mesmo periodo (figura 1) (44). Em adi¢do, 95,8% desses isolados
exibiram resisténcia aos carbapenémicos, conforme evidenciado por Kiffer et al., em 2023

(45).
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Figura 1 — Total de isolados MDR e de Acinetobacter baumannii MDR recebidos no LACEN/PR no periodo
de janeiro de 2019 a mar¢o de 2021. Dados retirados do sistema GAL — LACEN/PR — Origem das amostras
laboratoriais: Parang, Santa Catarina, Rio Grande do Sul, Mato Grosso e Mato Grosso do Sul.

Fonte: Adaptado de Nota Técnica GVIMS/GGTES/ANVISA N° 05/2021 (44).
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Distribuicdo da concentracfo inibitoria minima (CIM) para
% polimixina em Acinetobacter spp.
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Figura 2 — Distribuicdo da concentracgdo inibitoria minima (CIM) para polimixina B de Acinetobacter spp.
recebidos no LACEN/PR no periodo de janeiro de 2019 a mar¢o de 2021. Dados retirados do sistema GAL —
LACEN/PR — Origem das amostras laboratoriais: Parand, Santa Catarina, Rio Grande do Sul, Mato
Grosso e Mato Grosso do Sul. Método: Microdiluicdo em caldo. Legenda: Linha vermelha: ponto de corte
para polimixina, segundo o BrCAST 2021.

Fonte: Adaptado de Nota Técnica GVIMS/GGTES/ANVISA N° 05/2021 (44).

Um estudo realizado em 2022, também com dados do LACEN-PR, mostrou aumento
de 269% em isolados de CRAB provenientes de hospitais de cinco estados brasileiros
(Parand, Santa Catarina, Rio Grande do Sul, Mato Grosso e Mato Grosso do Sul) entre o0s
anos de 2018 e 2021, destacando-se 0s antimicrobianos gentamicina, com resisténcia de 46%
em 2018 para 79% em 2021, e resisténcia a amicacina, atingindo pico de 58% em 2021 (46).

Outro estudo retrospectivo evidenciando o aumento da resisténcia aos
carbapenémicos em ambientes hospitalares foi conduzido por Lucas et al. (47), em um
hospital de ensino em Juiz de Fora, Minas Gerais, Brasil, entre janeiro de 2020 e dezembro
de 2022. Foram analisados um total de 651 isolados bacterianos, identificados em culturas
de aspirados traqueais. A identificagdo do complexo Acinetobacter baumannii foi realizada

por analise macroscépica da coldnia, microscopia de Gram e testes fenotipicos.
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Acinetobacter baumannii foi a bactéria mais comum, representando 236 (36,25%) dos
isolados bacterianos durante o periodo, com incidéncia de 65 (25%) em 2020, 106 (43,26%)
em 2021 e 65 (44,52%) em 2022. Quanto a resisténcia aos carbapenémicos (meropenem e
imipenem) entre os isolados, 94,92% foram resistentes, com taxas semelhantes nos anos de
2020, 2021 e 2022. Das 5,08% sensiveis, 4,23% foram sensiveis a ambos os antibioticos.
Os dados deste estudo reforcam a preocupante alta taxa de resisténcia aos
carbapenémicos entre os isolados de Acinetobacter baumannii em ambientes hospitalares,
evidenciando a necessidade urgente de estratégias eficazes para o controle da disseminacao
dessas bactérias. A elevada resisténcia observada ao longo dos anos analisados destaca a
importancia da vigilancia microbiol6gica continua, do uso racional de antibioticos e da
implementacdo de medidas rigorosas de prevencdo e controle de infecgOes para conter a

propagacdo de patdgenos multirresistentes.

1.2.5 MECANISMOS DE RESISTENCIA EM Acinetobacter baumannii

Os mecanismos de aquisicdo de resisténcia pelo Acinetobacter baumannii séo varios.
Dentre eles, destacam-se: (a) producdo de enzimas de inativagdo, um mecanismo comum,
através do qual a bactéria é capaz de produzir beta-lactamases, enzimas que inativam
antibidticos beta-lactdmicos, como penicilinas e cefalosporinas. Este € 0 mecanismo mais
importante na resisténcia aos carbapenémicos; (b) modificacdo de alvos: algumas cepas de
Acinetobacter baumannii podem modificar seus alvos terapéuticos para impedir a agdo dos
antibioticos. 1sso pode envolver alteragdes nas proteinas-alvo sobre as quais os antibidticos
atuam, ou alteracGes no lipopolissacarideo (LPS) da membrana externa, mecanismo este
mais importante na resisténcia as polimixinas; (c) bombas de efluxo: a bactéria pode
desenvolver sistemas de efluxo ativo, nos quais proteinas de transporte expulsam

antibioticos para fora da célula bacteriana antes que eles possam exercer seu efeito; (d)
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mudangas na permeabilidade da membrana: essas alteragdes podem reduzir a entrada de
antibidticos nas células bacterianas, conferindo resisténcia; (e) reservatérios genéticos: o
Acinetobacter baumannii pode adquirir genes de resisténcia horizontalmente, por meio de
plasmideos, integrons e outros elementos genéticos moveis (48,49).

Finalmente, ha o fendmeno da resisténcia intrinseca, que é a capacidade natural que
algumas espécies bacterianas possuem de resistir a certos antimicrobianos, mesmo na
auséncia de exposicdo prévia a esses agentes, sendo esse fenémeno geralmente atribuido a
caracteristicas estruturais ou fisiologicas especificas da bactéria, como a impermeabilidade
da membrana celular, a presenca de bombas de efluxo ou a auséncia de alvos moleculares
para a acdo do antimicrobiano. (50).

E importante ressaltar que a resisténcia a antibi6ticos em Acinetobacter baumannii é
multifatorial e pode envolver a interacdo de varios desses mecanismos em uma Unica cepa.
Além disso, a rapida disseminacdo de cepas resistentes contribui para a urgéncia em se

encontrar novas estratégias terapéuticas e medidas de controle de infeccédo (51).

1.3 POLIMIXINAS

As polimixinas, descobertas hd mais de 60 anos, sdo polipeptideos catiénicos ciclicos
(48), pertencentes a familia das polimixinas, reconhecidas pela sua potente acao
antimicrobiana, frequentemente utilizadas como altimo recurso no tratamento de infecgdes
graves causadas por bactérias gram-negativas (52,53).

As Unicas drogas da classe das polimixinas de uso clinico sdo, a polimixina B (uma
mistura composta principalmente pelas polimixinas B3 e B6, mas que também pode conter
componentes menores, como B1, Bl-1 e B2), e a colistina (polimixina E, composta
principalmente por dois componentes principais, colistina A e B, também podendo conter

aproximadamente 30 componentes menores) (54,55). Esses dois antibidticos compartilham
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uma estrutura basica semelhante: ambos possuem um anel peptidico policatibnico e uma
cauda de &cido graxo ligada ao peptideo por uma ligacdo amida. O anel é completado pelos
grupos alfa-amino e carboxil do residuo diaminobutirico (Dab) na posicdo 4 (56).

A principal diferenca entre a polimixina B e a colistina reside na estrutura primaria,
especificamente na posicéo 6. Na polimixina B, ha a presenca do aminoacido D-fenilalanina
(D-Phe) nessa posicao, enquanto na colistina ha a ligacdo do aminoécido D-leucina (D-Leu)
na mesma posicdo, conforme mostrado na figura 3. Essa diferenca estrutural entre a
polimixina B e a colistina pode ter impacto significativo nas propriedades dessas moléculas,
como: a) Forma de administracdo. A colistina € administrada como um pré-farmaco na
forma de colistimetato de s6dio (CMS), que precisa ser convertido em polimixina E ativa no
organismo. J& a polimixina B é administrada diretamente na forma ativa. b) Meia-vida. A
colistina possui uma meia-vida mais longa porque precisa ser convertida na forma ativa,
tornando seu efeito mais prolongado, mas com inicio de agdo mais lento. A polimixina B,
por estar na forma ativa, tem uma meia-vida menor, mas acdo mais rapida. c) Penetracéo
tecidual. A polimixina B tem melhor penetragao nos tecidos, especialmente no pulmao e no
sistema nervoso central, devido a sua maior lipofilicidade. A colistina tem uma distribuigéo
mais limitada devido & sua conversdo a partir do CMS. d) Excrecdo e eliminacdo. A
polimixina B é eliminada principalmente por metabolismo hepatico, enquanto a colistina é
eliminada principalmente pelos rins. €) Eficacia contra bactérias. Ambas tém espectros
similares contra bacilos gram-negativos multirresistentes, mas a polimixina B pode ter
melhor desempenho em alguns casos devido a sua forma ativa. f) Toxicidade. A polimixina
B tende a ter menos nefrotoxicidade, pois ndo é excretada primariamente pelos rins como a
colistina. No entanto, ambas possuem risco de neurotoxicidade para as células humanas,
especialmente em tecidos sensiveis como os pulmdes, rins e sistema nervoso g) Uso clinico.

A colistina é mais usada para infec¢Bes urinarias devido a sua excrecao renal, enquanto a



32

polimixina B € preferida para infecgdes sistémicas devido a sua melhor penetracéo tecidual.
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Figura 3 — Diferenca entre a estrutura quimica de (A) colistina e (B) polimixina B.
Fonte: Adaptado de Kinoshita et al., 2018 (58).

1.3.1 MECANISMOS DE ACAO DAS POLIMIXINAS

A alta afinidade das polimixinas ao LPS é uma caracteristica importante que as torna
valiosas no tratamento de infec¢fes causadas por bactérias gram-negativas, especialmente
aquelas que se tornaram resistentes a outros antibidticos (59). A estrutura do LPS,
localizado na face extracelular da membrana externa, pode variar entre diferentes espécies
bacterianas e até mesmo dentro de uma mesma espécie, o que pode influenciar a
susceptibilidade dessas bactérias as polimixinas. A camada de LPS mais tipicamente inclui
o lipideo A, uma cadeia de oligossacarideos (LOS) e uma cadeia de antigeno O especifica,

como apresentado na figura 4 (60).
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Oligossacarideo

HEDOCO0O000
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Figura 4 — Composicdo do lipopolissacarideo contendo trés subunidades principais, o antigeno O, um ntcleo
de oligossacarideo e o lipideo A.
Fonte: Adaptado de Paczosa et al., 2016 (60).

O lipideo A é a porgdo do LPS que esta ancorada na membrana externa da bactéria e
que desempenha um papel crucial na estabilizacdo do LPS. Essa ancoragem ocorre devido
a interacOes hidrofobicas e eletrostaticas entre o grupo fosfato do lipideo A e os cétions
Mg?* e Ca?* presentes na estrutura da membrana (61).

As polimixinas possuem cargas catidnicas em sua por¢do polipeptidica, que sdo
capazes de se ligar eletrostaticamente ao LPS. Essa ligacdo é facilitada pela interacdo da
cauda lipidica das polimixinas com os &cidos graxos do lipideo A Quando as polimixinas se
ligam aos residuos de fosfato do lipideo A, que possuem carga negativa, ocorre 0
deslocamento dos ions magnésio (Mg?") e calcio (Ca?"), responsaveis pela estabilizacdo da
membrana externa. Esse deslocamento rompe as interagdes que mantém a organizacdo dos

lipidios, permitindo que as polimixinas se intercalem entre as moléculas lipidicas adjacentes.
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Esse processo desorganiza a estrutura da membrana, reduzindo sua estabilidade e
comprometendo sua integridade (54,62). Como consequéncia, a membrana perde sua
capacidade de atuar como barreira seletiva de permeabilidade, tornando-se mais suscetivel
ao influxo descontrolado de substéncias (63).

Com a ruptura dessa barreira, ocorre 0 extravasamento de proteinas periplasmaticas
e a entrada de moléculas que antes ndo conseguiam atravessar a membrana externa de
maneira eficiente. Além disso, o deslocamento dos cétions divalentes e o aumento da
permeabilidade facilitam a penetracdo das proprias moléculas de polimixina, permitindo que
alcancem o periplasma e atinjam a membrana citoplasmatica (figura 5) (64,65). A
capacidade das polimixinas de ultrapassar a membrana externa e atingir camadas internas da
célula bacteriana é essencial para sua a¢do antimicrobiana. Isso possibilita a interferéncia em

processos celulares vitais, levando, eventualmente, a morte bacteriana.

Lipideo A

LPS

Peptideoglicano — 1 v~ T T T IT T IT T ILT 1T
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p

Figura 5 — Mecanismo de agdo das polimixinas, demonstrando a interacdo do farmaco com o LPSe o
deslocamento de fons Ca?* e Mg?*, provocando a desestabilizagdo do LPS e rompimento da membrana.
(Ver detalhes da descricdo do mecanismo no texto).

Fonte: Adaptado de Trimble et al., 2016 (61).
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1.3.2 MECANISMOS DE RESISTENCIA AS POLIMIXINAS

O primeiro mecanismo de resisténcia envolve mutacdes no sistema de dois
componentes (TCS — Two-Component System), um sistema regulador bacteriano composto
pelos genes pmrA e pmrB. Esse sistema controla a expressédo de genes que modificam a
estrutura do lipideo A, que € o alvo inicial da colistina. Quando ocorrem mutagdes em pmrA
ou pmrB, a bactéria pode ativar a expressao da enzima fosfoetanolamina transferase lipidica
A (EptA), codificada pelo gene pmrC. Essa enzima catalisa a adi¢do de fosfoetanolamina
(PEtN) ao lipideo A, especificamente nas posigdes 1 ou 4’-fosfato. Essa modificagéo altera
a carga elétrica da membrana externa, reduzindo a interagdo da colistina com o lipideo A do
LPS e, consequentemente, conferindo resisténcia ao antibidtico. As mutagdes envolvidas na
resisténcia podem incluir indels (inser¢6es ou delecdes) e pequenas alteragdes no locus pmr,
especialmente no gene pmrB, que é o mais frequentemente mutado em Acinetobacter
baumannii. Esse padrdo de mutacdo € semelhante ao observado em enterobactérias,
reforcando a importancia desse sistema na adaptacao bacteriana a presenca da colistina (66—
68).

