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RESUMO

As proteinas Dps (DNA-binding protein from starved cells) formam uma subfamilia
particular de ferritinas. Os membros deste grupo possuem uma estrutura tridimensional
comum em forma de dodecameros esféricos com uma cavidade central oca. Estas proteinas
sdo capazes de armazenar na sua cavidade central ~500 atomos de ferro por dodecamero. O
centro ferro-oxidase € a assinatura mais marcante deste grupo. Ele esta localizado na interface
entre as subunidades adjacentes e é composto por aminoacidos altamente conservados, onde
ocorre a ligagdo e oxidaco do Fe*? para Fe™, seguido por sua acomodacio no interior da
proteina em uma forma ndo reativa. A proteina Dps de Campylobacter jejuni (CjDps) tem
sido relatada por suas inimeras funcdes, mas principalmente, por proteger o DNA de radicais
hidroxila altamente tdxicos e reativos. A fim de facilitar estudos de caracterizacdo in vitro da
proteina CjDps, foi importante estabelecer um protocolo simples e reprodutivel para sua
purificacdo. Neste trabalho, foi demonstrado que a temperatura de desnaturacdo da proteina
CjDps nativa (CjDps wt) é de 94,2°C. Esta caracteristica foi utilizada para auxiliar no
processo de purificacdo, estabelecendo-se um protocolo com um prévio tratamento térmico a
80°C seguido de dois passos cromatograficos. Com objetivo de melhor entender o
funcionamento da CjDps, também foi utilizada a proteina CjDps H25G/H37G que possui
alteragBes em residuos conservados localizados no centro ferro-oxidase. Foi observado que a
proteina CjDps H25G/H37G tem menor atividade de oxida¢do de ferro e menor capacidade de
ligar metais em relacdo a proteina selvagem. A proteina CjDps H25G/H37G ndo apresentou
capacidade de ligar DNA nas condicdes testadas sugerindo que as histidinas H25 e H37
podem ser importantes para ligacdo ao DNA.
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ABSTRACT

The Dps (DNA-binding protein from starved cells) proteins form a particular
subfamily of ferritins. All members of this group share a commum three-dimensional
structure assembled forming spherical dodecamers with a hollow central cavity. These
proteins are capable of storing ~500 iron atoms per dodecamer. The ferroxidase center (FOC)
is the most remarkable signature of these proteins. The FOC is located at the interface
between the subunits and is composed by highly conserved aminoacids that bind Fe*? and
oxidize to Fe*, followed by the storage of the latter ion into the central cavity of the
dodecamer. The Campylobacter jejuni Dps protein is related to various cellular functions,
including DNA protection against the highly toxic and reactive hydroxyl radicals. In order to
facilitate in vitro characterization studies of CjDps, it is important to stablish a simple and
reprodutive protocol for its purification. In this study, it was determined that CjDps has a high
melting temperature (94.2°C). This thermal stability was used to facilitate the purification
process by the introduction of a thermal treatment at 80°C followed by two chromatographic
steps. In order to better understand the function of CjDps, we employed a CjDps H25G/H37G
variant, where the conserved histidines at the FOC were substituted to glycines. It was
observed that the CjDps H25G/H37G variant had iron oxidation and metal binding activities
reduced in comparison to the wild-type protein. This protein variant was not able to bind
DNA under the conditions tested suggesting that the histidines H25 and H37 might be
important for the CjDps DNA-binding activity.
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1 INTRODUCAO

1.1 Campylobacter

O género Campylobacter (do grego: Kampylos, encurvado; bacter: bactéria) pertence a
classe épisilon das protobactérias, ordem Campylobacterales e familia Campilobacteraceae.
Este género é constituido de varias espécies de natureza zoondtica e vem recebendo crescente
atencdo nos altimos 30 anos devido ao aumento da frequéncia com que tem sido isolado do
homem, animais, alimentos e agua (BUTZLER, 2004).

As bactérias pertencentes a este @género sdo microrganismos gram-negativos
microaerofilos e levam de 72-96 horas para formar coldnias a uma temperatura 6tima de
crescimento de 42°C. Essas bactérias possuem a forma de bacilos curvos, em forma de “S” ou
espirais, finos e compridos, cujas dimensées variam de 0,2 a 0,9 um de largura por 0,5a 5 pum
de comprimento. S0 moveis através de flagelo Unico em uma ou ambas extremidades que é
responsavel pelo seu movimento caracteristico de “serrote ou saca-rolha” (FRANCO, 2002).
Em culturas jovens é possivel observar a morfologia em “asa de gaivota” enquanto que em
culturas de vérios dias as bactérias adquirem morfologia esférica ou cocdide. Ndo sdo
formadores de esporos (FRANCO 2002; VANDAMME; DE LEY, 1991). Uma das
caracteristicas mais marcantes do género Campyobacter € a microaerofilia. Eles crescem em
concentracOes de oxigénio de 3-15% sendo que 5% é a concentracdo ideal. Além disso, eles
sdo capnofilicos, ou seja, requerem CO, para o crescimento (FRANCO, 2002). O género
Campylobacter é conhecido por conter espécies que causam gastroenterites (ALLOS, 2001;
VERON; CHATELAIN, 1973).

Campylobacter spp. sdo patégenos em humanos, sendo responsaveis por 400-500
milhdes de casos de diarréia anualmente (RUIZ-PALACIOS, 2007). Dentre os organismos
deste género, a espécie melhor estudada é o C. jejuni. No ano 2000, seu genoma, de
aproximadamente 1.7 Mb, foi completamente sequenciado e observou-se que 94,3% dele
codifica para proteinas (PARKHILL et al., 2000). C. jejuni ndo é capaz de usar carboidratos
comuns como fonte de carbono, pois aléem de ndo possuir transportadores para agucares como
glucose ou lactose, ele ndo possui diversas enzimas chaves da via glicolitica
(VELAYUDHAN; KELLY, 2002). Dentre as fontes de nutrientes primarias deste organismo,
encontram-se Varios aminoacidos, que podem ser encontrados no intestino do hospedeiro
(STAHL; BUTCHER; STINTZI, 2012). Dentre os aminoacidos disponiveis, serina é usada
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preferencialmente, seguida de aspartato, asparagina e glutamato, sendo que a preferéncia pode
ser variavel entre estirpes (WRIGHT et al., 2009). Estes aminoécidos sdo biomoléculas
comuns no sistema excretor de frangos, o que pode explicar o porque eles sdo chaves no
metabolismo do C. jejuni, uma vez que esta bactérias € comensal desses animais (PARSONS,
1984). Além de utilizarem aminoacidos como fonte de nutrientes, C. jejuni também é capaz
de transportar e metabolizar acetato e lactato (THOMAS et al., 2011; WRIGHT et al., 2009).
C. jejuni € o principal causador de infeccdo em humanos, participando em 92% dos
casos de infeccdo por Campylobacter spp. (GILLESPIE et al., 2008). A transmissao para
humanos pode ocorrer a partir de varias fontes como agua, leite ou alimentos (Figura 1).
Dentre estas fontes, tem sido relatado que a ingestdo de carne de frango mal cozida é a
principal via de transmissdo (DEMING et al., 1987; OLSON et al., 2008). As aves abrigam
Campylobacter spp. no intestino que, por meio de manipulacdo sem a observacdo de praticas

de higiene necessarias, contamimam a carne.

T (Milk and)\
| (cow, sheep, | { ]
W etc) P/ \\'\’?,e at/

// ‘\\ / V\\
— 5 Human , | Human |
\ 7 \ /

‘//) ‘V\\‘

[ Cats/dogs

l\ Birds/fowls |

7 )

: /" Chicken/ o :’/ Chicken/\\\ [/L/J;ndercooke;i\‘ /
\_\'\\\ poultry/,.' ‘. poultry +_poultry //

/

Figura 1. Forﬁés de transmissdo de C. jejuni. Frango é o hospedeiro natural de C. jejuni 6ﬁde coloniza a
mucosa gastrointestinal do animal. Humanos que bebem &gua contaminada, consomem carne de frango mal
cozida e leite ndo pasteurizado contaminados sdo infectados. Fonte: (NYATI; NYATI, 2013). Copyright © 2013
Pubmed

Os fatores de viruléncia deste organismo incluem motilidade flagelar e quimiotaxia, que
0 possibilitam o movimento através da camada mucosa que recobre as celulas intestinais
(SZYMANSKI et al., 1995; TAKATA; FUJIMOTO; AMAKO, 1992), adesdo e invasao de
células hospedeiras (SZYMANSKI et al., 1995), producédo de toxinas (WASSENAAR, 1997)

entre outros.
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Campilobacteriose, como é chamada a infecgdo por C. jejuni, pode ser facilmente
causada por baixa dose infecciosa (500 células) (ROBINSON, 1981). Os principais sintomas
da doenca sdo diarréia (que pode ser aquosa ou sanguinolenta), febre, colicas abdominais e
dores musculares. A diarréia normalmente se inicia apds 24 horas do inicio dos sintomas. O
periodo de infeccdo é de 1-7 dias, afetando tanto o intestino delgado quanto o intestino grosso.
A doenca € comumente autolimitada (COKER et al., 2002).