O segundo mecanismo, mais comum, é a perda completa do LPS causada por
mutagdes nos trés primeiros genes envolvidos na biossintese do lipidio A: IpxA, IpxC e IpxD.
Sequéncias de insercdo (IS — do inglés, insertion sequence), como IS Aball e elementos
semelhantes, inativam os genes IpxC e IpxA em isolados clinicos resistentes a colistina.
Estudos subsequentes mostraram que a insercao de 1S Abal ou IS Aball no gene IpxC é um
evento frequente nesse padrdo de resisténcia em Acinetobacter baumannii. Uma regido
especifica do gene IpxC (entre os nucleotideos 321-420) parece ser um ponto comum de
integracdo de ISs, indicando um possivel hot point para mutagdes associadas a resisténcia.

(69-71).
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Figura 6 — Mecanismos de resisténcia a polimixina B e colistina em Acinetobacter baumannii. O primeiro
envolve mutagdes no sistema de dois componentes (TCS, two-component system), regulado pelos genes
pmrA/pmrB, levando a modificacéo do lipideo A com adicdo de fosfoetanolamina (PEtN), que reduz a

afinidade da colistina. O segundo mecanismo, mais comum, resulta da perda completa do LPS, causada por

mutacdes nos genes IpxA, IpxC e IpxD, frequentemente associadas a inser¢éo de elementos genéticos como IS
Abal e IS Aball.
Fonte: Criado pelo autor com BioRender.com.

Um terceiro mecanismo de resisténcia a colistina envolve a transmissdo por
plasmideos contendo o gene mcr-1 e suas variantes. O gene mcr-1 codifica uma transferase
de PetN, que adiciona PEtN a um fosfato no lipidio A (72). Entretanto, de acordo com
Pillonetto (comunicacédo pessoal, 2024), um estudo de sete anos no LACEN-PR demonstrou

a baixa prevaléncia deste gene na regido.

1.3.3 METODOS DE TESTES DE SENSIBILIDADE AS POLIMIXINAS

Atualmente, existem cinco métodos disponiveis para realizacdo de testes de
sensibilidade aos antimicrobianos. Para as polimixinas, 0 método de microdilui¢cdo em caldo
(BMD —do inglés, broth microdilution ) é o inico recomendado pelos comités internacionais

de teste de sensibilidade aos antimicrobianos (BrCAST/EUCAST e CLSI), sendo
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considerado o padrdo ouro. No entanto, este método requer atencdo rigorosa e um periodo
de incubacéo prolongado, muitas vezes de até 24 horas. Outros métodos, como disco difusdo,
métodos automatizados, fitas de gradiente de concentracdo e diluicdo em &gar ndo devem
ser utilizados, pois apresentam altas taxas de erros e resultados de falsos sensiveis, ou seja,
indicando que uma determinada cepa bacteriana é suscetivel a polimixina, quando, de fato,
a bactéria é resistente a esse antibiotico (73,74).

Neste contexto, foram desenvolvidos métodos alternativos de triagem para detectar
resisténcia a colistina, como o tubo de triagem de colistina, método que envolve a utilizagao
de tubos contendo diferentes concentra¢@es do antibiético. No entanto, 0 método apresentou
baixa sensibilidade e especificidade em isolados de n&o fermentadores, como o
Acinetobacter baumannii, sendo mais eficaz e suscetivel para Enterobacterales (75).

Outro método que avalia a sensibilidade a antimicrobianos é o drop-test, no qual uma
Unica gota de solucéo eluida com disco de colistina € aplicada sobre uma cultura bacteriana.
Apos a incubacéo, observa-se se ocorreu ou ndo crescimento bacteriano ao redor do disco, e
a presenca de zona de inibicdo de qualquer didametro é considerada susceptibilidade ao
antibidtico e auséncia de zona de inibi¢do, resisténcia. Essa técnica pode apresentar taxa de
erros, como erros maiores (falsos resistentes) e erros muito maiores (falsos sensiveis) devido
a falta de padronizacéo; precisdo limitada, que inclui fatores como quantidade de antibidtico
aplicada e concentracdo da cultura bacteriana; interpretacdo subjetiva; e limitacdo na
deteccdo de resisténcia de baixo nivel (76).

Em 2022, Becker e Pillonetto (77) desenvolveram o teste Blue-Poli, uma adaptacéo
do método de eluicdo em disco combinado com um método colorimétrico. O método utiliza
azul de bromotimol como indicador de pH, que muda de ciano escuro para amarelo,
proporcionando uma leitura mais clara. O teste foi validado com 115 cepas, das quais 55

(47,8%) eram suscetiveis e 60 (52,2%) resistentes a polimixina, demonstrando uma taxa de
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100% de sensibilidade, especificidade e precisdo na deteccao de resisténcia a colistina em
Enterobacterales. O teste ndo foi validado para uso em Acinetobacter baumannii e
Pseudomonas aeruginosa, ndo sendo portanto, indicado para detectar resisténcia nessas
espécies.

Uma abordagem inovadora, que permite a deteccdo rapida de alterages na fracdo
lipidica A das bactérias e que esta relacionada a resisténcia da polimixina, é o teste rapido
MALDIxin, método baseado em espectrometria de massas por ionizacdo com dessor¢do a
laser assistida por matriz - tempo de voo (MALDI-TOF MS — do inglés, matrix assisted
laser desorption ionization time of flight mass spectrometry), que analisa diretamente
bactérias intactas em um periodo de 15 minutos. Durante a analise, o espectrdmetro de massa
identifica padrdes de massas especificos associados a presenca de modificacdes no lipidio
A. Embora seja um método novo e moderno, ha desafios associados a sua implementacao e
interpretacdo dos dados espectrais (78).

Nesse cenério, o desenvolvimento de técnicas confidveis, acessiveis e praticas para a
deteccdo de resisténcia a polimixina é crucial, dada a importancia desse antibi6tico no
tratamento de infec¢bes causadas por bactérias gram-negativas, especialmente aquelas

resistentes a varios antibioticos.

1.4 PROTEOMICA

A protedmica é descrita como uma ciéncia multidisciplinar que integra principios da
biologia molecular, bioquimica, bioinformatica e espectrometria de massas. Um de seus
objetivos é caracterizar sistemas bioldgicos através do perfil de proteinas expressos no tempo
e no espaco. Métodos em protedbmica sdo capazes de identificar e quantificar proteinas em
larga escala e, por isso, tém 6timo potencial de serem utilizados na andlise de diversos

processos bioldgicos (79). Por exemplo, in vitro, destacam-se as aplica¢fes no estudo das



39

respostas de células em cultura a farmacos, alteragdes do meio ou estimulos externos; in
Vvivo, a caracterizacao de biomarcadores, na medicina personalizada para auxiliar diagnéstico
precoce, prognostico de doencas e a geracdo de conhecimento, no nivel molecular, do
comportamento de sistemas bioldgicos (80).

Estudos recentes tém associado de forma crescente o perfil de modifica¢bes pos-
traducionais a patogenicidade dos microrganismos. Essas modificagdes covalentes ocorrem
apos a sintese da proteina e desempenham um papel significativo na capacidade de
resisténcia e viruléncia dos microrganismos. Perfis como estes ndo podem ser avaliados
pelas tecnologias de sequenciamento, bem como por métodos moleculares envolvendo
anélise de DNA/RNA (p. ex.: gPCR), destacando a necessidade de abordagens alternativas,
como a espectrometria de massas (MS), para compreender e caracterizar adequadamente

essas modificagOes (81-84).
1.4.1 PROTEOMICA Shotgun

Dentre as técnicas proteébmicas, a protedmica shotgun é considerada de estado-da-
arte. Resumidamente, nesta técnica, o conteildo proteico de um digesto de mistura complexa
(por ex: lisado celular) é analisado utilizando cromatografia liquida em nano-fluxo
diretamente acoplada a espectrometria de massas em tandem (LC-MS/MS). Geralmente, 0s
experimentos objetivam a identificacdo do conteddo proteico, utilizando para isso
ferramentas de busca em conjunto com um banco de dados de sequéncias de proteinas do
respectivo organismo (85).

A protebmica shotgun foi desenvolvida pelo grupo do Dr. John R. Yates, em 1999,
e aplicada primeiramente na identificacdo e caracterizacdo de todas as proteinas presentes
em um lisado de leveduras, sem a necessidade de purificar cada componente proteico, tendo

seu uso rapidamente disseminado para todos os tipos de amostras complexas (86).
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A analise protedmica shotgun requer a digestdo prévia da amostra proteica em
peptideos por meio de uma enzima com sitios de clivagens conhecidos, como a tripsina, que
cliva ligacGes peptidicas formadas ap6s residuos de lisina e arginina. Os peptideos gerados
sdo separados por cromatografia liquida em nano-fluxo acoplada diretamente ao
espectrdmetro de massas. O processo termina com a andlise de milhares de espectros de
massas obtidos de cada amostra com a ajuda de programas especificos para esses tipos de
dados, como o PatternLab for proteomics V e o DiagnoMass (87).

Existe uma abordagem protedmica que visa classificar amostras bioldgicas, como
para a identificacdo bacteriana, sem realizar a identificacdo das proteinas presentes. Estes
experimentos tipicamente utilizam MS do tipo MALDI-TOF para se obter um conjunto de
espectros representativos de cada tipo de organismo, chamado de classe. Para isso, séo
selecionados picos espectrais bem discriminados para aplicacdo de técnicas de aprendizado
de méaquina, utilizando classificadores como bayesianos ou maquinas de vetores de suporte.
Esses, resolvem problemas de classificacdo, ou seja, preveem a classe de uma nova
observagdo com base em dados de treinamento previamente identificados (79).

Espera-se que para uma amostra ndo identificada ou indeterminada, a inteligéncia
artificial seja capaz de apontar a que classe, isto €, a qual espécie a amostra desconhecida
pertence. Isso pode ser feito com base em padrdes identificados durante o treinamento do
modelo. Uma das vantagens desta técnica estd relacionada a capacidade do modelo de
aprendizado de maquina em aprender padrdes diretamente dos dados fornecidos, sem
depender de um banco de dados de sequéncias pré-existentes ou conhecimento detalhado
sobre modificagdes pos-traducionais (88). Isso pode ser particularmente Gtil quando lidamos
com organismos pouco estudados ou quando ndo temos acesso a informacdes detalhadas
sobre suas sequéncias genéticas.

A protedmica é uma ferramenta poderosa e 0s avangos constantes em tecnologias e
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metodologias estdo superando muitos dos desafios antes encontrados, permitindo uma
compreensdo mais profunda dos processos biolégicos em nivel de proteina. Considerando-
se a complexidade na identificacdo de isolados de Acicnetobacter baumannii resistentes as

polimixinas, essas metodologias tornam-se potencialmente promissoras.

1.5 ESPECTROMETRIA DE MASSAS

O espectrometro de massas € um instrumento analitico que converte moléculas
neutras em ions na forma gasosa e 0s separa com base em sua razao massa-carga (m/z). A
plataforma bésica de analise consiste em uma fonte ionizante, um ou mais analisadores e
detectores (89-91). Na década de 1970, a espectrometria de massas (MS — do inglés, mass
spectrometry) comecou a ser usada na identificacdo de microrganismos, e, a partir de 1987
desenvolveu-se a capacidade de ionizar grandes moléculas por laser, utilizando uma matriz
de particulas de cobalto e glicerol. Esse avan¢o originou tecnologias como o MALDI-TOF,
que revolucionou a andlise de sistemas bioldgicos complexos, como as bactérias (92,93).
Hoje, o uso dessas plataformas para identificacdo de isolados bacterianos ja € rotina em
varios laboratdrios clinicos, sendo uma ferramenta de diagnostico rapido, gerando resultado
em alguns minutos, além de ser de alta sensibilidade e de baixo custo em relagdo a outros
métodos (94).

Essa tecnologia gera impressoes digitais de espectros de massas que funcionam como
assinaturas exclusivas para cada microrganismo, proporcionando uma identificacdo precisa
nos niveis de género e espécie. Os espectros gerados sao compostos pelos picos das proteinas
ribossdmicas detectadas. Essas proteinas sao altamente conservadas ao longo da evolugéo e
apresentam caracteristicas distintivas para cada taxon. A tecnologia MALDI-TOF MS
destaca-se pela sua capacidade de caracterizar rapidamente microrganismos com base nessas

assinaturas proteicas (95,96).
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Porém, estas plataformas possuem limitagdes na identificagdo de novos isolados,
sendo necessario haver um banco de dados espectral cadastrado contendo as impressdes

digitais de massas de peptideos das novas cepas (97).

1.5.1 MALDI-TOF MS - PRINCIPIO DO METODO

A técnica de ionizagdo e dessorcdo a laser assistida por Matriz (MALDI) é um
método analitico que permite a ioniza¢do de compostos quimicos para a determinacdo de
suas raz0es massa-carga (m/z). O processo inicia com a incorporagdo da amostra em uma
matriz &cida; subsequentemente, os solventes sdo evaporados, culminando na formacéo de
uma co-cristalizacdo da amostra e a matriz, resultando em um deposito solido referido como
‘spot’. A composigdo da matriz varia conforme a biomolécula a ser analisada. Uma lamina
contendo os spots é inserida no espectrdbmetro de massas e exposta a feixes de laser
ultravioleta (UV) (98-100). A interacdo da energia do laser com o spot promove a liberagéo,
vaporizacgdo e ionizagdo dos analitos. Este processo envolve a transferéncia de carga da
matriz para as moléculas de interesse resultando na geracdo de céations. Os ions sdo
acelerados por campos elétricos e direcionados através de um tubo de voo, operando em
condicBes de baixa pressao (quase vacuo), até um detector, onde 0s sinais sao registrados e

analisados (Figura 7) (96,101).
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Figura 7 — Esquema da técnica de lonizacdo/Dessorcao a Laser assistida por Matriz (MALDI). A amostra €
incorporada em uma matriz acida, formando um spot sélido apds evaporagdo dos solventes. O espectrometro
de massas expde o spot a feixes de laser UV, promovendo a liberacdo, vaporizagéo e ioniza¢éo dos analitos.
Os ions gerados sdo acelerados por um campo elétrico, atravessam um tubo de voo sob baixa pressao e sdo
detectados para analise da razdo massa-carga (m/z).
Fonte: Criado pelo autor com BioRender.com.

No MALDI-TOF/MS, a frequéncia de laser de 50 Hz é utilizada para ionizar as
amostras. Os ions gerados sdo acelerados em direcdo ao detector, onde a razdo m/z dos ions
é calculada com base no tempo de voo (TOF), com os ions menores atingindo o detector em
menor espaco de tempo. Os ions com diferentes m/z sdo separados por TOF, resultando em
um espectro de massas caracterizado pela razdo m/z e pela intensidade dos ions. O célculo
da massa de cada ion € proporcional a raiz quadrada de sua razdo m/z, com picos geralmente
entre 2000 e 20.000 m/z, representados em modo linear positivo (96,97,102). Apds a
obtencdo dos perfis de m/z, os dados sdo processados. Em seguida, os perfis obtidos sdo
comparados com perfis conhecidos em bases de dados de espectros de massas, que contém
informagdes sobre compostos ja caracterizados. Essa comparacgao permite a identificagdo de
moléculas presentes na amostra testada. Os espectros gerados sdo entdo interpretados para
identificar e quantificar os compostos. Por fim, a comparagdo com a base de dados ajuda a

confirmar a identidade dos biomarcadores e a entender suas possiveis funcfes bioldgicas.
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(103).

1.5.2 CROMATOGRAFIA LIQUIDA ACOPLADA A ESPECTROMETRIA DE

MASSAS (LC-MS/MS)

A aplicacdo da cromatografia liquida acoplada a espectrometria de massas em
tandem (LC-MS/MS - do inglés, liquid chromatography coupled to tandem mass
spectrometry) é uma ferramenta valiosa para a anélise de diversas substancias e peptideos
ndo ribossomais em meios complexos, como meios de cultivo (Figura 8). Enquanto a
cromatografia liquida separa cada composto da amostra, o espectrébmetro de massas fornece
a razdo m/z de cada composto ionizado que emerge da coluna cromatogréfica e atinge o
espectrometro. Além disso, € possivel obter informacdes sobre o tempo de retengdo de cada
ion monoprotonado. O espectrdmetro também permite a fragmentagdo controlada dos ions

desejados, facilitando a identificagéo estrutural com base em padrdes de fragmentagao (104).

% -
oL v X api X 3= )
Figura 8 — Espectdmetro de massas Orbitrap Fusion™ Lumos™ (Thermo Scientific, EUA), utilizado nesse
trabalho, localizado no Instituto Carlos Chagas — Fiocruz Parana.
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1 PROCEDIMENTO PADRAO EM LC/MS-MS

O processo inicia com a hidrolise das proteinas para gerar uma mistura de peptideos.
peptideos sdo entdo separados por cromatografia liquida de alto desempenho (HPLC

nglés, high performance liquid chromatography). Apds essa etapa, 0 proximo passo é

a anélise por MS. O processo envolve a ionizacdo dos peptideos, a aquisi¢cdo de um espectro

comp

leto (varredura), a selecdo de ions precursores especificos detectados, a fragmentacéao

e a aquisicdo de MS/MS. Os dados resultantes sdo processados para quantificar diferentes

espécies e/ou determinar a sequéncia de aminoécidos dos peptideos por meio de busca em

banco de dados (figura 9) (104).
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Figura 9 — Esquema das etapas de um experimento proteémico.
Fonte: Adaptado Domon B, et al., 2010 (104).

Existem varias técnicas de ionizagdo, cada uma com suas vantagens e aplicagdes

cificas Entre as mais comumente utilizadas, estdo a ionizacdo por elétrons (EI - do

inglés, electron ionization) (105), ionizagdo quimica (Cl — do inglés, chemical ionization)

(106), bombardeamento rapido de atomo (FAB — do inglés, fast atom bombardment) (107),
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ionizacdo por electrospray (ESI - do inglés, electrospray ionization) (108), e ionizacao
quimica a pressao atmosférica (APCI — do inglés, atmospheric pressure chemical ionization)
(109).

A escolha de cada técnica de ionizacdo depende do tipo de amostra, das
caracteristicas do analito e dos objetivos da analise. O método de ionizagdo empregado neste

estudo foi a ESI.
153 IONIZACAO POR ELECTROSPRAY (ESI)

A descoberta de Yamashita e John B. Fenn, em 1984, sobre a aplicabilidade da fonte
de electrospray como um método de ionizagdo suave representou um marco significativo na
historia da espectrometria de massas (MS). Esse método, amplamente empregado em
protebmica, revolucionou a anélise de biomoléculas, permitindo a ioniza¢do de compostos
biol6gicos com minima degradacao (110). A técnica foi reconhecida com a concessao do
Prémio Nobel de Quimica em 2002 aos seus criadores, evidenciando o seu impacto no
campo. A ESI facilita a transferéncia e ionizacdo de analitos da fase liquida para a fase
gasosa, viabilizando a analise de macromoléculas bioldgicas como proteinas, ou até mesmo
de peptideos e acidos nucleicos, preservando a sua estrutura e integridade (108).

O método envolve a dessolvatacdo gradual das moléculas em temperaturas
tipicamente entre 15°C e 80°C, sendo ideal para analise de espécies ndo volateis e estudos
de especiacgdo (111). O uso de um solvente volatil, juntamente com o nano-fluxo, é aspecto
fundamentais na técnica. Essas caracteristicas garantem a eficacia da transicdo do analito da
fase liquida, sob pressdo atmosférica, para a fase gasosa, direcionando-os para o analisador

de massas (112). A Figura 10 ilustra um esquema geral de ESI.
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Figura 10 — Fonte de ionizacao por electrospray.
Fonte: Adaptado de Saallah et al., 2018 (113).

Resumidamente, a amostra é conduzida por um capilar em nano-fluxo, sendo
nebulizada a medida que a solu¢do com a amostra é submetida ao processo de electrospray.
Este processo faz uso de uma diferenca de potencial de cerca de 2,4 kV entre a extremidade
do capilar e a entrada do espectrometro de massas. Tal diferenca de potencial induz a
formacdo de goticulas sdo carregadas com o analito, na extremidade do capilar, formando
um cone conhecido como “cone de Taylor”. As goticulas carregadas, sdo conduzidas do
capilar a entrada do espectrometro (114). Com a evaporacao do solvente, a densidade de
cargas nas goticulas aumenta, fazendo com que a tensdo superficial ndo consiga mais manter
a goticula, ocorrendo uma explosdo Coulombiana, que fragmenta as goticulas em gotas
ainda menores, até um ponto onde os peptideos sao “arrancados” de dentro da solugdo pelo
campo elétrico. O analito serd posteriormente analisado e separado pelo analisador de
massas conforme sua razdo m/z (115).

Existem varios tipos de analisadores de massas que podem ser combinados com 0
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modo ESI. O mais comum, devido a sua facilidade de uso e custo mais baixo, € o analisador
quadrupolar. O ESI com filtro quadrupolar é amplamente empregado em estudos sobre o
comportamento dos ions na fase gasosa, especiacao de complexos metalicos e investigacdes
dos processos fundamentais de ionizagdo. Outros tipos de analisadores de massas, como
TOF, setor magnético, quadrupolo de armadilha linear (LTQ — do inglés, linear trap

quadrupole) e ressonancia ciclotronica, também estdo disponiveis comercialmente (105).

1.5.4 ANALISADORES DE MASSAS QUADRUPOLDO, LTQ E ORBITRAP

Analisadores de massas sdo frequentemente combinados em espectrometros hibridos
de alta resolugdo, como o Orbitrap Fusion Lumos (utilizado nesse trabalho), permitindo uma
analise mais abrangente e detalhada das amostras (Figura 11).

O quadrupolo € um tipo de analisador de massas que utiliza campos elétricos e
magnéticos para selecionar ions com base em sua razdo m/z. Os quadrupolos sdo comumente
usados como filtros de selecdo de massas para isolar ions de interesse antes de serem
analisados por outros analisadores, como 0s LTQ e Orbitrap. Eles sdo altamente versateis e
podem ser utilizados em uma variedade de modos, incluindo varredura de massas, varredura
de ions e varredura de precursor (116).

O LTQ é um analisador de ions que utiliza uma armadilha idnica linear para capturar
e manipular os ions. Ele pode realizar uma variedade de operac6es, incluindo a fragmentacdo
de ions por colisdo com gas, denominada dissociacao induzida por colisdo (CID — do inglés,
collision-induced dissociation), bem como a analise de ions por espectrometria de massas
de ionizacdo por electrospray (ESI-MS) e por laser assistida por matriz (MALDI-MS). O
LTQ é conhecido por sua sensibilidade e capacidade de fragmentacédo (117).

O Orbitrap é um analisador de massas de alta resolucéo que se baseia na deteccao da

corrente induzida por ions que orbitam ao redor de uma haste central. Os ions geram uma
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corrente que é medida para determinar as massas com alta precisdo e resolucao. O Orbitrap
é especialmente util para anélises de proteinas, metabolémica e estudos de pequenas

moléculas, devido a sua alta resolucdo e capacidade de determinar massas com precisao
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Figura 11 — Esquema geral dos analisadores do espectrdmetro de massas Orbitrap Fusion Lumos.
Fonte: Adaptado de Michalski et. al., 2012 (116).
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2 JUSTIFICATIVA

Diagndsticos rapidos e precisos para a deteccdo de bactérias resistentes tornam-se
cada vez mais cruciais na area da satde. Além disso, o emprego de tecnologias como PCR
em tempo real, sequenciamento de proxima geracdo (NGS) e inteligéncia artificial e
aprendizado de maquina, podem resultar em economia de recursos, reduzindo o tempo nas
unidades de tratamento intensivo (UTIs) e otimizando a aplicacdo de multiplos antibiéticos,
frequentemente caros e de amplo espectro. (119). Isso ndo apenas beneficia os pacientes, ao
permitir tratamentos direcionados, mas também contribui para a gestdo financeira
sustentavel das instituicdes de saude.

Atualmente, as técnicas de sequenciamento genético tém sido amplamente adotadas
para identificacdo de bactérias para fins diagnosticos. Por outro lado, as tecnologias de MS
tém se tornado cada vez mais eficientes. O uso dessas tecnologias representa um avango
significativo no diagnostico microbioldgico e contribui para uma abordagem mais rapida e
eficaz no tratamento de infecgdes.

A identificacdo de padrdes na expressdao de proteinas melhora a compreensao de
fenbmenos bioldgicos. A protedmica, uma ciéncia multidisciplinar, caracteriza sistemas
biolégicos pelo perfil de proteinas ao longo do tempo e espago. Suas metodologias
possibilitam a identificacdo e quantificacdo em larga escala, com grande potencial para
analisar processos biolégicos.

Diante do exposto, reconheceu-se a necessidade de conduzir uma pesquisa visando
aprimorar tecnologias complementares para diagnosticar perfis de resisténcia as polimixinas

em Acinetobacter baumannii, conforme proposto neste trabalho.
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3 OBJETIVO GERAL

Desenvolver metodologia experimental e computacional baseada em protedmica

para distinguir cepas de Acinetobacter baumannii resistentes e susceptiveis a polimixina B.

3.1 OBJETIVOS ESPECIFICOS

3.1.1 Gerar bibliotecas espectrais de cepas de Acinetobacter baumannii resistentes a
polimixina B.
3.1.2 Gerar bibliotecas espectrais de cepas de Acinetobacter baumannii susceptiveis a

polimixina B.

3.1.3 Classificar os microrganismos com base no perfil de espectro de massas.
3.1.3 Realizar a analise computacional dos dados espectrais das cepas de Acinetobacter
baumannii resistentes e susceptiveis a polimixina B, utilizando inteligéncia artificial

para identificar padrdes e otimizar a interpretacdo dos resultados.
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4 METODOS, RESULTADOS E DISCUSSAO

Este foi um estudo “in vitro” utilizando isolados bacterianos de Acinetobacter
baumannii resistentes e susceptiveis as polimixinas (B e colistina), provenientes do banco
de cepas do Laboratorio Central do estado do Parana - LACEN-PR. Assim, a submissao do
projeto ao Comité de Etica em Pesquisa com Seres Humanos néo se fez necessaria.

Conforme definido pelo Programa de Pds-Graduacdo em Ciéncias da Saude da
PUCPR, a apresentacdo da metodologia, resultados e discussdo podem ser feitos no formato
de artigo cientifico, alternativa adotada neste estudo.

O item 4.1 complementa os materiais utilizados no estudo. O artigo apresentado no

item 4.2 foi publicado pela revista Journal of Proteomics, fator de impacto 3.855.