A complicacdo mais importante causada por infeccdo de C. jejuni é o desenvolvimento
da sindrome neurologica de Guillain-Barré (GBS). GBS é uma doenca aguda desmielinizante
do sistema nervoso periférico (NYATI; NYATI, 2013). Cerca de 25-40% dos pacientes com
GBS estiveram infectados com C. jejuni de 1-3 semanas antes de desenvolver a doenga
(MISHU; BLASER, 1993). As principais caracteristicas da sindrome sdo a perda motora
ascendente e anormalidades sensoriais (ASBURY; CORNBLATH, 1990).

Devido a infeccdo por C. jejuni ser uma das principais causas de gastroenterites em todo
0 mundo e poder levar ao desenvolvimento de doengas mais graves, como por exemplo, a

GBS, este organismo vendo sendo alvo de muitos estudos.

1.2 FERRO E ESTRESSE OXIDATIVO EM BACTERIAS

O ferro é um micronutriente essencial para a maioria dos organismos, sendo cofator em
varias reacOes enzimaticas e essencial para processos como fotossintese, fixacdo de
nitrogénio, respiracdo, regulacdo génica, transporte de oxigénio, biossintese de DNA entre
outros (ANDREWS; ROBINSON; RODRIGUEZ-QUINONES, 2003). Apesar de participar
de todas essas func¢des, o ferro é um problema para todos os organismos que dele necessitam.
Isto porque, embora Fe*? seja solGvel em ambiente fisioldgico, na presenca de oxigénio ele
gera radicais hidroxila que sdo téxicos e reativos. J4 o ferro na sua forma oxidada Fe**, é
insolGivel em agua ou em pH neutro e pode ser reduzido pelo O,” formando Fe*? (BARASCH;
MORI, 2004).

Bactérias e outros organismos desenvolveram sistemas de regulacdo precisos do nivel
de ferro, permitindo que as fungdes celulares acontecam, mas sem causar danos através da
geragio de espécies reativas de oxigénio (ROS) (MASSE et al., 2007).

Organismos aerobicos utilizam oxigénio para respiracdo e oxidagdo de nutrientes para
obter energia. Como resultado deste consumo, séo gerados subprodutos do metabolismo como

radicais superéxido (O,"), peroxido de hidrogénio (H,O,) e radicais hidroxila (OH).
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Perdxido de hidrogénio e o radical superdxido sdo pouco reativos fisiologicamente,
entretanto, o ferro pode reagir com essas espécies e gerar os altamente toxicos e reativos
radicais hidroxila. Essas espécies reativas de oxigénio tém como alvo macromoléculas
bioldgicas como DNA, RNA, proteinas e lipidios. (CABISCOL; TAMARIT; ROS, 2000). Na
forma de Fe*?, o ferro pode reagir com o peréxido de hidrogénio e produzir radicais hidroxila
a partir da reagédo de Fenton. As reacdes chaves sdo apresentadas abaixo:

Reducéo do Ferro: O, + Fe** > Fe** + O, 1)
Reac#o de Fenton: Fe*?+ H,0, > Fe**+ OH + OH" (2)
Reacédo de Haber-Weiss, (1) + (2) : O, + H,0, > O+ OH + OH’

O papel do ferro como protagonista no estresse redox é indicado pelo aumento da
sensibilidade a este tipo de estresse apds crescimento de bactérias em ambiente rico em ferro
(ABDUL-TEHRANI et al., 1999).

De forma a manter o ferro disponivel mas tomando o cuidado de evitar os efeitos
téxicos da combinagdo de Fe*? livre e peréxido de hidrogénio, os organismos estocam ferro
dentro de proteinas armazenadoras denominadas ferritinas. O ferro intracelular é sequestrado
de maneira reversivel dentro dessas proteinas evitando a formacao de radicais hidroxilas, e os
radicais superoxidos e peroxido de hidrogénio sdo detoxificados pelas enzimas superoxidos
dismutases e catalases respectivamente (CHIANCONE et al., 2004; STORZ; IMLAY, 1999).

1.3 PROTEINAS ARMAZENADORAS DE FERRO — FERRITINAS

Levando em consideracdo que o ferro é essencial para varios processos biologicos é
contraditério que ele seja tdo indisponivel em condigdes fisiologicas. As ferritinas sdo pecas
fundamentais no controle da quimica entre ferro e oxigénio (LEWIN; MOORE; LE BRUN,
2005). Elas séo capazes de sequestrar o ferro intracelular de forma reversivel e estoca-lo de
forma inerte para impedir reacdes danosas, e também servem como fonte de ferro quando este
se torna escasso no meio intracelular (THEIL, 2007). As ferritinas captam ferro na forma Fe*?
mas o depositam na cavidade central como ferro oxidado Fe™®. Portanto, o armazenamento do

ferro requer uma etapa de ferro-oxidacdo que € realizado por sitios especificos dentro das
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ferritinas (ANDREWS; ROBINSON; RODRIGUEZ-QUINONES, 2003). O Fe*? é oxidado
em sitios que possuem atividade de ferroxidase, cujos aminoacidos ligantes de ferro sdo
altamente conservados evolutivamente (CHIANCONE et al., 2004). Para realizar essa etapa
de ferro-oxidacdo, as ferritinas podem usar oxigénio molecular ou peréxido de hidrogénio
(THEIL, 2007)

Ha trés tipos de ferritinas encontradas em bactérias: as ferritinas tipicas (Ftn) que estdo
presentes também em eucariotos, as bacterioferritinas (Bfr) encontradas somente em bactérias
e as proteinas Dps (DNA-binding protein from starved cells) encontradas em procariotos
(archaea e bactéria) (ANDREWS; ROBINSON:; RODRIGUEZ-QUINONES, 2003;
VELAYUDHAN et al., 2007). As trés sub-familias de ferritinas podem existir na mesma
bactéria e maltiplos genes de ferritinas, bacterioferritinas e Dps sdo comums.

As ferritinas compartilham muitas caracteristicas, dentre elas as estruturais. Elas sdo
compostas por 24 (Ftn e Bfr) ou 12 (Dps) subunidades que formam uma proteina esférica com
a cavidade central oca onde os dtomos de ferro sdo acomodados (ANDREWS; ROBINSON;
RODRIGUEZ-QUINONES, 2003). O centro catalitico onde ocorre a etapa de ferro-oxidacao
estd dentro das subunidades (Ftn e Bfr) (LAWSON et al., 1989, 1991) ou entre elas (Dps)
(ILARI et al., 2002).

1.4 PROTEINAS Dps

As proteinas Dps formam uma subfamilia particular de ferritinas. A primeira proteina
Dps foi caracterizada em Escherichia coli e verificou-se tratar de uma proteina induzida na
fase estacionaria ou sob estresse, que liga DNA de forma néo especifica, o protege de estresse
oxidativo e afeta o padréo da expressdo génica (ALMIRON et al., 1992). O principal papel da
Dps é proteger o DNA contra radicais hidroxila gerados pela acdo combinada de Fe* e H,0,
(ZHAO et al., 2002). As proteinas Dps sdo amplamente distribuidas em procariotos. Elas séo
caracterizadas por suas subunidades possuirem um nucleo central comum e por regides N- e
C- terminais de comprimentos variados e com diferentes numeros de cargas positivas. Estas
proteinas contém varios aminoacidos conservados que estdo localizados perto do centro
ferroxidase ou estdo envolvidos em importantes interacdes estruturais (CHIANCONE; CECI,
2010). As proteinas Dps possuem uma arquitetura tridimensional comum e sdo encontradas
como dodecameros quase esféricos com uma cavidade central oca. Os monémeros de Dps se

dobram formando quatro helices compactas (FiguralA). Em contraste com as outras
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ferritinas, que possuem 24 subunidades, os monémeros de Dps se compactam em conjunto
para formar uma estrutura de 12 subunidades (FiguralB). Cada dodecamero consegue
acomodar até ~500 atomos de ferro em sua cavidade, quantidade menor que nos outros tipos
de ferritinas (HAIKARAINEN; PAPAGEORGIOU, 2010).

Figura 2 - Representacdo da estrutura das proteinas Dps de Escherichia coli. (A) Um dos mondmeros da
proteina e (B) dodecamero visto ao longo do eixo de simetria. Fonte: (HAIKARAINEN; PAPAGEORGIOU,
2010). Copyright © 2010 Springer.

O centro ferroxidase representa a assinatura estrutural mais marcante da familia Dps.
Ele esta localizado na interface entre as subunidades, sendo os amino&cidos que ligam ferro
altamente conservados (FRANCESCHINI et al., 2006). As ferritinas em geral usam O, como
oxidante de ferro com a producéo de perdxido de hidrogénio, ao passo que as proteinas Dps
tipicamente utilizam H,0, que é aproximadamente 100 vezes mais eficiente que O, em
carrear a oxidagéo do ferro (FRANCESCHINI et al., 2006; ZHAO et al., 2002). A remogao
concomitante de Fe*? e H,0, pela Dps em uma solugdo resulta em uma prevencio da reacéo
de Fenton. Como resultado, a formacdo de radicais hidroxilas altamente toxicos sera
significantemente atenuada e, como consequéncia desse atenuamento, DNA, RNA proteinas e
lipideos (que sdo alvos bioldgicos) estardo protegidos dessas espécies altamente reativas de
oxigénio (CHIANCONE; CECI, 2010). Esse mecanismo fornece uma explicagdo molecular
para as observacoes iniciais feitas em E. coli (MARTINEZ; KOLTER, 1997), onde ocorre um
aumento na sintese de Dps sob condicdes de estresse oxidativo, enquanto em mutantes com
delecéo do gene dps observa-se uma maior susceptibilidade ao dano oxidativo. THEORET et
al., (2011), também demonstraram que mutantes de C. jejuni com delecdo do gene dps
tiveram uma diminuicdo na capacidade de sobrevivéncia em macréfagos comparado com a

estirpe selvagem, fornecendo mais evidéncias para os achados de Martinez e Kolter (1997).
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Cada monomero da proteina Dps possui aproximadamente 17 kDa e sua sequéncia
génica possui 450 pb. A comparacgdo da sua sequéncia de aminoécidos revelou que os sitios
de ligacdo de ferro da Dps de Listeria innocua proposto por llari (ILARI et al., 2000), sdo
conservados também em C. jejuni (ISHIKAWA et al., 2003).

A proteina Dps de C. jejuni (CjDps) danifica fibras nervosas mielinizadas
possivelmente através da ligacdo com a funcdo sulfatideo (PIAO et al., 2010). A funcédo
sulfatideo esté presente em diferentes tipos celulares, mas principalmente no sistema nervoso,
onde sdo importantes componentes da bainha mielinica correspondendo de 4 a 6% do total
dos lipidios mielinicos (ECKHARDT, 2008). A ligagdo da proteina Dps ao grupamento
sulfatideo da regido paranodal ( regido da célula de Schwann de ambos os lados do nodo de
Ranvier dos neurdnios) pode contribuir para o desenvolvimento da patologia GBS que possui
relacdo com infeccdo por C. jejuni (PIAO et al., 2010, 2011).

A proteina CjDps compartilha 41% e 24% de identidade com a proteina NAP
(neutrophil-activating protein) de Helicobacter pylori e Dps de E. coli, respectivamente. H.
pylori € um organismo que coloniza as camadas mucosas, bem como a superficie celular do
epitélio gastrico, e é o principal agente infeccioso de gastrite cronica (MAHDAVI et al.,
2002). A proteina HP-NAP é um dos representantes mais estudados da familia Dps. A
infecgdo pelo H. pylori esta relacionada com a liberacdo desta proteina apds autdlise, capaz de
induzir uma resposta imune (SATIN et al., 2000). A HP-NAP conduz a resposta inflamatéria
associada com a infeccdo e € a Unica da familia com atividade quimiotaxica para neutréfilos,
que acarreta em danos ao tecido gastrico (DE BERNARD; D’ELIOS, 2010). Estudos apontam
que a imunizagdo oral de ratos com HP-NAP ¢é uma ferramenta promissora para
desenvolvimento de vacinas contra infecdo por H. pylori (SATIN et al., 2000). H. pylori é
capaz de ligar mucina gastrica, 0 que o auxilia no processo de colonizacdo (TZOUVELEKIS
et al., 1991). Ensaios de ligacdo de HP-NAP a mucina salivar, utilizada como um sistema
modelo para avaliar as mucinas em geral, indicaram que estd proteina é capaz de ligar
carboidratos sulfatados da mucina, e portanto, desempenhar papel de adesina (NAMAVAR et
al., 1998). Esta habilidade de ligar carboidratos seletivamente poderia explicar a diminuigéo
da capacidade de C. jejuni mutante do gene dps em ligar células epiteliais quando comparada
com a estirpe selvagem (THEORET et al., 2011).

Além de protegerem as células contra o estresse oxidativo e estarem envolvidas com
adesdo e ligacdo a carboidratos, as proteinas Dps tém um papel fundamental na formacéo de

biofilme. Os biofilmes protegem as bactérias de varios tipos de estresses ambientais,



19

aumentam sua resisténcia a antibioticos e fornecem protecdo contra mecanismos de defesa do
hospedeiro sendo importante para algumas bactérias patogénicas durante o processo de
infeccdo (COSTERTON; STEWART; GREENBERG, 1999). Eles sdo usualmente definidos
como comunidades microbianas estruturadas, contendo uma ou varias especies, envoltas em
uma matriz polimérica (COSTERTON; STEWART; GREENBERG, 1999). A matriz
polimérica pode ser uma mistura de carboidratos, proteinas, lipidios e DNA extracelular, alem
de outras substancias em menor quantidade (FLEMMING; WINGENDER, 2010). Resultados
apontam que a proteina CjDps auxilia na sobrevivéncia natural de C. jejuni na colonizacao de
frangos através da formacdo de biofilmes. C. jejuni com delecdo do gene dps apresentam
diminuicdo significativa na producdo de biofilme comparada com células tipo selvagem
(THEORET et al.,, 2012). Em Salmonella enterica foram encontradas 30 proteinas
diferencialmente expressas através de analise de proteoma comparando bactérias cultivadas
em biofilme ou em solugéo, sendo que a proteina Dps foi expressa apenas quando as células
foram cultivada em biofilme, sugerindo que também neste organismo Dps desempenha um
papel neste processo (GIAOURIS et al., 2013).

Estudos recentes mostraram que a proteina Dps de C. jejuni tem ainda uma habilidade
Gnica de ligar DNA estimulada pela presenca de Fe*? ou H,0,, Ela é capaz de proteger o DNA
de danos oxidativos e degradacdo enzimatica in vitro, assim como aumentar a resisténcia
celular a danos causados pelo H,O; in vivo (HUERGO et al., 2013). Embora se saiba que a
Dps de C. jejuni liga DNA estimulada pela presenca de H,O,, os mecanismos moleculares

pelos quais isto acontece ainda sdo desconhecidos.



2 OBJETIVOS

Objetivo geral

- Purificar e caracterizar a proteina Dps de Campylobacter jejuni
Objetivos especificos

- Estabelecer protocolo para purificacdo da proteina Dps wt;

- Determinar a temperatura de desnaturacdo da proteina Dps wt;

- Avaliar a atividade de ligacdo da Dps wt e Dps H25G/H37G ao DNA em diferentes pHs;
- Determinar a atividade de oxidago de fons Fe** da Dps wt e Dps H25G/H37G in vitro;

- Avaliar a acéo do peréxido de hidrogénio sob a atividade de oxidacéo do Fe*?;

- Avaliar a capacidade da Dps wt e Dps H25G/H37G ligarem Mn*?;

20
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Abstract

Dps (DNA binding protein from starved cell) form a distinct group within the ferritin
superfamily. All Dps members are composed of 12 identical subunits that assemble into a
conserved spherical protein shell. Dps oxidize Fe?* in a conserved ferroxidase center located
at the interface between monomers, the product of the reaction Fe®", is then stored inside the
protein shell in the form of non-reactive insoluble Fe,O3;. The Campylobacter jejuni Dps
(CjDps) has been reported to play a plethora of functions, such as DNA binding and
protection, iron storage, survival in response to hydrogen peroxide and sulfatide binding.
CjDps is also important during biofilm formation and cecal colonization in poultry. In order
to facilitate in vitro studies with CjDps it is important to have a simple and reproducible
protocol for protein purification. Here we observed that CjDps has an unusual high melting
temperature. We exploited this property for protein purification by introducing a thermal
treatment step which allowed achieving homogeneity by using only two chromatographic
steps. Gel filtration chromatography, circular dichroism, mass spectrometry, DNA-binding
and iron oxidation analysis confirmed that the CjDps structure and function were preserved.