4.1 CRITERIOS DE ESCOLHA DAS CEPAS

As cepas foram selecionadas entre 2018 a 2022, com o interesse em cepas dos periodos
pré-pandémico e pandémico, produtoras ou ndo dos genes blaoxa-23 € blanom, responsaveis
pela resisténcia a carbapenémicos em Acinetobacter baumannii. Devido a resisténcia a
polimixina ser rara, as cepas resistentes foram escolhidas por ordem de chegada nos
respectivos anos, e pareadamente foram escolhidas as cepas susceptiveis, de acordo com a
regido geografica. A origem, sexo, idade dos pacientes e concentracdo inibitéria minima da

polimixina B estdo no quadro 1.
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A. baumannii

susceptivel a Cidade de origem Sexo Idade CIM
S polimixina B

polimixina B
Amostra 1 Cascavel-PR Masculino 33anos  <=0,5ug/mL
Amostra 2 Curitiba-PR Feminino 38anos  <=0,5ug/mL
Amostra 3 Curitiba-PR Feminino 54 anos 1 pg/mL
Amostra 4 Curitiba-PR Masculino 70 anos <=0,5 ug/mL
Amostra 5 Londrina-PR Feminino 67anos  <=0,5ug/mL
Amostra 6 Chapeco-SC Masculino 83 anos 1 pg/mL
Amostra 7 Joinville-SC Masculino 40 anos 2 ug/mL
Amostra 8 Tubardo-SC Masculino 77 anos 1 pg/mL
Amostra 9 Porto-Alegre-RS Feminino 69 anos <=0,5 ug/mL
Amostra 10 Porto-Alegre-RS Masculino 42 anos  <=0,5ug/mL
Amostra 11 Cuiabad-MT Feminino 58 anos 1 pg/mL
Amostra 12 Cuiabd-MT Masculino 85anos  <=0,5ug/mL
Amostra 13 Campo Grande-MS  Masculino 35 anos <=0,5 ug/mL
Amostra 14 Campo Grande-MS  Masculino 67 anos 1 pg/mL

A. baumannii
resistente a Cidade de origem Sexo Idade

polimixina B
Amostra 1 Curitiba-PR Feminino 29 anos >=32 ug/mL
Amostra 2 Curitiba-PR Masculino 52 anos 64pg/mL
Amostra 3 Curitiba-PR Feminino 31 anos 4 ng/mL
Amostra 4 Foz do Iguacu-PR  Masculino 39 anos 4 ng/mL
Amostra 5 Londrina-PR Masculino 67 anos >=32 pug/mL
Amostra 6 Chapeco-SC Masculino 71 anos >=32 pg/mL
Amostra 7 Itajai-SC Feminino 21 anos >=32 pg/mL
Amostra 8 Joinville-SC Masculino 41 anos 64pg/mL
Amostra 9 Porto-Alegre-RS Masculino 74 anos 4 ng/mL
Amostra 10 Porto-Alegre-RS Feminino 77 anos >=32 ug/mL
Amostra 11 Cuiaba-MT Masculino 45 anos >=32 ug/mL
Amostra 12 Cuiabd-MT Feminino 34 anos 4 pg/mL
Amostra 13 Campo Grande-MS  Masculino 43 anos >=32 pug/mL
Amostra 14 Dourados-MS Masculino 55 anos >=32 ug/mL

Tabela 1 - Origem e dados das cepas estudadas.

Fonte: O autor, 2024.
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ABSTRACT

This work discloses a unique, comprehensive proteomic dataset of Acinetobacter baumannii
strains, both resistant and non-resistant to polymyxin B, sourced from Brazil. Generated
using Orbitrap Fusion Lumos, the data offers a granular view of the proteomic profiles
intricately linked to polymyxin B resistance or susceptibility. From nearly 4 million tandem
mass spectra, the software DiagnoMass produced 240,685 quality-filtered mass spectral
clusters, of which PatternLab for proteomics identified 44,553 peptides mapping to 3,479
proteins. Crucially, DiagnoMass shortlisted 3,550 and 1,408 unique mass spectral clusters
for the resistant and non-resistant strains, respectively, with only about a third with
sequences (and PTMs) identified by PatternLab. Further open-search attempts via FragPipe

yielded an additional ~20% identifications, suggesting the remaining unidentified spectra
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likely arise from complex combinations of post-translational modifications and amino-acid
substitutions. This highlights the untapped potential of the dataset for future discoveries,
particularly given the importance of PTMs, which remain elusive to nucleotide sequencing
approaches but are crucial for understanding biological mechanisms. Our analysis reveals
adaptations in the resistant strain, including enhanced detoxification, altered protein
synthesis, and metabolic adjustments.

INTRODUCTION:

Acinetobacter baumannii is a gram-negative coccobacillary bacterium, increasingly
recognized as a significant public health concern. A. baumannii is commonly found in
hospital environments and can cause various infections, including hospital-acquired
pneumonia (HAP), ventilator-associated pneumonia (VAP), and bacteremia (120). The
emergence and spread of antibiotic resistance in A. baumannii are a complex phenomenon
influenced by genetic and environmental factors. This microorganism is notorious for its
ability to rapidly develop resistance to antibiotics, making it a challenging pathogen to treat
(15).

Addressing bacterial resistance to antibiotics is crucial; therefore, continued research into
new antibiotics, efficient vaccines, alternative treatments, faster and more sensitive
diagnoses, and promoting the appropriate use of antibiotics (Antimicrobial Stewardship) to
delay the development of resistance are essential (121). Among the various types of
antibiotics, Carbapenem was once considered the last therapeutic option for treating
multidrug-resistant A. baumannii (MDR) infections. However, in recent years, isolates
resistant to this class have emerged, leading to the clinical application of polymyxins. With
the emergence of extensively drug-resistant and even PDRs, clinicians have even been
forced to use polymyxin B and E (colistin), an antibiotic group that can do kidney and nerve
damage, to combat these infections (122). As an aggravator, the COVID-19 pandemic has
led to an increase in infections by multidrug-resistant bacteria, further impacting the global
scenario. Unfortunately, during the pandemic, the uncontrolled use of antimicrobials has
accelerated the decrease of efficiency of these antibiotic classes as well (123).

In 2019, Murray's published data estimated deaths associated with bacterial antimicrobial
resistance (AMR) reaching 4.95 million, a figure seven times higher than the reports
described by the Centers for Disease Control and Prevention in 2013 and O'Neill in 2016

(8,124). Particularly alarming is the situation in the southern region of Brazil, where recent
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research revealed an extensive presence of drug-resistant A. baumannii; from 2017 to 2020,
659 isolates were analyzed (125). Polymyxin B (PMB) remained the only antimicrobial with
in vitro efficacy. In another report, an outbreak of carbapenem-resistant strains in an
intensive care unit was detailed (126); thus, deepening our concerns. With escalating
resistance, the necessity for stringent surveillance and conscientious antimicrobial
stewardship becomes even more pressing.

Brazil, with its extensive population, diverse healthcare infrastructure, including the Unified
Health System (SUS), and its network of Central Public Health Laboratories (LACENS),
provides a unique setting for exploring the emergence and spread of antibiotic resistance in
A. baumannii. This intricate assembly of public health services and diagnostic laboratories
nationwide offers a comprehensive and nuanced perspective on the country's ongoing efforts
to combat antibiotic resistance. With this as motivation, our data descriptor originates from
the joint efforts of these systems and aims to contribute to a broader understanding of the
molecular underpinnings of resistance and the drivers behind the emergence of multidrug-
resistant strains within the country. Here, we provide and explore proteomic profiles of A.
baumannii strains originating from the states of Parana and Santa Catarina. It is important to
note the escalating prevalence of polymyxin-resistant A. baumannii strains in Brazil,
especially in this region. This trend urges a deeper understanding of these strains and
underscores the need for novel therapeutic options. Such knowledge is crucial in devising
innovative therapeutic strategies, surveillance control, and preserving the efficacy of our
current antibiotic arsenal and thus should serve as an example for similar investigations
worldwide (127).

Proteomics is a powerful tool for understanding local antibiotic-resistant bacteria, providing
a comprehensive view of their proteome (128). This information can identify specific
proteins involved in antibiotic resistance and understand cellular changes in response to
antibiotic exposure. Proteomics can also serve as a diagnostic tool to detect resistance-related
proteins, such as beta-lactamases and aminoglycoside-modifying enzymes (129). However,
the presence of these enzymes doesn't definitively indicate active resistance, which could be
latent or suppressed under certain conditions (130). Moreover, resistance could be conferred
by a combination of post-translational modifications and amino acid substitutions, which are
frequently missed by proteomic search engines, and undetectable by DNA sequencing
approaches (131). Current solutions, such as Bruker’s MALDI Biotyper, exemplify the
utility of mass spectrometry in bacterial diagnostics. However, these systems typically rely

on single spectra, which limits their discriminative power for diagnosing resistant bacteria.
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In contrast, shotgun proteomics profiles provide a more expansive and detailed analysis of
protein fragments, enhancing the discriminatory power when identifying and classifying
bacterial strains. In this vein, the studies by Ping Wang et al. and Zhenbo Xu et al. provide
comprehensive proteomic analyses of Acinetobacter baumannii, revealing significant
differences between drug-resistant and drug-susceptible isolates, and identifying
differentially expressed proteins that may influence drug resistance, particularly those
located in the periplasmic or outer membrane of the cell (132,133).

This data descriptor presents proteomic profiles of polymyxin-resistant A. baumannii strains
from Brazilian hospitals, highlighting regional variations. By cross-examining proteomic
data across diverse strains and resistance profiles, our dataset uncovers unique evolutionary
trends and adaptations under antibiotic pressure. These insights inform Antimicrobial
Stewardship in Brazilian healthcare settings and can be instrumental in developing
diagnostic tools and slowing the development of further resistance.

We utilized DiagnoMass (134) to investigate the proteomic data, grouping similar spectra
into spectral clusters and pinpointing those unique or significantly different between
biological conditions. DiagnoMass interfaced with PatternLab for proteomics V for peptide
spectrum matching (87) and FragPipe for open search (135), shortlisting spectral clusters
unique to a biological condition. Notably, we aim to discover and highlight those unique
mass spectral clusters that remain unidentified by both search engines. This methodology
offers an unbiased perspective for comparing biological conditions and promises to shed
light on potential biomarkers key in understanding and combating drug resistance in A.
baumannii. As such, we argue that this is pivotal for surveillance purposes and can serve as
a resource for the development and refinement of diagnostic tools. Such data can form the
foundational blocks for integration with machine learning algorithms, predicting antibiotic

resistance based on comprehensive proteomic profiles.
METHODOLOGY:
Sample acquisition and preparation:

We were granted permit A64AE41 from the Brazilian National System of Management of
Genetic Heritage and Traditional Knowledge (SisGen), which authorized us to assess
samples of A. baumannii. The bacterial strains (14 resistant and 14 non-resistant to
polymyxin B) were obtained from the "Laboratorio Central do Estado do Parana”. Stored

at -80°C in Brain Heart Infusion (BHI) medium, the strains were thawed and streaked onto
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MacConkey agar medium using a 10 pL bacteriological loop. Following incubation for 24
hours at 36 °C, growth and isolate purity were assessed. Bacterial lysis was carried out
following the SPEED protocol (136). Subsequently, sample gquantification was performed
using the fluorometric Qubit assay, as per the manufacturer's instructions. One hundred
micrograms of each sample were reduced with dithiothreitol (final concentration 10 mM)
for 30 minutes at 60°C, cooled to room temperature (20 °C) followed by alkylation with
iodoacetamide (final concentration 30 mM) for 25 minutes. Finally, the samples were
digested overnight with trypsin in a 1/50 (E/S) ratio at 37 °C. The reaction was interrupted
with trifluoroacetic acid (TFA) 10% (final concentration of 1%), followed by centrifugation
for 15 minutes at 18,000 x g and again quantified by the fluorometric Qubit assay. Ten
micrograms of each sample were desalted with Stop and Go Extraction Tips (Stage Tips) as

described by Rappislber and collaborators (137).
Mass Spectrometry Acquisition:

The peptides were subjected to LC-MS/MS (Liquid chromatography with tandem mass
spectrometry) analysis with an UltiMate 3000 (Thermo Fisher®)) ultra-high-performance
liquid chromatography (UHPLC) system coupled with an Orbitrap Fusion™ Lumos™ mass
spectrometer (Thermo, San José), as follows. The peptide mixtures were loaded into a
column (75 mm i.d., 30 cm long) packed in-house with a 3um ReproSil-Pur C18-AQ resin
(Dr. Maisch) with a flow of 250 nL/min and subsequently eluted with a flow of 250 nL/min
from 5% to 40% ACN in 0.1 % formic acid in a 140 min gradient (138). The mass
spectrometer was set in data-dependent acquisition (DDA) mode to automatically switch
between full-scan (MS) and MS/MS (MS2) acquisition. Survey MS spectra (from m/z 300 —
1,500) were acquired in the Orbitrap analyzer with a resolution of 120,000 at m/z 200. The
most intense ions captured in 2s cycle time were chosen, excluding unassigned ones that had
a 1+ charge state. The ions were sequentially isolated and fragmented using higher-energy
collisional dissociation (HCD) with normalized energy of 30. The fragment ions were
analyzed with a resolution of 15,000 at 200 m/z. The general mass spectrometric conditions
were spray voltage, 2.5 kV; no sheath and auxiliary gas flow; ion transfer tube temperature
of 250°C; predictive automatic gain control (AGC) enable, and S-lens RF level of 40% Mass
spectrometer scan functions and nLC solvent gradients were regulated using the XCalibur
4.1 data system (Thermo, San José). Two technical replicates were acquired for each

biological replicate.
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Data Analysis:
Dataset Quality Control with RawVegetable 2.0

To ensure the quality control of our mass spectrometry data, especially between the technical
replicates of the experiments, we utilized RawVegetable, a specialized software tool tailored
for mass spectrometry data assessment (139). This tool provided us with several key
modules. The charge state chromatogram module, as well as the TopN density estimation
module, enabled us to optimize chromatography. The TopN is particularly interesting, as it
enables the control of how many MS/MS scans are being generated by cycle, which in turn
helped us identify retention time intervals of under or over-sampling, facilitating necessary
gradient adjustments. The chromatography reproducibility module allowed for pairwise
comparisons between multiple experiments, ensuring the consistency and reliability of our
data. And lastly, we were able to assess the quality of MS/MS spectra by looking at their
Xrea scores throughout the run and the precursor signal ratio distribution to analyze the

fragmentation efficiency.
Protein and peptide identification with PatternLab for Proteomics V

We utilized PatternLab for Proteomics V (version 5.0.0.152) for peptide spectrum matching
due to its proven reliability and accessibility (140). the software is freely available at
http://patternlabforproteomics.org. Data analysis followed the software's protocol (87), with

the exception of the new search feature that enables multiplexed spectra identification
through the Y.A.D.A. 3.0 deconvolution algorithm (140,141).

A. baumannii sequences (5,909 in total) were sourced from UniProt in March 2023,
supplemented with 127 common mass spectrometry contaminants and searched using PLV’s
embedded Comet (142). The search included semi-tryptic and fully-tryptic peptide
candidates, allowing up to 2 missed cleavage sites. Variable modifications included
oxidation of methionine and deamidation of asparagine and glutamine, while
carbamidomethylation of cysteine was considered a fixed modification.

Validation of peptide-spectrum matches (PSMs) was conducted using the Search Engine
Processor (SEPro) integrated into PLV (143). This aimed to generate a list of identifications
with less than 1% false discovery rate (FDR) at the protein level. Identifications were
grouped by charge state (2+ and >3+) and tryptic status, forming four distinct subgroups.
Each group was sorted based on a Bayesian discriminator generated from XCorr, DeltaCN,


http://patternlabforproteomics.org/
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DeltaPPM, and Peaks Matched values. A cutoff score was set to accept a 2% FDR at the
peptide level, based on the number of labeled decoys. This process was independently
performed on each data subset, resulting in an FDR independent of charge state or tryptic
status. Additional requirements included a minimum sequence length of six amino-acid
residues and PSMs with less than 10 ppm from the global identification average. One-
peptide identifications (proteins identified with only one mass spectrum) with an XCorr of
less than 2 were discarded, leading to FDRs at the protein level of less than 1% for all search

results.
Differential proteomics

We utilized the "Peptide-Centric Differential Proteomic Analyzer" module, integrated
within the XIC Explorer from PLV, to identify differentially abundant proteins. This module
initiates the process by normalizing peptide quantification values according to the respective
Total XIC for each run. For our analysis, we only considered peptides that were found in at
least eight biological replicates (more than half) of both condition and exhibited a minimum
absolute 2.3-fold change (Logz(1.2)). Subsequently, a single-sample t-test was applied to the
fold changes of peptides within each protein. By treating each peptide as an independent
observation, we minimized error propagation, thereby enhancing the reliability of our
analysis. Proteins with less than 3 peptides were not considered. The method also
incorporates the principle of maximum parsimony for protein inference. To control the false
discovery rate at the protein level, we employed the Benjamini-Hochberg procedure with a
g-value threshold of 0.05. This rigorous approach ensures the reliable identification of
differentially abundant proteins.

For proteins uniquely identified to a single condition, we only considered those present in at

least five biological replicates.
Leveraging DiagnoMass for Exploratory and Condition-Specific Spectral Clustering

Shotgun proteomic data was processed using DiagnoMass, a tool for spectral clustering.
Parameters were set to optimize results: BinOffset at 112.456, BinSize at 1.0005, and
BinMaxMZ at 1612.2055 defined the binning strategy. A SimilarityThreshold of 0.75
ensured high similarity within clusters. Only tandem mass spectra decurrent from precursors
with charge states from 2 to 5 and having 10 and more peaks above 500 m/z were considered.

PrecursorTolerance was set at 0.002 m/z to accommodate minor variations in precursor m/z
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values. RetentionTimeTolerance was set at 10 minutes, accounting for variability in liquid
chromatography separation times. These parameters culminated in spectral clusters, which
were then annotated using PatternLab V. Only spectral clusters belonging to five or more
biological replicates of a given biological condition and not identified in any other biological

replicate from the other condition were shortlisted for further evaluation using open-search.
Annotating Discriminative and Unidentified Spectral Clusters Through Open-Search

Open-search is a versatile method that allows for the identification of unexpected post-
translational modifications and sequence variants. For this purpose, we employed FragPipe,
a comprehensive tool for large-scale proteomic data analysis (135). We adhered to its default
parameters for open-search, using the same FASTA sequence database as previously
mentioned. This approach aimed to maximize the identification and annotation of
unidentified spectral clusters, thereby enhancing our understanding of the proteomic

landscape under investigation.
RESULTS:
Mass Spectral Quality Control

Initial comparisons of the full chromatograms between the technical replicates, as
exemplified by Figure 12, show not only the great similarity between the runs, but also very
well-defined peaks, which indicates good reproducibility between the samples and great
separation of the molecules. A full quality control analysis done in RawVegetable (139) also
presents charged chromatograms, which indicate when most of the species of each individual
charge eluted. In these samples, the charged chromatograms showed an abundance of 2+ and
3+ species throughout the whole chromatography, as expected of linear peptides, which also
indicates a successful digestion of the samples.

The TopN density estimation of this data presented a satisfactory spectra acquisition
throughout the experiment, with an average of 30 to 35 MS/MS scans per MS spectrum for
most of the chromatography run, which translates in a great amount of spectra generated for
the peptide identification step.

In terms of the quality of the MS/MS spectra generated, the distribution of Xrea scores
showed that most MS/MS spectra had a good overall quality and indicated that the higher
quality of spectrum was generated by the first 70 minutes of the run. The distribution of
precursor signal ratio in the MS/MS scans shows that, in all samples, most of the scans had
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less than 2.5% of precursor signal left, which indicates a satisfactory fragmentation of the
peptides, thus possibly generating better signal for the fragments and a better spectrum for
the identification step.

All of these analyses demonstrate that the samples had very efficient LC-MS runs, and no
major issues were detected, which makes the data ready for further steps in the study. A
full summary of the quality control analysis, complete with images for each pair of replicates
can be found in the supplementary material
(https://docs.google.com/document/d/INoIwA_Kk7W7-sXryXMJccOixL cxJ-
2s0t/edit?usp=drive_link&ouid=112942517307199185302&rtpof=true&sd=true).
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Figure 12 — lon chromatogram comparison of technical replicates of Acinetobacter
baumannii resistant to polymyxin B.

Protein ldentification and Differential Abundance Analysis Using PatternLab for

Proteomics

Our analysis with PatternLab for Proteomics V yielded 928,831 identified tandem mass
spectra, which corresponded to 44,553 peptides mapping to 3,479 proteins across all
analyses. The comprehensive list of proteins and peptides is available at 'All Proteins' and
'‘All  Peptides’ tabs of the Supplementary  Spreadsheet, respectively -
https://docs.google.com/spreadsheets/d/1n7G7ZnF84K2VAzNKOQcIK2DN4BHc6UIU/ed
it?usp=drive_link&ouid=112942517307199185302&rtpof=true&sd=true. We identified

151 proteins that were exclusively identified in the resistant strains, considering only those

found in five or more biological replicates specific to that condition (see 'Unique Resistant'
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tab). Conversely, a single protein (AOAOD5YDM4, Signal peptide) was exclusively
identified in the non-resistant condition. We shortlisted 241 proteins identified in both
conditions but exhibiting increased abundance in the resistant strains (‘'Up Resistant' tab),

and 3 with increased abundance in the non-resistant strains ('Up Non-Resistant' tab).
Discriminant Clusters via DiagnoMass

DiagnoMass was employed to cluster spectra based on precursor’s charge state, m/z, and
spectral angle. Not all spectra were assigned to clusters; for instance, only spectra with 10
or more m/z peaks above 500 were considered, and clusters had to contain at least two mass
spectra. Our full dataset comprised 3,884,700 tandem mass spectra generated from both
resistant and non-resistant strains. Of these, DiagnoMass considered 1,535,653 for
generating the clusters, resulting in a total of 240,685 spectral clusters. Given that PatternLab
identified a total of 44,553 peptides across all experiments, which could theoretically
translate to around 89,106 spectral clusters (assuming that typically the same peptide is
observed with 2 charge states), it's evident that the identified peptides explain only a little
more than a third of the spectral clusters. This leaves a significant amount of information
unexplored.

We propose that the most relevant information, not only in our work but also in other
proteomic studies addressing conditions like cancer, might not be present in public
databases. Alternatively, it might be tied up in post-translational modifications (PTMSs) that
are often missed by search engines due to their complexity or a combination of PTMs. These
overlooked PTMs could play crucial roles in biological phenomena, such as enhancing
bacterial resistance mechanisms as very well depicted in the work from Abouelhadid et. al.
(144).

Our dataset supports this hypothesis. For instance, the PCAs generated by PatternLab and
DiagnoMass show a clear difference (Figure 13). While PatternLab only considers
information from identified peptides, DiagnoMass bases its analysis on spectral clusters.
This difference in approach allows DiagnoMass to reveal information that is typically missed
by conventional proteomics workflows, thereby providing a more comprehensive
understanding of the biology at hand. Importantly, both PatternLab and DiagnoMass were
developed by our group, utilizing the same underlying libraries. This ensures consistency in
the analytical approach and gives us confidence in the reliability and validity of the

DiagnoMass approach.
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Figure 13 — DiagnoMass vs PatternLab PCA plots of polymyxin B resistant A.
baumannii - This figure presents a side-by-side comparison of A. baumannii strains resistant
and non-resistant to polymyxin B, as visualized through DiagnoMass and PatternLab. The
upper panel displays a DiagnoMass-generated PCA scatterplot, with spectral clusters from
peptides (identified or not) depicted as red (resistant) and green (non-resistant) dots,
indicating a clear proteomic distinction between the strains. Conversely, the lower panel
shows a PatternLab-generated plot, based solely on identified peptides, where the resistant
and non-resistant strains are represented by green and light-brown dots, respectively, with
no evident separation.

Utilizing DiagnoMass, we generated a heatmap and histogram, focusing on clusters derived
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from spectra found in at least five instances of the same biological condition (Figure 14).
This analysis suggests a correlation within the proteomic profiles of the resistant and non-
resistant strains. As indicated in Figure 14, DiagnoMass shortlisted 3,550 and 1,408 clusters
exclusive to the resistant and non-resistant strains, respectively. Out of these, PatternLab
could confidently identify spectra from only 1,281 and 193 clusters, respectively. A detailed
manual review indicates the presence of numerous high-quality, yet unidentified, mass
spectra. For instance, we present an example of a consensus mass spectrum from cluster
12,192, which remained unidentified (Figure 15). Motivated by these findings, we exported
all unidentified spectra from the unique clusters for further analysis using FragPipe, an open-
search tool designed to search for variants not found in our sequence database. The exported

mass spectra are provided in Supplementary2-UnidentifiedResistant (1).mgf and

Supplementary3-UnidentifiedNonResistant.mgf.
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Figure 14 — Heatmap and Histogram of Spectral Clusters - This figure presents a
heatmap of all bacterial samples analyzed in the study, generated using DiagnoMass. The
heatmap visualizes the similarity in proteomic profiles between each pair of samples, with
colour intensity indicating the degree of similarity. On the right, two bars represent the
number of spectral clusters unique to each condition, i.e., the resistant (blue) and non-
resistant (red) bacteria. The figure illustrates the significant differences in the proteomic
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profiles, especially the greater abundancy in unique spectral clusters in the resistant
condition, highlighting the presence of numerous discriminative and yet unidentified mass
spectral clusters. The results underscore the potential of this overlooked data in
understanding antibiotic resistance. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Figure 15 — Consensus Spectrum Illustration - The figure above presents a consensus
spectrum, as provided by DiagnoMass, generated through the averaging of intensity values
for all mass spectral peaks within a specific spectral cluster. The y-axis denotes relative
intensity, while the x-axis represents the corresponding mass spectral bin number. This
consensus spectrum provides a comprehensive representation of the spectral cluster's
characteristic features.

Unveiling Hidden Proteomic Profiles: The Power of Open-Search

Employing FragPipe's open-search capabilities, we identified 1,004 peptides originating
from the 3,550 clusters exclusive to the resistant strains. These results underscore the value
of integrating complementary search strategies alongside the prevalent peptide spectrum
matching approach in proteomic identification. However, they also highlight the potential
for further refinement in current proteomic identification tools. We speculate that the
unidentified mass spectra may predominantly stem from peptides bearing a combination of
post-translational modifications (PTMs) and amino acid substitutions. The peptides
identified by FragPipe are made available in the 'Open-Search Resistant’ tab of the
Supplementary Spreadsheet.

Discussion
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Proteins exclusively identified or more abundant in the resistant strains.

The intricate network of proteins in polymyxin B-resistant A. baumannii presents a
multifaceted portrait of the mechanisms underlying antibiotic resistance. Each protein, with
its unique identifier, contributes to a narrative of adaptation and resilience in the face of
antibiotic stress.

Among the proteins exclusively identified in the resistant strain we spotlight the Aldehyde
dehydrogenase family protein (AO0OA429MLH1). By enhancing the bacterium's
detoxification capabilities, it serves as a protective shield against the stress induced by
polymyxin B. This shield is further fortified by the Glutamate-cysteine ligase
(AOA3RI9TSX1), which synthesizes glutathione, a molecule crucial for maintaining cellular
redox balance and detoxifying reactive oxygen species. Together, these proteins form the
bacterium's first line of defense against the antibiotic.

Simultaneously, the bacterium is also adjusting its protein synthesis, as suggested by the
presence of the 16S rRNA (Cytosine(1402)-N (4))-methyltransferase (AOA3RORYT7). This
alteration in protein synthesis could be a response to the changes in the bacterium's metabolic
and transport processes, indicated by the presence of the D-lactate dehydrogenase
(AOA429MKP4) and the ATP-binding cassette domain-containing protein (AOA3R9TP97).
By adjusting these processes, the bacterium is likely optimizing its resources to withstand
the effects of polymyxin B.

Further supporting this optimization are the Bifunctional riboflavin kinase/FMN
adenylyltransferase (AOA429MRUOQ) and the Malate dehydrogenase (quinone)
(AOA429MNJ3). These enzymes could be indicative of metabolic adjustments in the
resistant strain, fine-tuning its energy production to cope with the antibiotic stress.

These mechanisms, notwithstanding, is further supported by several other proteins in our
results that were shortlisted as having increased statistical abundance in the resistance strain
and are also henceforth discussed. The ATP synthase gamma chain (V5VHZ7) and ATP
synthase subunit b (V5VHGS5) are integral components of the cell's energy production
machinery. As part of the ATP synthase complex, these molecular motors drive the synthesis
of ATP, the primary energy currency of the cell. Their increased abundance in the resistant
strain suggests an increased demand for energy, likely to fuel various resistance mechanisms.
This is not an isolated phenomenon, but rather a component of a broader response involving
numerous other proteins.