Keywords: Dps protein, heat treatment, melting temperature, DNA binding

Introduction

Dps proteins are highly conserved and widely distributed iron storage proteins present
in a vast range of prokaryotes. Dps form a distinct group within the ferritin superfamily. The
crystallographic structure of various Dps members has been solved; in all cases they are
composed of 12 identical subunits (of approximately 150 to 250 residues) that assembled into
a conserved spherical protein shell [1-3].

The central core of the Dps dodecamer contains conserved residues that forms the
ferroxidase center were Fe®" is oxidized to Fe** and then stored inside the protein shell as
insoluble and non-reactive Fe,O3 [4,5]. The Dps ferroxidase center is the most remarkable
signature of the Dps family, it is located at the interface between monomers related by 2-fold
symmetry [6]. Dps can either use hydrogen peroxide or oxygen to facilitate Fe*? oxidation [7].
The concomitant removal of iron and hydrogen peroxide inhibits Fenton chemistry (H,O, +

Fe*? SOH + OH" + Fe*®) thereby relieving the formation of toxic hydroxyl radicals.
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Besides iron storage and hydrogen peroxide detoxification, some Dps members
perform other cellular functions, such as DNA binding and protection [8,9], resistance to
various forms of stress [10-13], carbohydrate binding and cell adhesion [14] and promotion
of bacterial survival within biofilms [15,16].

Campylobacter jejuni is one of the most common causes of bacterial gastroenteritis
worldwide. Infection by C. jejuni results in rapid onset of fever, abdominal cramps and
diarrhea [17,18]. The disease is usually self-limiting; nonetheless complications such as
reactive arthritis and the neuroparalytic Guillain-Barré syndrome have been associated with
C. jejuni infections [19]. Multiple functions have been ascribed to the C. jejuni Dps (CjDps)
protein such as DNA binding and protection; survival in response to hydrogen peroxide; and
binding to the galactoceramide sulfatide [20]. In vivo studies showed that CjDps is important
to biofilm formation and cecal colonization in poultry. Furthermore, preliminary studies
demonstrated the potential of using the CjDps protein as a vaccine antigen in chicks [15].

In order to facilitate full functional characterization of CjDps, it is important to have a
simple and reproducible protocol for protein purification. Several studies have reported the
expression and purification of recombinant CjDps. In all cases, a His-tag has been introduced
either at N or C-terminal to facilitate protein purification by affinity chromatography
[15,21,22]. As Dps exist as dodecamer complex, the presence of His tags in each of its
monomers may alter the overall Dps surface. It has been reported that Dps from different
organisms can bind DNA in a pH-depend manner, probably through electrostatic interactions
[9,21,23]. The presence of histidines, which are particularly sensitive to protonation at near
physiological pH, might influence the overall Dps charge and thus DNA binding. It is
therefore imperative to be able to purify this protein without a tag to enable accurate
functional characterization. Here, we report a purification protocol for the untagged C. jejuni

Dps protein.

Material and Methods

Vectors and cloning

The gene coding for C. jejuni Dps was removed as a Ndel-BamHI fragment from the
pLHPETCcj1534c plasmid [21] and ligated into the pT7-7 vector previously digested with the
same enzymes. The resulting plasmid was named pLHPT71534c and its integrity was

confirmed by DNA sequencing.
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Protein expression

The CjDps was overexpressed in E. coli BL21 (DE3) harboring the pLHPT71534c
plasmid. Cells were grown at 37°C in LB medium containing ampicillin (100 pg.ml™) to an
optical density at 600 nm of 0.7. At this point, 0.3 mM of IPTG was added and the cells were
incubated at 37°C, 180 rpm for 3 h. Cells were harvested by centrifugation at 6,000 g for 15
min and resuspended in cold buffer 50 mM Tris—HCI pH 8.8 when used Hi-Trap Q FF or
buffer 50mM Tris-HCI pH 7.5 for other columns tested. The cell suspension was stored at -

80°C until purification.
Binding of CjDps to different matrices

We used five different chromatographic matrices during the initial attempts to purify
the untagged CjDps. For 1 ml Hi-Trap Heparin HP (GE Healthcare), 1 ml Hi-Trap DEAE FF
(GE Healthcare) and 1 ml Hi-Trap CM FF (GE Healthcare) we used 50 mM Tris-HCI pH 7.5
as buffer during cell lysis, column equilibration and wash. The columns were washed with 10
ml of buffer and the protein was eluted in buffer with increasing KCI concentrations (0 to 1
M) using an Akta system (GE Healthcare). For 1 ml Hi-Trap Q FF (GE Healthcare), we used
50 mM Tris-HCI pH 8.8 during cell lysis, column equilibration and wash. The column was
washed with 10 ml of buffer and the protein was eluted in buffer with increasing KCI
concentrations (0 to 1M). For 1ml Hi-Trap Phenyl FF (GE-healthcare), after lysis in 50 mM
Tris-HCI pH 7.5, the extract received 30% (w/v) of ammonium sulfate and was kept on ice for
40 min. The extract was centrifuged and loaded to a Hi-Trap Phenyl FF column previously
equilibrated with 50mM Tris-HCI pH 7.5 and 1 M ammonium sulfate. The column was
washed with 10 ml of Tris-HCI pH 7.5 and 1 M ammonium sulfate; proteins were eluted by
linearly decreasing the ammonium sulfate concentrations from 1M to zero. Fractions of 1 ml
were collected and analyzed by 15% SDS-PAGE.

Monitoring protein unfolding with Sypro Orange

A real-time PCR device (Applied Biosystems Step One Plus) was used to monitor
protein unfolding by the fluorescent dye Sypro Orange as described [24]. 10 uM of CjDps
was kept in 50 mM Tris-HCI pH 7.0 containing Sypro Orange diluted to 20x (Invitrogen).
Data were collected at 0.3°C intervals from 25°C to 99.9°C. The first derivative curve of
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normalized fluorescence intensity was plotted as function of temperature. The inflection point
corresponds to the melting temperature (Ty,). The result is representative of two independents

experiments performed in triplicate.
Investigation of thermal stability by SDS-PAGE

Three different thermal treatments were tested in systems containing 2.8 uM of Dps in
50 mM Tris-HCI pH 7.0 (Fig. 1A). The first set was kept at room temperature, the second was
heated at 70°C for 5 min and the third at 80°C for 5 min. After heating, all samples were kept
on ice for 10 minutes and subjected to centrifugation for 10 minutes 12,100 g at room
temperature. The supernatant of each sample was separated into two aliquots in new
microtubes containing SDS-PAGE loading buffer. One aliquot of each set was boiled at
100°C for 7 min to visualize the CjDps monomers, the other aliquot was not heated to
visualize the CjDps dodecamer. The samples were analyzed by 15% SDS-PAGE stained with

Coomassie blue.
Final CjDps purification protocol

CjDps protein was overexpressed in 1.5 liters of LB medium and harvested by
centrifugation. The pellet was stored at -80°C and suspended in 40 ml sonication buffer 50
mM Tris-HCI pH 8.8 at the day of purification. After lysis by sonication on ice bath, the
buffer was supplemented with 1 mM PMSF and 20 U ml™ of DNAsel. The extract was
clarified by centrifugation at 30,000 g for 30 min at 4°C. The supernatant was kept on water
bath at 80°C for 15 min following incubation on ice for 15 min. The soluble fraction was
loaded into a 20 ml Hi-Trap Q FF column (GE Healthcare) pre-equilibrated with 40 ml of
50mM Tris-HCI pH 8.8 using an Akta system (GE Healthcare). The column was washed with
20 ml of buffer and CjDps was eluted by linearly increasing the KCI concentration (from 0 to
1 M). 1 ml fractions were collected and analyzed on 15% SDS-PAGE. The most pure
fractions were pooled and loaded into a Sephacryl S200 26/60 column (GE Healthcare) pre-
equilibrated with 400 ml buffer containing 50 mM Tris-HCI pH 8.0, 0.1 M KCI and 5%
glycerol. 2 ml fractions were collected and analyzed on 15% SDS-PAGE stained with
Coomassie blue. CjDps protein was concentrated up to 34 uM using Vivaspin (10 kDa

MWCO, Millipore), frozen in liquid nitrogen and stored in aliquots at — 80°C until use.
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Protein quantification

Total protein concentration was determined using Bradford reagent (SIGMA)
according to the manufacturer’s supplied protocol. Bovine serum albumin (BSA) was used as

standard.

DNA-binding assay using agarose gel eletrophoresis

Purified CjDps was diluted in 40 mM BisTris pH 6.0 buffer at the following
dodecamer concentrations: 0.12, 0.60 or 2.4 pM. 200 ng of super coiled plasmid DNA
(PET29a, Novagen) were added to each protein dilution. DNA-binding was allowed to occur
for 10 min at room temperature. The reactions were mixed with 40 mM BisTris pH 6.0, 50%
glycerol and 0.01% bromophenol blue and loaded into a 0.7% agarose gel prepared in 40mM
BisTris pH 6.0 buffer. The gel was subjected to 90V for 20 min at room temperature, DNA

was stained with ethidium bromide and visualized using a UVP Biolmaging system.

Circular dichroism (CD)

CD analyses of CjDps diluted in 20 mM TrisHCI pH 6.0 to final dodecamer
concentration of 2.4 uM were performed on a JASCO J-815 (JAPAN Spectroscopy &
Chromatography Technology) spectropolarimeter couple to a temperature controller. The CD
spectra were recorded at 25°C in the measure range of 200-300 nm, the baseline was
corrected by subtracting the buffer spectrum.

Iron uptake experiment

Purified CjDps was diluted to 0.35 uM (dodecamer concentration) in 500 pL of 50
mM Tris-HCI (pH 6.8). Freshly prepared FeSO, was added to a final concentration of 500
UM. immediately after the iron addition the absorbance was monitored at 305 nm for 20
minutes under aerobic condition. Control of iron oxidation was performed without the

addition of CjDps protein.



27

Results and discussion

Untagged C. jejuni Dps was expressed in E. coli and its ability to bind different
matrices was evaluated. Giving that Dps binds DNA, we first attempted to use a Hi-Trap
Heparin FF column (GE-healthcare), however, Dps did not bind efficiently to this column
(Fig. S1A). We next tested Dps interaction with the cation exchanger Hi-Trap CM FF (GE-
healthcare), again, Dps failed to bind (Fig. S1B). Attempts to fractionate the cell extract with
ammonium sulfate precipitation followed by the hydrophobic interaction Hi-Trap Phenyl FF
(GE-healthcare), also resulted in poor Dps recovery (Fig. S2). Finally, we tested two anion
exchangers, a weak Hi-Trap DEAE FF and a strong Hi-Trap Q FF column (GE-healthcare).
CjDps was retained by both matrices with better binding to Hip-Trap Q FF (Figure S1, panels
C and D). Still, the gradient fractions containing CjDps had great number of contaminants
(Fig. S1D).

Several lines of evidence indicated that Dps from different organisms are resistant to
denaturing conditions keeping its dodecameric assembly even under high concentrations of
urea or in the presence of SDS [11,21,25]. Furthermore, incubation of E. coli Dps at 75°C for
15 min did not affect the Dps DNA-binding activity [11], suggesting that EcDps retain its
native structure even after heat. These data lead us to speculate that CjDps could also be heat
resistant.

In order to determine the thermal stability of CjDps, the partially purified CjDps (Fig
S1D, fraction 4) had its melting temperature determined using the fluorescent probe Sypro
Orange (Invitrogen). Interaction between Sypro Orange and hydrophobic residues that are
exposed due to protein unfolding events results in increased fluorescence. The protein melting
temperature (Ty,) was determined by measuring the fluorescence under a range of
temperatures in a Real-time PCR apparatus following previously described methodology
[24,26]. CjDps T, was usually high at of 94.2°C (£ 0.4) (Fig S3).

As it is difficult to determine whether the T, reflects the unfolding of the Dps
dodecamer, monomer or both we applied another method to determine the integrity of the
CjDps dodecamers. Previous data showed that the His-tagged CjDps dodecamer does not
unfold during SDS-PAGE as long as the protein is not heated in the presence of SDS before
loading on the gel [21]. Untagged CjDps behaved in a similar manner (Fig 1B, lane 1). It was
noted that heating of CjDps at 70°C or 80°C (in buffer without SDS) for 5 min prior to
loading onto the gel did not dissociate the CjDps dodecamers (Fig. 1), confirming resistance

of CjDps dodecameric structure to heat at up to 80°C.
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We exploited thermo stability of CjDps by introducing a thermal treatment step in the
purification protocol to improve protein homogeneity; a similar strategy has been successfully
applied for the purification of Bacterial PII proteins [24]. The cell extract of E. coli expressing
CjDps was subjected to 80°C for 15 min and kept on ice for 15 min. After centrifugation,
most of the contaminants precipitated while CjDps was retained in the soluble fraction (Fig
2A). By applying only this step, Dps concentration in the soluble fraction was enriched to
48% (Table 1).

To further purify the protein, heat treated CjDps was subjected to a 20 ml Q sepharose
FF column (GE-healthcare) (Fig. 2A), followed by gel filtration chromatography (Fig. 2B).
CjDps was eluted as a single peak corresponding to a molecular mass of ~150 kDa (Fig.2C)
confirming the dodecameric assembly. Furthermore, CjDps purified with or without thermal
treatment showed a similar and expected pattern for a folded protein containing only o-
helices as determined by circular dichroism analysis (Fig. 3). The helical was estimated to be
91% using the K2D3 software [27] for both preparations. MALDI-TOF analysis of the Dps
monomers purified with or without thermal treatment indicated that both samples similar
identical molecular masses (17258 + 12 Da and 17274 + 12 Da, respectively, Fig. S4) in
excellent agreement with the calculated molecular mass (17.2 kDa). Therefore, the thermal
step did not alter either the protein secondary structure or the protein molecular mass.

By combining the heat treatment followed by anion exchanger and gel filtration, 95%
purity of Dps was achieved (Table 1 and Fig. 4). Hence, the heat treatment enabled extraction
of Dps at 95% purity without additional chromatography steps.

The DNA-binding activity of CjDps was assessed using electrophoretic mobility shift
assays as previously described [21]. CjDps was able to bind DNA as evidenced by its ability
to change the mobility of purified plasmid DNA through agarose gel in a dose dependent
manner (Fig. 5). CjDps was also able to catalyze iron oxidation as evidenced by the formation
of Fe,O3 inside the protein shell by measuring the absorbance at 305 nm (Fig. 6). Therefore,
the addition of the heat treatment step facilitated CjDps purification without compromising
the protein structure and/or biological activity.

It is well established that ancestral proteins have high melting temperatures as ancient
life forms lived in hot environments [28,29]. Hence, it is reasonable to expect that proteins
that are wide-spread in nature and highly conserved in structure, such as those belonging to
the PII [30] and Dps [4] family, may all have high T,,. We speculate that the heat treatment

step introduced in this work may help to assist purification of other Dps members.
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Conclusions

The CjDps has an unusually high melting temperature keeping its folding structure
even at up to 80°C (Fig. 1). We took advantage of such thermal resistance by introducing a
thermal treatment step in the Dps purification protocol, a similar strategy has been
successfully applied to purify PII proteins from various organisms [24].

The addition of the heat treatment helped to reach 95% homogeneity by using only
two chromatographic steps. Gel filtration chromatography, circular dichroism, mass
spectrometry, DNA-binding analysis and iron oxidation activity confirmed that the CjDps
structure and function were preserved. The purification protocol described here will facilitate

studies of the multifunctional CjDps protein.
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Table and Figures

Table 1. Purification of the CjDps protein

- b - C - - - a -
Purification step Protein Total protein Purity Protein yield °Yield

(mg/mL) (mg) (%) (mg) (%)
Soluble fraction 8 308 29 90 100
Soluble fraction* 4 144 48 69 77
QFF 2 32 73 24 34
Sephacryl S200 1 14 95 13 54

*Soluble fraction after thermal treatment at 80°C. ®Yield% was calculated as the ratio of the
amount of purified protein achieved and the amount present in the previous step. “Total
protein was measured by Bradford. “Purity was determined by densitometric analyses of
samples loaded on 15% SDS-PAGE and stained with Comassis Blue.
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Figure 1. Investigation the thermal stability the CjDps protein. (A) Schematic view of the
thermal stability assay. (B) 15% SDS-PAGE Comassie Blue stained showing the CjDps
monomeric and dodecameric form. Three different thermal treatments were tested. Lanes 1
and 2 were kept at room temperature for 5 min, lanes 3 and 4 were heated at 70°C for 5 min
and lanes 5 and 6 were heated at 80°C for 5 min (see panel A). After thermal treatment,
samples were kept on ice for 10 minutes, centrifuged and separated into two aliquots in tubes
containing SDS-PAGE loading buffer. One aliquot was boiled at 100°C for 7 min to visualize
CjDps monomer (lanes 2, 4 and 6) and the other aliquot was not heated to visualize CjDps

dodecamer (lanes 1, 3 and 5). Each lane contains 2.8 uM CjDps.
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Figure 2. Purification of the Campylobacter jeuni Dps protein. (A) Protein purification
using the thermal treatment at 80°C for 15 min and Hi-Trap Q FF. Lane 1 contains soluble

fraction after lysis and lane 2 contains soluble fraction after thermal treatment. The protein

was eluted with KCI linear gradient. The samples were visualized on 15% SDS-PAGE gel