For instance, the long-chain fatty acid transporter (AOA3R9RY45) and the RND transporter
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(AOA3R9S1X2) exhibit increased abundance in the resistant strain. These proteins facilitate
the transport of molecules across the cell membrane. Their increased abundance could be
associated with the efflux of polymyxin B from the bacterial cell, suggesting a concerted
effort by the bacterium to physically expel the antibiotic from its interior. This strategy likely
requires a significant amount of energy, hence the increased abundance of ATP synthase
proteins.

In addition to these transporters, several proteins involved in protein synthesis and folding
also exhibit increased abundance in the resistant strain. These include various ribosomal
proteins such as 50S ribosomal protein L5 (AOA3R9U554), 50S ribosomal protein L4
(V5V9IM5), and 30S ribosomal protein S1 (V5VDL1). The ribosome, the cellular machinery
responsible for protein synthesis, is likely operating at an increased rate in the resistant strain.
This could be a response to the need for more resistance-related proteins, or a general
increase in protein synthesis as part of the stress response.

Molecular chaperones like DnaK (AOA3R9S7E3, AOA3RI9SOW4) and chaperonin GroEL
(V5VAH2) also exhibit increased abundance in the resistant strain. These proteins assist in
the folding of newly synthesized proteins and help maintain protein homeostasis under stress
conditions. Their up-regulation suggests an increased need for protein quality control
mechanisms in the resistant strain, possibly due to the exacerbated rate of protein synthesis.
The cell wall and membrane of the bacterium also play a pivotal role in resistance. Several
proteins involved in cell wall/membrane biogenesis exhibit increased abundance in the
resistant strain, including the cell division protein FtsZ (A0A429MC99) and the lytic
transglycosylase (AOA3R9S3W6). Changes in the cell wall/membrane could affect the
binding of polymyxin B, thus contributing to resistance.

In addition to these, proteins involved in amino acid synthesis and metabolism, such as
tryptophan-tRNA ligase (AOA3R9S100), cysteine synthase (AOA3RITNT7), andthreonine
synthase (AOA429MJ25), also exhibit increased abundance in the resistant strain. This could
be due to an increased demand for amino acids for protein synthesis, or it could be part of a
broader metabolic adjustment in response to antibiotic stress.

The resistant strain also shows an increased abundance of proteins with yet uncharacterized
functions, such as the DUF3108 domain-containing protein (AOA3R9UEOQ5,
AOA3RI9TM67) and the DUF4198 domain-containing protein (AOAOD5YHUSG6). The roles
of these proteins in resistance are not yet clear, but their increased abundance suggests that
they might be involved in some way. Further studies are needed to elucidate their functions.

In conclusion, the increased abundance of these proteins in polymyxin B-resistant A.
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baumannii is a testament to the organism's resilience and adaptability. It underscores the
intricate interplay of various cellular processes - from energy production and protein
synthesis to transport mechanisms, stress response, cell wall/membrane biogenesis, and
amino acid metabolism. Each protein, acting not in isolation but in concert with others,
contributes to a finely tuned symphony of survival mechanisms. This complex and
coordinated response highlights the bacterium's strategic adaptation to antibiotic stress,
reminding us of the multifaceted nature of antibiotic resistance. It underscores the need for
a holistic approach in the study of antibiotic resistance, one that appreciates the
interconnectedness of various proteins and cellular processes. As we continue to unravel this
complex web of interactions, we move closer to understanding the full breadth of strategies

employed by bacteria in their fight for survival.
Proteins more abundant or exclusively identified in the non-resistant strains.

In the non-resistant strain of A. baumannii, several proteins were exclusively identified,
suggesting a different set of mechanisms at play compared to the resistant strain. The
ExeM/NucH family extracellular endonuclease (AOA3R9S704) might be involved in DNA
degradation or repair processes, potentially contributing to the bacterium'’s ability to maintain
genomic integrity under non-stressful conditions.

The Lipoprotein-34 (NIpB) (AOA3R9SE74) and two proteins identified as signal peptides
(A0A098SJD0 and AOAOD5YDMA4) could be involved in protein localization and transport,
ensuring that proteins are correctly delivered to their functional locations within the cell.
Interestingly, several proteins in the non-resistant strain are yet to be characterized
(AOAODSYLE7, AOA429MLRS, and V5VCQ?2). Their roles in the non-resistant strain are
not yet clear, but their exclusive presence suggests that they might be involved in some way.

Further studies are needed to elucidate their functions.
Final Remarks

In conclusion, while Peptide Spectrum Matching (PSM) continues to be the most widely
adopted method for proteomic data analysis, providing a robust foundation for the
identification of proteins, it is important to recognize the value of complementary approaches
such as open-search methods. The latter can uncover additional identifications that might
otherwise be overlooked, albeit can be more error-prone. Despite these advancements, a

significant portion of mass spectra remains unidentified. These elusive spectra, potentially
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carrying a combination of post-translational modifications and amino acid substitutions, may
hold the key to understanding specific biological states, including mechanisms of resistance.
As we continue to refine and develop our analytical tools, our ability to decode these spectra
will undoubtedly enhance our understanding of complex biological systems and their

responses to environmental challenges.
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CONCLUSOES

A anélise por LC-MS/MS demonstrou ser uma metodologia potencialmente eficaz e
acurada para identificacdo de proteinas, expressas em ambiente de susceptibilidade
versus resisténcia a polimixina em Acinetobacter baumannii.

Por meio da analise de abundancia diferencial gerada pelo software PatternLab for
Proteomics V, foi possivel identificar um total de 241 proteinas para ambas as
condigBes (cepas de Acinetobacter baumannii susceptiveis e resistentes a
polimixina). Dentre essas, 151 proteinas foram exclusivas para as cepas resistentes,
apresentando maior abundéncia.

Foi identificada e classificada uma Unica proteina (AOAOD5YDM4, peptideo sinal)
exclusiva presente na condigdo susceptivel (ndo resistente).

Verificou-se que os resultados obtidos pela ferramenta DiagnoMass agruparam e
classificaram um conjunto maior de espectros e peptideos do que os identificados
pelo software PatternLab for Proteomics V, que utiliza uma base de dados conhecida.
Esse fato confirma a existéncia de informacOes significativas que ainda estdo
inexploradas.

Constatou-se a necessidade de aprimorar as ferramentas de analise protedmica para
que possam classificar espectros de massas ndo identificados, que supostamente
estdo envolvidos em modificacdes pds-traducionais (MPTs) e substituicdes de

aminoacidos.
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CONTRIBUICAO ORIGINAL PARA A CIENCIA

A importancia das tecnologias de espectrometria de massas tem crescido
significativamente devido a sua eficiéncia, robustez e disseminacdo em diversas areas. Essas
tecnologias desempenham um papel crucial na investigagdo de genes de resisténcia
antimicrobiana (ARGS) e na identificacdo de novas espécies. Além disso, destacam-se por
serem mais acessiveis em termos de custo, ampliando assim a capacidade de pesquisa e
anélise em diversos campos cientificos. No presente estudo, essa tecnologia contribuiu
significativamente para diferenciacdo individual dos perfis protedmicos de Acinetobacter
baumannii relacionados a resisténcia ou suscetibilidade a polimixina B.

A partir da ferramenta de agrupamento espectral DiagnoMass foi possivel separar as
duas cepas estudadas, baseadondo-se somente nos espectros de massas, utilizando o software
PatternLab for Proteomics V, que necessita de bancos de dados protedmicos publicos com
proteinas previamente identificadas. Essa abordagem revelou a capacidade de separar
bactérias resistentes e ndo resistentes, evidenciando possiveis identificacGes perdidas pelos
métodos tradicionais de busca protedmica. Essas identificacfes, frequentemente omitidas,
podem estar relacionadas a modificagdes pos-traducionais e substituicdes de aminoacidos,
possivelmente envolvidas na resisténcia antimicrobiana. Esta descoberta é util para
compreensdo mais aprofundada dos mecanismos de adaptacdo bacteriana aos agentes
antimicrobianos, indicando a necessidade de investigacdes adicionais nesta area.

Ao explorarmos cada vez mais essas modificacbes em proteinas associadas a
resisténcia, podemos ganhar insights valiosos sobre os processos moleculares subjacentes e,
assim, identificar alvos potenciais para intervengdes terapéuticas direcionadas. Contudo,
ainda sdo necessarios mais estudos para uma compreensdo aprofundada das modificaces
proteicas, sendo fundamental para desenvolver estratégias mais eficazes no combate a

estados patoldgicos, incluindo os relacionados a resisténcia.
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ARTICLE INFO ABSTRACT

Keywords: This work discl a unique, comprehensive p ic dataset of Acinetob b ii strains, both resistant
DiagnoMass and non-resistant to polymyxin B, isolated in Brazil generated using Orbitrap Fusion Lumos. From nearly 4
Po!ymyxin N million tandem mass spectra, the software DiagnoMass produced 240,685 quality-filtered mass spectral clusters,
;Z:’;f::gz r;?;""a""" of which PatternLab for proteomics identified 44,553 peptides mapping to 3479 proteins. Crucially, DiagnoMass
ARM shortlisted 3550 and 1408 unique mass spectral clusters for the resistant and non-resistant strains, respectively,
with only about a third with sequences (and PTMs) identified by PatternLab. Further open-search attempts via
FragPipe yielded an additional ~20% identifications, suggesting the remaining unidentified spectra likely arise
from complex combinations of post-translational modifications and amino-acid substitutions. This highlights the
untapped potential of the dataset for future discoveries, particularly given the importance of PTMs, which remain
elusive to nucleotide sequencing approaches but are crucial for under: ling biol 1 hani Our
innovative approach extends beyond the identifications that are typically subjected to the bias of a search engine;
we discern which spectral clusters are differential and subject them to increased scrutiny, akin to spectral library
matching by comparing captured spectra to themselves. Our analysis reveals adaptations in the resistant strain,
including enhanced detoxification, altered protein synthesis, and bolic adj
Significance: We present comprel ive p ic profiles of i and resistant Acinetobacter baumannii
from Brazilian Hospitals strains, and highlight the presence of discriminative and yet unidentified mass spectral
clusters. Our work emphasizes the importance of exploring this overlooked data, as it could hold the key to
under: ling the plex dynamics of antibiotic resi This approach not only informs antimicrobial
stewardship efforts but also paves the way for the development of innovative diagnostic tools. Thus, our findings
have profound implications for the field, as far as methods for providing a new perspective on diagnosing
antibiotic resistance as well as classifying proteomes in general.

1. Introduction increasingly recognized as a significant public health concemn.
A. baumannii is commonly found in hospital environments and can cause
Acinetobacter baumannii is a gram-negative coccobacillary bacterium, various infections, including hospital-acquired pneumonia (HAP),
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ventilator-associated pneumonia (VAP), and bacteremia [1]. The
emergence and spread of antibiotic resistance in A. baumannii are a
complex phenomenon influenced by genetic and environmental factors.
This microorganism is notorious for its ability to rapidly develop resis-
tance to antibiotics, making it a challenging pathogen to treat [2].

Addressing bacterial resistance to antibiotics is crucial; therefore,
continued research into new antibiotics, efficient vaccines, alternative
treatments, faster and more sensitive diagnoses, and promoting the
appropriate use of antibiotics (Antimicrobial Stewardship) to delay the
development of resistance are essential [3]. Among the various types of
antibioties, Carbapenem was once considered the last therapeutic option
for treating multidrug-resistant A. baumnannii (MDR) infections. How-
ever, in recent years, isolates resistant to this class have emerged,
leading to the clinical application of polymyxins. With the emergence of
extensively drug-resistant and even pan-drug resistance, clinicians have
even been forced to use polymyxin B and E (colistin), an antibiotic group
that can do kidney and nerve damage, to combat these infections [4].
Brazilian researchers described the first outbreak of Carbapenem-
Resistant Acinetob, b ii — CRAB, as early as 1999, which
produced OXA-23 enzyme [5]. It's important to note that CRABs are
always MDR isolates, having developed resistance to multiple antibiotic
classes before becoming resistant to carbapenems. As an aggravator, the
COVID-19 pandemic has led to an increase in infections by multidrug-
resistant bacteria, further impacting the global scenario. Unfortu-
nately, during the pandemic, the uncontrolled use of antimicrobials has
accelerated the decrease of efficiency of these antibiotic classes as well
[61.

In 2019, Murray’s published data estimated deaths associated with
bacterial antimicrobial resistance reaching 4.95 million, a figure seven
times higher than the reports described by the Centers for Disease
Control and Prevention in 2013 and O'Neill in 2016 [7,8]. Particularly
alarming is the situation in the southemn region of Brazil, where recent
research revealed an extensive presence of drug-resistant A. baumannit;
from 2017 to 2020, 659 isolates were analyzed [9]. Polymyxin B
remained the only antimicrobial with in vitro efficacy. In another report,
an outbreak of carbapenem-resistant strains in an intensive care unit was
detailed [10], thus deepening our concerns. With escalating resistance,
the necessity for stringent surveillance and conscientious antimicrobial
stewardship becomes even more pressing.

Brazil, with its extensive population, diverse healthcare infrastruc-
ture, including the Unified Health System (SUS), and its network of
Central Public Health Laboratories (LACENSs), provides a unique setting
for exploring the emergence and spread of antibiotic resistance in
A. baumannii. This intricate assembly of public health services and
diagnostic laboratories nationwide offers a comprehensive and nuanced
perspective on the country’s ongoing efforts to combat antibiotic resis-
tance. With this as motivation, our data descriptor originates from the
joint efforts of these systems and aims to contribute to a broader un-
derstanding of the molecular underpinnings of resistance and the drivers
behind the emergence of multidrug-resistant strains within the country.
Here, we provide and explore proteomic profiles of A. baumannii strains
originating from the states of Parana and Santa Catarina. It is important
to note the escalating prevalence of polymyxin-resistant A. baumannii
strains in Brazil, especially in this region. This trend urges a deeper
understanding of these strains and underscores the need for novel
therapeutic options. Such knowledge is crucial in devising innovative
therapeutic strategies, surveillance control, and preserving the efficacy
of our current antibiotic arsenal and thus should serve as an example for
similar investigations worldwide [11].