Comassie Blue stained. (B) Purification using gel filtration. The fractions with higher purity
in Hi-Trap Q FF purification were pooled and loaded on Sephacryl S200 26/60. The samples
were visualized on 15% SDS-PAGE gel Comassie Blue stained. (C) Gel filtration on

Sephacryl S200 26/20 column was calibrated with a range of molecular mass standards. The

log of MW vs the ratio between the elution volume (Ve) and the void volume (Vo) are

indicated in the graphic. CjDps was eluted as homogeneous peak corresponding to a

molecular weight of ~150 kDa.
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Figure 3. Comparison of the CD spectrum of CjDps purified with or without the
thermal treatment. The CD spectrum shows two minima of similar magnitude at 222 nm
and 208 nm. This spectrum profile is typical of proteins that contain alpha-helix. Dashed line,

CjDps without thermal treatment; solid line, CjDps purified with thermal treatment.

ey <—CjDps

Figure 4. Final result of the purification of CjDps. Lane 1 contains one microgram of the
purified CjDps. MW corresponds to molecular weight markers. The samples loaded on a 15%

SDS-PAGE, the was Comassie Blue stained.
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e
Figure 5. DNA-binding activity of CjDps. DNA-binding activity of CjDps purified with
thermal treatment was evaluated by the capacity to retard the migration of DNA in 0.7%
agarose gel electrophoresis. Each lane contains 200 ng circular DNA (pET29a) and 40 mM

BisTris buffer pH 6.0. Lane 1, 2 and 3 contain, respectively, 0.12, 0.60 and 2.4 uM CjDps
purified with thermal treatment. Lane 4 is a control and contains only DNA.
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Figure 6. Spectrophotometric kinetic curve of Fe* oxidation by CjDps. Reactions were
performed under aerobic conditions in 50 mM Tris-HCI (pH 6.8) at room temperature. The
formation of iron core was monitored by measure absorbance at 305 nm. Reactions started by
addition of 500 puM FeSO,. Circles: experiment in the presence of 0.35 uM CjDps. Squares:

control experiment without CjDps showing non-catalyzed iron oxidation.
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Figure S1. Binding of CjDps to different matrices. (A) Protein purification profile using 1

ml Heparin column. (B) Protein purification profile using 1 ml DEAE column. (C) Protein

purification profile using 1 ml DEAE column. (D) Protein purification profile using 1ml Q FF

column. MW, molecular weight marker. Lanes 1, soluble fractions after cell disruption. Lanes

2, flow through fractions after column injection. Lanes 3, washed fractions. Panel A: Lanes 4-
15, eluted fractions with KCI gradient. Panels B, C and D: Lanes 4-14, eluted fractions with

KCI gradient. All fractions were analyzed by 15% SDS-PAGE Comassie blue stained.
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Figure S2. Binding of Cjdps to a 1 mL Hi-Trap Phenyl FF column. The cell extract was
precipitated with 30% of ammonium sulfate (w/v), the soluble fraction was loaded onto a Hi-
Trap Phenyl FF column. MW, molecular weight marker. Lane 1, soluble fraction after
ammonium sulfate. Lane 2, flow through fraction. Lane 3, washed fraction. Lane 4-11, eluted
fractions with linear decreasing gradient of ammonium sulfate. All fractions were analyzed by

15% SDS-PAGE Comassie blue stained.
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Figure S3. Melt profiles of CjDps using Sypro-Orange. The maximum of derivatives
curves determines the melting value. The melting temperature estimated for CjDps protein is
94.2°C = 0.4. Data were recorded at 0.3°C intervals from 25 to 99.9°C. The data is
representative of two independent experiments performed in triplicate (technical replicates are

indicated by the green, light blue and dark blue lines).
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Figure S4. MALDI-TOF mass spectrometry analysis of CjDps purified with (blue) or
without (green) the thermal treatment. Purified CjDps was mixed at 1:10 ratio with a
saturated solution of the MALDI matrix HCCA dissolved in acetonitrile 50% (v/v) and
trifluoracetic acid 2.5% (v/v). Samples were placed on a MALDI target plate and allowed to
dry. Mass spectra were acquired using a MALDI-TOF autoflex (Bruker Daltonics) operating
in a linear positive mode. The calculated mass for the CjDps monomer is 17.2 KDa. The error

of this analysis is + 12 Da. Hence, the mass of both samples are similar.
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Abstract

Iron is an essential micronutrient for a vast range of microorganism participating in a
variety of important physiological processes. However, under physiological conditions, iron
could be potentially toxic generating hydroxyl radical through Fenton reaction. Dps (DNA-
binding protein from starved cells) is a subfamily of ferritins and can store approximately 500
iron atoms per dodecamer. The ferroxidase center is a signature of this protein family and is
composed by highly conserved residues. In this study, we analyzed the role of two conserved
histidine residues (H25 and H37) located at the ferroxidase center of the Campylobacter jejuni
Dps protein. The C. jejuni H25G/H37G variant showed reduced iron binding and ferroxidase
activities in comparison to the wild-type Dps (CjDps wt). We also noted that both CjDps wt
and CjDps H25G/H37G were able to bind manganese atoms. The ability of CjDps to interact
with DNA was analyzed by electrophoresis DNA shift assays. While CjDps wt was able to
shift DNA migration, the H25G/H37G variant failed to do so. These results support that the
H25 and H37 residues at the ferroxidase center of C. jejuni Dps are not completely required

for metal binding and oxidation; nonetheless, they might play a role in DNA binding.

Keywords: Dps protein, ferroxidase center, DNA binding

Introduction

Campylobacter jejuni is the most frequent cause of human gastroenteritis worldwide.
After ingestion of contaminated food or water, an incubation period of 24-72 h is followed by
symptoms as fever, abdominal cramps, diarrhea and headache [1-3]. Infection by this
organism is the most common antecedent to Guillain-Barré syndrome that causes acute
demyelinating of the peripheral nervous systems [4]. Pathogenic organisms such as C. jejuni
need to developed strategies to counteract the various environments stress found during

colonization, such extreme pHs and low availability of iron [5].

Iron is an essential micronutrient for life, acting as cofactor for many enzymes and
participating in important process such as photosynthesis, gene regulation and nitrogen
fixation [6]. However, under physiological conditions, iron is potentially toxic because it can
react with H,O, generating highly toxic hydroxyl radical through Fenton reaction that may
damage DNA, fatty acids and proteins [7,8]. Hence, aerobic organisms developed a variety of

strategies to store iron in non-reactive forms.
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Dps proteins are a subfamily of ferritins composed by 12 identical subunits that
assembled into a spherical protein shell (Fig. 1A) which is able to store approximately 500
iron atoms. Each Dps subunit is formed by a compact four-helix bundle with molecular mass
of ~20 kDa. The ferroxidase center (FOC) located at the two fold interface between subunits
is the most remarkable signature of Dps [9]. The FOC is conserved among the members of
this family including C. jejuni Dps, in which the conserved aminoacids residues are His 25,
Trp 26, His 37, Asp 52 and Glu 56 [10,11] (Fig. 1B and 1C). It is well accepted that the Dps
FOC contains two metal binding sites with different affinity for Fe?* ions [12]. Subsequently
to Fe** binding, Fe** is oxidized to Fe** using H,O. or O, as oxidant. The Fe** ions are then
stored inside the protein cavity in a non-reactive iron-oxide-form Fe,O3; [13]. Most Dps
members described to date preferentially use H,O, over O, [14]. In Escherichia coli Dps the
rate reaction increased 100-fold with H,O, [15]. In addition to Fe?*, some Dps members are
able to bind other metal ions [16,17]. The Streptococcus suis Dps can bind Cu?*, Ni?*, Co*
and Mn** to the FOC as determined by isothermal titration calorimetry (ITC) and X-ray
crystallography [18]. Furthermore, Kineococcus radiotolerans Dps can form a Mn-Fe
heteronuclear metal cluster at the FOC, however, only iron but not manganese can be stored
inside the protein shell [19].

Dps proteins are widely distributed in prokaryotes [20], being required for survival
during stressful conditions such as: nutrient starvation, thermal stress, oxidative conditions
and inside biofilm [21-26]. The archetypical function of Dps seems to be DNA protection
against hydroxyl radicals that are produced when Fe?* and H,O, are combined [15]. DNA
protection occurs indirectly via iron oxidation and storage, furthermore, some Dps members
can physically protect DNA through the formation of Dps-DNA complexes that are
independent of the DNA sequence [12].

Some non-conserved Dps structural motifs have been implicated in DNA binding
activity such as: a lysine rich N-terminus in E. coli Dps [27]; a positive charged C-terminus in
Mycobacterium smegmatis [28]; or a positively charged protein surface in H. pylori [29]. The
C. jejuni Dps is able to bind DNA, and the DNA binding activity is apparently stimulated by
Fe?* or H,0, [30]. In this study, we analyzed how the integrity of the FOC affected the
ferroxidase and DNA binding activities of C. jejuni Dps.
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Material and Methods

Site-direct mutagenesis and cloning

A synthetic condon-optimized gene encoding C. jejuni Dps carrying the H25G and
H37G substitutions was purchased from Integrated DNA Technologies (IDT) and cloned into
pIDTsmartKm. The synthetic gene was subcloned into the pET29a expression vector using
the Ndel-BamHI restriction sites to generating the pLHPETcjH25G-H37G plasmid. The insert

of the final construct was verified by DNA sequencing.

Expression and purification of CjDps wt and CjDps H25G/H37G

E. coli BL21 (ADE3) carrying the expression plasmid of interest (Table 1) were
cultivated on 800 mL LB at 37°C until O.D.gpo nm Of 0.7 and, after that, 0.3 mM of IPTG was
added. After 3 h, cells were harvested by centrifugation at 6,000 g for 15 min. Cells were
resuspended in 40 mM Tris-HCI pH 8.8 and lysated by sonication followed by centrifugation
at 30,000 g for 30 min at 4°C. The supernatant was collected and the protein of interest was
purified using a thermal treatment and two chromatographic steps as previously describe by
Sanchuki et al (2015, in press)[31].

Protein quantification

Total protein concentration was determined using Bradford reagent (SIGMA)
according to the manufacturer’s supplied protocol. Bovine serum albumin (BSA) was used as

standard.

Mass spectrometry analysis

Mass spectrometry analysis was performed as describe [32]. Proteins bands excised
from Comassie-stained SDS-PAGE gels were subjected to in gel digestion with trypsin. The
trypsinized mixture was mixed at 1:1 ratio (v/v) with saturated solution of the MALDI matrix
a-cyano-4-hydroxycinnamic acid (HCCA) dissolved in acetonitrile 50% (v/v) and
trifluoracetic acid 2.5% (v/v). Samples were spotted onto the MALDI target and allowed to

dry. Mass spectra were acquired using a MALDI-TOF/TOF Autoflex Il spectrometer (Bruker
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Daltonics, Bremen, Germany). Database search was performed using a Mascot 2.3 server.

Mass list was searched against a database of C. jejuni.

Staining for iron-binding proteins

Staining for iron-binding proteins was performed as previously describe [33]. 100 pg
of CjDps were incubated with freshly prepared 1 mM FeSO, solution for 1 hour at room
temperature. Subsequently, sample buffer (10% glycerol, 0.01% bromophenol blue, 62.5 mM
Tris-HCI pH 6.8) was added to the protein samples and the mixtures were loaded on 10%
native polyacrimamide gel electrophoresis for 3 hours. The gel was stained for 10 min (in the
dark) with potassium ferricyanide and then sunk into a freshly prepared solution of 10%
methanol (v/v) and 10% trichloroacetic acid (w/v). When iron is present, a blue band is
visualized. After iron staining, the same gel was stained with Comassie brilliant blue. BSA
and commercial horse spleen ferritin were used as negative and positive controls,

respectively.

Atomic Absorption Spectroscopy

The iron content of CjDps protein was determined by atomic absorption spectroscopy.
These assays were performed by Centro de Investigacion y Asistencia en Tecnologia y Disefio
del Estado de Jalisco following the official Mexican regulation NOM-117-SSA1-1994.

Iron uptake experiment

Purified CjDps preparation were diluted to 0.35 uM (dodecamer concentration) in 500
pL of 50 mM Tris-HCI (pH 6.8). Iron incorporation experiments were performed using
freshly prepared FeSO, at final concentration of 500 puM. Iron oxidation was monitored
spectrophotometrically at 305 nm for 20 min under aerobic condition. As control, reactions
were performed without the addition of the CjDps protein. Experiments were performed in

presence of H,O, 100 uM when indicated.

Tryptophan fluorescence quenching

Experiments were performed at 25°C using a JASCO J-815 equipment (JAPAN
Spectroscopy & Chromatography Technology). Proteins were diluted to 1.9 uM (dodecamer
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concentration) in 50 mM BisTris pH 7. Tryptophan residues were excited at 295 nm and the
emission spectrum was recorded from 310 to 370 nm. The maximal emission at 340 nm was
used to fit the metal binding curves. The experimental data for iron and manganese binding
was fitted to the one-site specific binding model. Each experiment was performed at least

twice in triplicates. Data was analyzed using GraphPad Prism 5.0.

EPR spectroscopy

The Electron Paramagnetic Resonance experiments were carried out using a Bruker
Elexsys E500 spectrometer equipped with a Bruker ER4123D dielectric resonator. Proteins
were diluted in 40 mM TrisHCI pH 8, 0.1 M KCI. Sample were sealed in glass capillaries and
analyzed at room temperature. A 1200 G field sweep was set centered at 3488 G, with
microwave frequency stabilized at 9,758977 GHz. 1024 points were recorded for each
spectrum, with a sweep time of 671 s, time constant of 40,96 ms under 0,6248 mW of
microwave power. The modulation frequency employed was 100 kHz and the modulation
amplitude was 9,62 G. The Mn?* spectra were baseline corrected and the absorption was
integrated to render the number of paramagnetic centers. The spectral intensities were

adjusted to internal isolated Cr®* doped magnesium oxide standard sample.

DNA-binding assay using agarose gel electrophoresis

DNA binding was assessed in gel shift assays using 300 ng of super coiled plasmid
DNA (pET28a). Dps was incubated with DNA for 10 min at room temperature in Tris-HCI or
BisTris buffer over the pH range of 6 to 8 as indicated in each experiment. Electrophoresis
was carried out on 0.7% agarose gel for 20 min at 90 V using as running buffer the very same
buffer applied during the incubation of the Dps-DNA mixture. When indicated, DNA-binding
assay was performed in the presence of H,O,. DNA was stained with ethidium bromide and

visualized using a UVP Biolmaging system.

Results and Discussion

Previous data showed that CjDps is able to bind DNA and that this DNA binding
activity is stimulated by Fe?* [30]. In order to verify if the conserved residues at the Dps FOC
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participate in iron oxidation and/or could play a role in DNA binding, a H25G/H37G variant
of CjDps was obtained and confirmed both by DNA sequencing (data not shown) and by
MALDI-TOF analysis of the trypsin digested protein preparations (Fig. S1). We opted for
these substitutions as previous data using a E. coli Dps H51G/H63G variant showed that these
substitutions did not affect the Dps secondary structure, albeit completely abrogating Fe*
binding and ferroxidase activity [34]. In addition, the crystallographic structure of Listeria
innocua Dps H31G/H43G, showed that these substitutions did not affect the protein
quaternary, tertiary or secondary structure [35]. As expected, the CjDps H25G/H37G variant

kept its dodecameric structure as accessed by gel filtration chromatography (data not shown).

Effects of the H25G/H37G substitution in the iron oxidation activity

In order to evaluate the ability of CjDps and its H25G/H37G variant to store iron, we
firstly performed native gel electrophoresis followed by iron staining with potassium
ferricyanide. This technique is specific for non-heme iron proteins, resulting in blue bands
when potassium ferricyanide reacts with iron bound to proteins [33,36]. When CjDps was
pre-incubated with ferrous sulfate before electrophoresis a blue band was readily observed in
CjDps wt, while a faint blue band was visualized in the CjDps H25G/H37G (Fig. 2A). This
result suggests that both proteins were able to accumulated iron in their inner cavity with the
latter having less ability to do so.

The same analysis was performed without pre-incubation of the proteins in the
presence of iron before electrophoresis, in this case, iron staining was negative (Fig. 2A),
supporting that neither CjDps wt nor the H25G/H37G carries significant amount of pre-bound
iron during purification. Indeed, atomic absorption spectroscopy confirmed that both proteins

had no significant pre-bound iron (less than 1 atom per dodecamer).

In order to further investigate the role of the H25 and H37 residues on iron oxidation,
we performed an iron uptake experiment where the formation of the iron core was monitored
at 305 nm. The results are in agreement with the in gel iron staining analysis. Both CjDps wt
and CjDps H25G/H37G were able to form the iron core; however, the CjDps H25G/H37G
variant had a slower activity (Fig. 3). These results support that H25 and H37 residues are

important but not completely required to CjDps ferroxidase activity.