Proteomics is a powerful tool for understanding local antibiotic-
resistant bacteria, providing a comprehensive view of their proteome
[12]. This information can identify specific proteins involved in anti-
biotic resistance and understand cellular changes in response to anti-
biotic exposure. Proteomics can also serve as a diagnostic tool to detect
resistance-related  proteins, such as  beta-lactamases and
aminoglycoside-modifying enzymes [13]. However, the presence of
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these enzymes doesn’t definitively indicate active resistance, which
could be latent or suppressed under certain conditions [14]. Moreover,
resistance could be conferred by post-translational modifications, which
are undetectable by DNA sequencing approaches, and amino acid sub-
stitutions, which are frequently missed by proteomic search engines
[15]. Current solutions, such as Bruker's MALDI Biotyper, exemplify the
utility of mass spectrometry in bacterial diagnostics. However, these
systems typically rely on single spectra, which limits their discriminative
power for diagnosing resistant bacteria. In contrast, shotgun proteomics
profiles provide a more expansive and detailed analysis of protein
fragments, enhancing the discriminatory power when identifying and
classifying bacterial strains. In this vein, the studies by Ping Wang et al.
and Zhenbo Xu et al. provide comprehensive proteomic analyses of
Acinetobacter baumannii, revealing significant differences between drug-
resistant and drug-susceptible isolates, and identifying differentially
expressed proteins that may influence drug resistance, particularly those
located in the periplasmic or outer membrane of the cell [16,17].

This data descriptor presents proteomic profiles of polymyxin-
resistant A. baumannii strains from Brazilian hospitals, highlighting
regional variations. By cross-examining proteomic data across diverse
strains and resistance profiles, our dataset uncovers unique evolutionary
trends and adaptations under antibiotic pressure. These insights inform
Antimicrobial Stewardship in Brazilian healthcare settings and can be
instrumental in developing diagnostic tools and slowing the develop-
ment of further resistance.

We utilized DiagnoMass [18] to investigate the proteomic data,
grouping similar spectra into spectral clusters, transcending the limita-
tions of traditional search engines that introduce bias towards identifi-
able portions of the provided sequence database. DiagnoMass interfaced
with PatternLab for Proteomics V (PLV) for peptide spectrum matching
[19] and FragPipe for open search [20], shortlisting spectral clusters
unique to a biological condition. Notably, we aim to discover and
highlight those unique mass spectral clusters that remain unidentified
by both search engines, offering an unbiased perspective for comparing
biological conditions and shedding light on potential biomarkers for
understanding and combating drug resistance in A. baumannii. This
methodology offers an unbiased perspective for comparing biological
conditions and promises to shed light on potential biomarkers key in
understanding and combating drug resistance in A. baumannii. As such,
we argue that this is pivotal for surveillance purposes and can serve as a
resource for the development and refinement of diagnostic tools. Such
data can form the foundational blocks for integration with machine
learning algorithms, predicting antibiotic resistance based on compre-
hensive proteomic profiles.

2. Methodology
2.1. Sample acquisition and preparation

We were granted permit A64AE41 from the Brazilian National Sys-
tem of Management of Genetic Heritage and Traditional Knowledge
(SisGen), which authorized us to assess samples of A. baumanni. The
bacterial strains (14 resistant and 14 non-resistant to polymyxin B) were
obtained from the “Laboratério Central do Estado do Parana’. Stored at
—80 °C in Brain Heart Infusion (BHI) medium, the strains were thawed
and streaked onto MacConkey agar medium using a 10 pL bacteriolog-
ical loop. Following incubation for 24 h at 36 °C, growth and isolate
purity were assessed. Bacterial lysis was cairied out following the SPEED
protocol [21]. Subsequently, sample quantification was performed using
the fluorometric Qubit assay, as per the manufacturer’s instructions.
One hundred micrograms of each sample were reduced with dithio-
threitol (final concentration 10 mM) for 30 min at 60 °C, cooled to room
temperature (20 °C) followed by alkylation with iodoacetamide (final
concentration 30 mM) for 25 min. Finally, the samples were digested
overnight with trypsin in a 1/50 (E/S) ratio at 37 °C. The reaction was
interrupted with trifluoroacetic acid (TFA) 10% (final concentration of
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1%), followed by centrifugation for 15 min at 18,000 x g and again
quantified by the fluorometric Qubit assay. Ten micrograms of each
sample were desalted with Stop and Go Extraction Tips (Stage Tips) as
described by Rappislber and collaborators [22].

2.2, Mass spectrometry acquisition

The peptides were subjected to LC-MS/MS (Liquid chromatography
with tandem mass spectrometry) analysis with an UltiMate 3000
(Thermo Fisher®)) ultra-high-performance liquid chromatography
(UHPLC) system coupled with an Orbitrap Fusion™ Lumos™ mass
spectrometer (Thermo, San José), as follows. The peptide mixtures were
loaded into a column (75 mm i.d., 30 cm long) packed in-house witha 3
pm ReproSil-Pur C18-AQ resin (Dr. Maisch) with a flow of 250 nL/min
and subsequently eluted with a flow of 250 nL/min from 5% to 40% ACN
in 0.1% formic acid in a 140 min gradient [23]. The mass spectrometer
was set in data-dependent acquisition (DDA) mode to automatically
switch between full-scan (MS) and MS/MS (MS2) acquisition. Survey MS
spectra (from m/z 300-1500) were acquired in the Orbitrap analyzer
with a resolution of 120,000 at m/z 200. The most intense ions captured
in 2 s cycle time were chosen, excluding unassigned ones that had a 1+
charge state. The ions were sequentially isolated and fragmented using
higher-energy collisional dissociation (HCD) with normalized energy of
30. The fragment ions were analyzed with a resolution of 15,000 at 200
m/z. The general mass spectrometric conditions were spray voltage, 2.5
kV; no sheath and auxiliary gas flow; ion transfer tube temperature of
250 °C; predictive automatic gain control (AGC) enable, and S-lens RF
level of 40% Mass spectrometer scan functions and nLC solvent gradi-
ents were regulated using the XCalibur 4.1 data system (Thermo, San
José). Two technical replicates were acquired for each biological
replicate.

2.3. Data analysis

2.3.1. Dataset quality control with rawvegetable 2.0

To ensure the quality control of our mass spectrometry data, espe-
cially between the technical replicates of the experiments, we utilized
RawVegetable, a specialized software tool tailored for mass spectrom-
etry data assessment [24]. This tool provided us with several key
modules. The charge state chromatogram module, as well as the TopN
density estimation module, enabled us to optimize chromatography. The
TopN is particularly interesting, as it enables the control of how many
MS/MS scans are being generated by cycle, which in turn helped us
identify retention time intervals of under or over-sampling, facilitating
necessary gradient adjustments. The chromatography reproducibility
module allowed for pairwise comparisons between multiple experi-
ments, ensuring the consistency and reliability of our data. And lastly,
we were able to assess the quality of MS/MS spectra by looking at their
Xrea scores [25] throughout the run and the precursor signal ratio dis-
tribution to analyze the fragmentation efficiency.

2.3.2. Protein and peptide identification with PatternLab for Proteomics V

We utilized PatternLab for Proteomics V (version 5.0.0.152) for
peptide spectrum matching due to its proven reliability and accessibility
[26]; the software is freely available at http://patternlabforproteomics.
org. Data analysis followed the software’s protocol [19], with the
exception of the new search feature that enables multiplexed spectra
identification through the Y.AD.A. 3.0 deconvolution algorithm
[26,27].

A. baumannii sequence (TG28175-5909 in total) were sourced from
UniProt in March 2023, supplemented with 127 common mass spec-
trometry contaminants and searched using PLV's embedded Comet [25].
The search included semi-tryptic and fully-tryptic peptide candidates,
allowing up to 2 missed cleavage sites. Variable modifications included
oxidation of methionine and deamidation of asparagine and glutamine,
while carbamidomethylation of cysteine was considered a fixed
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modification.

Validation of peptide-spectrum matches (PSMs) was conducted using
the Search Engine Processor (SEPro) integrated into PLV [29]. This
aimed to generate a list of identifications with <1% false discovery rate
(FDR) at the protein level. Identifications were grouped by charge state
(2+ and > 3+) and tryptic status, forming four distinct subgroups. Each
group was sorted based on a Bayesian discriminator generated from
XCorr, DeltaCN, DeltaPPM, and Peaks Matched values. A cutoff score
was set to accept a 2% FDR at the peptide level, based on the number of
labeled decoys. This process was independently performed on each data
subset, resulting in an FDR independent of charge state or tryptic status.
Additional requirements included a minimum sequence length of six
amino-acid residues and PSMs with <10 ppm from the global identifi-
cation average. One-peptide identifications (proteins identified with
only one mass spectrum) with an XCorr of <2 were discarded, leading to
FDRs at the protein level of <1% for all search results.

2.3.3. Differential proteomics

We utilized the “Peptide-Centric Differential Proteomic Analyzer”
module, integrated within the XIC Explorer from PLV, to identify
differentially abundant proteins. This module initiates the process by
normalizing peptide quantification values according to the respective
Total XIC for each run. For our analysis, we only considered peptides
that were found in at least eight biological replicates (more than half) of
both condition and exhibited a minimum absolute 2.3-fold change
(Log2(1.2)). Subsequently, a single-sample t-test was applied to the fold
changes of peptides within each protein. By treating each peptide as an
independent observation, we minimized error propagation, thereby
enhancing the reliability of our analysis. Proteins with <3 peptides were
not considered. The method also incorporates the principle of maximum
parsimony for protein inference. To control the false discovery rate at
the protein level, we employed the Benjamini-Hochberg procedure with
a g-value threshold of 0.05. This rigorous approach ensures the reliable
identification of differentially abundant proteins.

For proteins uniquely identified to a single condition, we only
considered those present in at least five biological replicates.

2.3.4. Leveraging DiagnoMass for exploratory and condition-specific
spectral clustering

Shotgun proteomic data was processed using DiagnoMass, a tool for
spectral clustering. Parameters were set to optimize results: BinOffset at
112.456, BinSize at 1.0005, and BinMaxMZ at 1612.2055 defined the
binning strategy. A Similarity Threshold of 0.75 ensured high similarity
within clusters. Only tandem mass spectra derived from precursors with
charge states from 2+ to 5+ and having 10 and more peaks above 500
m/z were considered. PrecursorTolerance was set at 0.002 m/z to
accommodate minor variations in precursor m/z values. RetentionTi-
meTolerance was set at 10 min, accounting for variability in liquid
chromatography separation times. These parameters culminated in
spectral clusters, which were then annotated using PatternLab V. Only
spectral clusters belonging to five or more biological replicates of a given
biological condition and not identified in any other biological replicate
from the other condition were shortlisted for further evaluation using
open-search. This threshold (5 out of 14) is justifiable based on a chi-
squared statistical test, resulting in a p-value of 0.0135.

235 A and unid
open-search

Open-search is a versatile method that allows for the identification of
unexpected post-translational modifications and sequence variants. For
this purpose, we employed FragPipe, a comprehensive tool for large-
scale proteomic data analysis [20]. We adhered to its default parame-
ters for open-search, using the same FASTA sequence database as pre-
viously mentioned. This approach aimed to maximize the identification
and annotation of unidentified spectral clusters, thereby enhancing our
understanding of the proteomic landscape under investigation.

ified spectral clusters through

P A
1g discr
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3. Results
3.1. Mass spectral quality control

Initial comparisons of the full chromatograms between the technical
replicates, as exemplified by Fig. 1, show not only the great similarity
between the runs, but also very well-defined peaks, which indicates
good reproducibility between the samples and great separation of the
molecules. A full quality control analysis done in RawVegetable [24]
also presents charged chromatograms, which indicate when most of the
species of each individual charge eluted. In these samples, the charged
chromatograms showed an abundance of 2+ and 3+ species throughout
the whole chromatography, as expected of linear peptides, which also
indicates a successful digestion of the samples.

The TopN density estimation of this data presented a satisfactory
spectra acquisition throughout the experiment, with an average of 30 to
35 MS/MS scans per MS spectrum for most of the chromatography run,
which translates in a great amount of spectra generated for the peptide
identification step.

In terms of the quality of the MS/MS spectra generated, the distri-
bution of Xrea scores showed that most MS/MS spectra had a good
overall quality and indicated that the higher quality of spectrum was
generated by the first 70 min of the run. The distribution of precursor
signal ratio in the MS/MS scans shows that, in all samples, most of the
scans had <2.5% of precursor signal left, which indicates a satisfactory
fragmentation of the peptides, thus possibly generating better signal for
the fragments and a better spectrum for the identification step.

All of these analyses demonstrate that the samples had very efficient
LC-MS runs and no major issues were detected, which makes the data
ready for further steps in the study.

A full summary of the quality control analysis, complete with images
for each pair of replicates can be found in the supplementary material.

3.2. Protein identification and differential abundance analysis using
PatternLab for proteomics

Our analysis with PatternLab for Proteomics V yielded 928,831
identified tandem mass spectra, which corresponded to 44,553 peptides
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mapping to 3479 proteins across all analyses. The comprehensive list of
proteins and peptides is available at ‘All Proteins’ and ‘All Peptides’ tabs
of the Supplementary Spreadsheet, respectively. We identified 151
proteins that were exclusively identified in the resistant strains,
considering only those found in five or more biological replicates spe-
cific to that condition (see ‘Unique Resistant tab). Conversely, a single
protein (AOAOD5YDM4, Signal peptide) was exclusively identified in the
non-resistant condition. We shortlisted 241 proteins identified in both
conditions but exhibiting increased abundance in the resistant strains
(‘Up Resistant’ tab), and 3 with increased abundance in the non-resistant
strains (‘Up Non-Resistant’ tab).

3.3. Discriminant clusters via DiagnoMass

DiagnoMass was employed to cluster spectra based on precursor’s
charge state, m/z, and spectral angle. Not all spectra were assigned to
clusters; for instance, only spectra with 10 or more m/z peaks above 500
were considered, and clusters had to contain at least two mass spectra.
Our full dataset comprised 3,884,700 tandem mass spectra generated
from both resistant and non-resistant strains. Of these, DiagnoMass
considered 1,535,653 for generating the clusters, resulting in a total of
240,685 spectral clusters. Given that PatternLab identified a total of
44,553 peptides across all experiments, which could theoretically
translate to around 89,106 spectral clusters (assuming that typically the
same peptide is observed with 2 charge states), it's evident that the
identified peptides explain only a little more than a third of the spectral
clusters. This leaves a significant amount of information unexplored.

We propose that the most relevant information, not only in our work
but also in other proteomic studies addressing conditions like cancer,
might not be present in public databases. Altemnatively, it might be tied
up in post-translational modifications (PTMs) that are often missed by
search engines due to their complexity or a combination of PTMs. These
overlooked PTMs could play crucial roles in biological phenomena, such
as enhancing bacterial resistance mechanisms as very well depicted in
the work from Abouelhadid et al. [30].

Our dataset supports this hypothesis. For instance, the PCAs gener-
ated by PatternLab and DiagnoMass show a clear difference (Fig. 2).
While PatternLab only considers information from identified peptides,

Fig. 1. Ion chromatogram comparison of technical replicates of Acinetocaber baumannii resistant to polymyxin B.
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Fig. 2. DiagnoMass vs PatternLab PCA plots of Pol in B Resi: A.b ii. - This figure presents a side-by-side comparison of A. baumannii strains that are
resistant and non-resistant to polymyxin B, as visualized th h scr hots of Di Mass (top) and PatternLab (bottom). The upper panel displays a DiagnoMass-

generated PCA scatterplot, generated from spectral clusters from peptides (identified or not) depicted as red (resistant) and green (non-resistant) dots, indicating a
clear proteomic distinction between the strains. Conversely, the lower panel shows a PatternLab-generated plot, based solely on identified peptides, where the
resistant and strains are rep 1 by green and light-brown dots, respectively, with no evident separation. The numbers in the upper panel are
associated with file names. The numbers associated with the dots in the lower panel are consecutive numbers, serving as a visual aid to indicate the grouping of
technical replicates. Specifically, pairs of sequential numbers are expected to group closely together, representing technical replicates of the same sample. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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DiagnoMass bases its analysis on spectral clusters. This difference in
approach allows DiagnoMass to reveal information that is typically
missed by conventional proteomics workflows, thereby providing a
more comprehensive understanding of the biology at hand. Importantly,
both PatternLab and DiagnoMass were developed by our group, utilizing
the same underlying libraries. This ensures consistency in the analytical
approach and gives us confidence in the reliability and validity of the
DiagnoMass approach.

Utilizing DiagnoM we g d a heatmap and histogram,
focusing on clusters derived from spectra found in at least five instances
of the same biological condition (Fig. 3). This analysis suggests a cor-
relation within the proteomic profiles of the resistant and non-resistant
strains. As indicated in Fig. 3, DiagnoMass shortlisted 3550 and 1408
clusters exclusive to the resistant and non-resistant strains, respectively.
Out of these, PatternLab could confidently identify spectra from only
1281 and 193 clusters, respectively. A detailed manual review indicates
the presence of numerous high-quality, yet unidentified, mass spectra.
For instance, we present an example of a consensus mass spectrum from
cluster 12,192, originating from 15 tandem mass spectra distributed
among 10 biological replicates of the Resistant form and found in no
non-resistant form. This consensus spectrum originates from parent ions
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with a 3+ charge and an m/z of 478.608; all of them remained un-
identified (Fig. 4). Motivated by these findings, we exported all un-
identified spectra from the unique clusters for further analysis using
FragPipe, an open-search tool designed to search for variants not found
in our sequence database. The exported mass spectra are provided in
Supplementary2-UnidentifiedResistant. mgf ~ and  Supplementary3-
UnidentifiedNonResistant.mgf.

3.4. Unveiling hidden Proteomic profiles: the power of open-search

Employing FragPipe’s open-search capabilities, we identified 1004
peptides originating from the 3550 clusters exclusive to the resistant
strains. These results underscore the value of integrating complemen-
tary search strategies alongside the prevalent peptide spectrum match-
ing approach in proteomic identification. However, they also highlight
the potential for further refinement in current proteomic identification
tools. We speculate that the unidentified mass spectra may predomi-
nantly stem from peptides bearing a combination of post-translational
modifications (PTMs) and amino acid substitutions. The peptides iden-
tified by FragPipe are made available in the ‘Open-Search Resistant’ tab
of the Supplementary Spreadsheet.

Normalize Siqmoid Alfa for Heathap: | 1[5][__plot |

Exclusive
Spectral Clusters

141

o

Fig. 3. Heatmap and Histogram of Spectral Clusters - This figure presents a heatmap of all bacterial samples analyzed in the study, generated using DiagnoMass. The
heatmap visualizes the similarity in proteomic profiles between each pair of samples, with colour intensity indicating the degree of similarity. On the right, two bars
represent the number of spectral clusters unique to each condition, i.e., the resistant (blue) and non-resistant (red) bacteria. The figure illustrates the significant
differences in the proteomic profiles, especially the greater abundancy in unique spectral clusters in the resi condition, highlighting the presence of numerous
discriminative and yet unidentified mass spectral clusters. The results underscore the potential of this overlooked data in und, di ibiotic resi (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Consensus Spectrum
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4. Discussion
4.1. Importance of polymyxin-resistance in CRAB

Carbapenem drugs have been broadly used to treat serious gram-
negative infections in the 1990's and 2000's. Unfortunately,
carbapenem-resistant strains have been increasingly isolated in Brazil
and worldwide [31,32]. One of the last-resort treatments for CRABs is
polymyxin and cefiderocol. However, the latter is not available in Brazil
and many other low- and middle-income countries. So, polymyxin is of
prominent importance to treat this multi-drug resistant organism. The
empirical use and abuse of polymyxin during COVID-19 to treat CRABS,
precluded outbreaks of polymyxin-resistant Acinetobacter baumannii.
Since the laboratory test to evaluate polymyxin susceptibility needs a
broth microdilution method, not easily available at microbiology labs in
LMIC, alterantive methods are welcome.

4.2. Proteins exclusively identified or more abundant in the resistant
strains

The intricate network of proteins in polymyxin B-resistant
A. baumamnii presents a multifaceted portrait of the mechanisms un-
derlying antibiotic resistance. Each protein, with its unique identifier,
contributes to a narrative of adaptation and resilience in the face of
antibiotic stress.

Among the proteins exclusively identified in the resistant strain we
spotlight the Aldehyde dehydrogenase family protein (AOA429MLH1).
By enhancing the bacterium’s detoxification capabilities, it serves as a
protective shield against the stress induced by polymyxin B. This shield
is further fortified by the Glutamate-cysteine ligase (AOA3RITSX1),
which synthesizes glutathione, a molecule crucial for maintaining
cellular redox balance and detoxifying reactive oxygen species.
Together, these proteins form the bacterium’s first line of defense
against the antibiotic.

Simultaneously, the bacterium is also adjusting its protein synthesis,

of the spectral cluster’s characteristic features.

as suggested by the presence of the 16S rRNA (Cytosine(1402)-N (4))-
methyltransferase (AOA3R9RYT?). This alteration in protein synthesis
could be a response to the changes in the bacterium’s metabolic and
transport processes, indicated by the presence of the D-lactate dehy-
drogenase (AOA429MKP4) and the ATP-binding cassette domain-
containing protein (AOA3R9TP97). By adjusting these processes, the
bacterium is likely optimizing its resources to withstand the effects of
polymyxin B.

Further supporting this optimization are the Bifunctional riboflavin
kinase/FMN adenylyltransferase (AOA429MRUO) and the Malate de-
hydrogenase (quinone) (AOA429MNJ3). These enzymes could be
indicative of metabolic adjustments in the resistant strain, fine-tuning its
energy production to cope with the antibiotic stress.

These mechanisms, notwithstanding, is further supported by several
other proteins in our results that were shortlisted as having increased
statistical abundance in the resistance strain and are also henceforth
discussed. The ATP synthase gamma chain (V5VHZ7) and ATP synthase
subunit b (V5VHG5) are integral components of the cell’s energy pro-
duction machinery. As part of the ATP synthase complex, these molec-
ular motors drive the synthesis of ATP, the primary energy currency of
the cell. Their increased abundance in the resistant strain suggests an
increased demand for energy, likely to fuel various resistance mecha-
nisms. This is not an isolated phenomenon, but rather a component of a
broader response involving numerous other proteins.

For instance, the long-chain fatty acid transporter (AOA3R9RY45)
and the RND transporter (AOA3R9S1X2) exhibit increased abundance in
the resistant strain. These proteins facilitate the transport of molecules
across the cell membrane. Their increased abundance could be associ-
ated with the efflux of polymyxin B from the bacterial cell, suggesting a
concerted effort by the bacterium to physically expel the antibiotic from
its interior. This strategy likely requires a significant amount of energy,
hence the increased abundance of ATP synthase proteins.

In addition to these transporters, several proteins involved in protein
synthesis and folding also exhibit increased abundance in the resistant
strain. These include various ribosomal proteins such as 508 ribosomal
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protein L5 (AOA3R9U554), 508 ribosomal protein L4 (V5VOMS), and
30S ribosomal protein S1 (V5VDL1). The ribosome, the cellular ma-
chinery responsible for protein synthesis, is likely operating at an
increased rate in the resistant strain. This could be a response to the need
for more resistance-related proteins, or a general increase in protein
synthesis as part of the stress response.

Molecular chaperones like Dnak (AOA3R9S7E3, AOA3R9SO0W4) and
chaperonin GroEL (V5VAH2) also exhibit increased abundance in the
resistant strain. These proteins assist in the folding of newly synthesized
proteins and help maintain protein homeostasis under stress conditions.
Their up-regulation suggests an increased need for protein quality con-
trol mechanisms in the resistant strain, possibly due to the exacerbated
rate of protein synthesis.

The cell wall and membrane of the bacterium also play a pivotal role
in resistance. Several proteins involved in cell wall/membrane biogen-
esis exhibit increased abundance in the resistant strain, including the
cell division protein FtsZ (AOA429MC99) and the lytic transglycosylase
(AOA3R9S3W6). Changes in the cell wall/membrane could affect the
binding of polymyxin B, thus contributing to resistance.

In addition to these, proteins involved in amino acid synthesis and
metabolism, such as tryptophan-tRNA ligase (AOA3R9S100), cysteine
synthase (AOA3R9TNT?), andthreonine synthase (AOA429MJ25), also
exhibit increased abundance in the resistant strain. This could be due to
an increased demand for amino acids for protein synthesis, or it could be
part of a broader metabolic adjustment in response to antibiotic stress.

The resistant strain also shows an increased abundance of proteins
with yet uncharacterized functions, such as the DUF3108 domain-
containing protein (AOA3R9UEO5, AOA3R9TM67) and the DUF4198
domain-containing protein (AOAODSYHUS6). The roles of these proteins
in resistance are not yet clear, but their increased abundance suggests
that they might be involved in some way. Further studies are needed to
elucidate their functions.

In conclusion, the increased abundance of these proteins in poly-
myxin B-resistant A. baumannii is a testament to the organism'’s resil-
ience and adaptability. It underscores the intricate interplay of various
cellular processes - from energy production and protein synthesis to
transport mechanisms, stress response, cell wall/membrane biogenesis,
and amino acid metabolism. Each protein, acting not in isolation but in
concert with others, contributes to a finely tuned symphony of survival
mechanisms. This complex and coordinated response highlights the
bacterium’s strategic adaptation to antibiotic stress, reminding us of the
multifaceted nature of antibiotic resistance. It underscores the need for a
holistic approach in the study of antibiotic resistance, one that appre-
ciates the interconnectedness of various proteins and cellular processes.
As we continue to unravel this complex web of interactions, we move
closer to understanding the full breadth of strategies employed by bac-
teria in their fight for survival.

4.3. Proteins more abundant or exclusively identified in the non-resistant
strains

In the non-resistant strain of A. baumannii, several proteins were
exclusively identified, suggesting a different set of mechanisms at play
compared to the resistant strain. The ExeM/NucH family extracellular
endonuclease (AOA3R9S704) might be involved in DNA degradation or
repair processes, potentially contributing to the bacterium’s ability to
maintain genomic integrity under non-stressful conditions.

The Lipoprotein-34 (NIpB) (AOA3R9SE74) and two proteins identi-
fied as signal peptides (AOA098SJDO and AOAODSYDM4) could be
involved in protein localization and transport, ensuring that proteins are
correctly delivered to their functional locations within the cell.

Interestingly, several proteins in the non-resistant strain are yet to be
characterized (AOAODSYLE7, AOA429MLRS, and V5VCQ2). Their roles
in the non-resistant strain are not yet clear, but their exclusive presence
suggests that they might be involved in some way. Further studies are
needed to elucidate their functions.
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4.4. Final remarks

In conclusion, while Peptide Spectrum Matching (PSM) continues to
be the most widely adopted method for proteomic data analysis,
providing a robust foundation for the identification of proteins, it's
important to recognize the value of complementary approaches such as
open-search methods and other search engine unbiased approaches for
analyzing data such as DiagnoMass. The latter can help uncover addi-
tional identifications that might otherwise be overlooked, albeit can be
more error-prone. Despite these advancements, a significant portion of
mass spectra remains unidentified. These elusive spectra, potentially
carrying a combination of post-translational modifications and amino
acid substitutions, may hold the key to understanding specific biological
states, including mechanisms of resistance. As we continue to refine and
develop our analytical tools, our ability to decode these spectra will
undoubtedly enhance our understanding of complex biological systems
and their responses to environmental challenges.
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