The formation of the iron core was faster in the presence of hydrogen peroxide,

supporting that H,O- is preferred as oxidant over O, (Figure 3). This data is in agreement with



47

results reported for other Dps members [12,15]. However, it is in stark contrast with the
results obtained using a N-terminal 10x his tagged form of CjDps where H,O, did not
stimulated the formation of iron core [30]. We suspect that these contrasting results were

caused by the presence of the His tag in the previous analysis (see below).

Metal binding analysis

The quenching of the intrinsic fluorescence of tryptophan has been widely used to
assess metal binding to the FOC of various Dps members [35,37,38]. Comparison of the apo
and iron bound structures of H. pylori Dps (Nap protein) suggests that iron binding at the
FOC causes a structural change switching the position of Trp26 residue by ~180° along with
the CB-Cy bound [17,39]. This change in tryptophan hydrophobic surroundings could be

responsible for the observed fluorescent quenching by Fe?*.

The addition of increasing concentrations of Fe?* proportionally quenched the intrinsic
tryptophan fluorescence of CjDps wt (Fig. 4A). Strikingly, a very similar profile was
observed for the CjDps H25G/H37G (Fig. 4A). It worth mentioning that these experiments
were performed in the presence of oxygen and, therefore, do not allow the distinctions
between the effects caused by the binding of Fe?* to the FOC from the effects caused by the
accumulation of Fe** inside the protein cage. Hence, these quenching curves cannot be

directly interpreted as binding curves.

It has been reported that Mn?* can bind to the FOC of Dps [19], which is expected as
Fe?* and Mn®" can assume similar coordination geometries on proteins crystal structures
[18,40]. We evaluated the binding of manganese to CjDps by measuring the intrinsic
tryptophan fluorescence (Fig. 4B). Addition of Mn?* increased the tryptophan fluorescence of
CjDps wt in concentration-dependent manner and the calculated Kd was 6.9 + 1.2 uM (Fig.
4B). Surprisingly, the CjDps H25G/H37G variant showed opposite fluorescence response to
the Mn?* addition. Mn?* quenched the tryptophan fluorescence of CjDps H25G/H37G variant

also in a concentration-dependent manner with a calculated Kd of 12.2 + 1.0 uM (Fig. 4B).

The quenching of tryptophan fluorescence is affected by the mobility and by the
interaction of the side chain with its surrounding [41,42]. We speculate that Mn?* binding is
somehow differently affecting the CjDps H25G/H37G conformation, exposing tryptophan

residues and consequently, quenching fluorescence. Given that all the tryptophan residues in
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CjDps are close to the FOC (Fig. S3), we hypothesize that manganese is binding to or near the
FOC even in the H25G/H37G variant.

Electron paramagnetic resonance (EPR) spectroscopy was employed to confirm the
binding of Mn?* to Dps. The concentration of free Mn®* solution decreased with increasing
concentrations of CjDps wt indicating the formation of protein-bound manganese species
(Fig. 5). A similar, although less pronounced, effect was observed using the H25/H37G
variant (Fig. 5). The EPR analysis confirmed that both wt and H25/H37G CjDps can bind
Mn*2,

DNA-binding analysis

We next tested the ability of CjDps to interact with DNA by measuring a shift in DNA
migration during agarose gel electrophoresis. It worth mentioning that in a previous study we
used the very same assay to determine the DNA-binding activity of an engineered N-terminal
10x His tagged CjDps [30]. However, we noted that the untagged CjDps used in the present
study showed different responses. For instance, while the DNA binding activity of His tagged
Dps was stimulated by H,0, [30] that of untagged CjDps was not (Fig. S2). Histidine residues
can be oxidized in the presence of H,O, [43], this could explain why the 10x His tagged Dps
(which contains 120 extra histidine residues per dodecamer) reacted differently to H,0,

during both DNA-binding (Fig. S2) and iron oxidation (Fig. 3) assays.

We compared the ability of untagged CjDps wt and CjDps H25G/H37G to interact
with DNA using DNA shift (Fig. 6). When a DNA-protein complex is formed it is possible to
visualize a shift in DNA migration compared with free DNA. When CjDps wt was incubated
with circular plasmid DNA we observed a Dps concentration-dependent retardation on the
DNA migration. However, when CjDps H25G/H37G was incubated with DNA there were no
changes in DNA migration (Fig. 6, lanes 5, 6 and 7). The Dps DNA-binding activity was
performed in a pH range of 6 to 8 and the same response was visualized (Fig.6 A, B and C).
This data suggests that the H25 and H37 residues may somehow be required for full DNA
binding activity.

Conclusions

In this study, we found that CjDps was able to bind iron and manganese and that iron

oxidation was enhanced when hydrogen peroxide was used as oxidant. The residues H25 and
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H37 are not completely required to Dps ferroxidase activity and these residues could be
related with the inability of the CjDps H25G/H37G binds DNA under the conditions tested.
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Table and figures

Table 1. Strain and plasmids used in this study

Strain or plasmid Genotype Reference
Strain

BL21(ADE3) Expresses T7 RNA polymerase Agillent
Plasmids

pET28a Expression Vector/ T7 promoter Novagen

Sanchuki et al

pLHPT71534c Amp" (pT7-7) expresses C. jejuni Dps wt
(in press, 2015)
_ Km" (pET29a) express C. jejuni Dps _
PLHPETCcjH25G-H37G This work
H25G/H37G
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Figure 1. Structure of C. jejuni Dps proteins and conserved residues at ferroxidase
center. (A) Structure of C. jejuni Dps protein dodecamer (PDB 3KWO) (B) Location of the
conserved residues at FOC (PDB 3KWO) (C) CulstalW alignament of C. jejuni Dps (Cj) with
Dps from Helicobacter pylori (Hp), Escherichia coli (Ec) and Kineococcus radiotolerans
(Kr). Conserved residues at ferroxidase center are indicated by arrows. Figures were

generated using Pymol.
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Figure 2. Native polyacrylamide gel electrophoresis analysis of CjDps. (A) Potassium
ferricyanide staining for protein iron bound. (B) Coomassie brilliant blue staining for total
proteins. A and B represents the same gel first stained with potassium ferricyanide and later
with Comassie. Proteins were loaded on sequence: 100 pg Dps, 10 pg commercial Ferritin

and 20 pg BSA. When indicated (+), the proteins were pre-incubated with 1 mM FeSO, for 1

hour.
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Figure 3. Comparison of the ferroxidation activity between CjDps wt and CjDps
H25G/H37G. Spectrophotometric kinetic curve of Fe*? oxidation by CjDps. Reactions were
incubated aerobically in 50 mM Tris-HCI pH 6.8 at room temperature and were initiated by
the addition of 500 uM FeSO,. The formation of the iron core was monitored by measuring
absorbance at 305 nm. White squares, 0.35 uM CjDps H25H/H37G; white circles, 0.35 uM
CjDps wt; black squares, 0.35 uM CjDps H25H/H37G + 100 uM H,0,. black circles, CjDps
wt + 100 uM H,0,,
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Figure 4. Interaction between Dps and metal accessed by fluorescence quenching. (A)

Fluorescence quenching upon increasing Fe*? concentrations to CjDps wt and CjDps

H25G/H37G. (B) Fluorescence quenching upon increasing Mn*? concentrations to CjDps wt
and CjDps H25G/H37G Conditions were as follows: Aex = 295nm, Aem = 340nm, 2.0 uM
CjDps wt or H25G/H37G variant, 40 mM BisTris, pH 7.0, 25°C. The curves obtained were
fitted by the Prism progam, according to One Site — Specific binding model. Fluorescence

data presented as the mean (x SD) of two independent experiments.
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Figure 5. Interaction between CjDps and Mn** accessed by EPR spectroscopy.

Equivalents of free Mn®*" versus concentration of CjDps. The signal of free manganese

decrease according to addition of increasing CjDps concentration. Black circles, CjDps wit;

white circles, CjDps H25G/H37G.
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Figure 6. DNA binding activity of CjDps wt and CjDps H25G/H37G t different pHs.
DNA binding activity was evaluated by the capacity to retard DNA migration in 0.7 %
agarose gel electrophoresis. All reactions mixtures contained 300 ng circular DNA (pET28a).
Lanes: 1- DNA, 2- DNA + 0.5 ug CjDps wt, 3 - DNA + 2.5 ug CjDps wt, 4 - DNA + 5.0 ug
CjDps wt, 5 - DNA + 0.5 pg CjDps H25G/H37G, 6 - DNA + 2.5 pug CjDps H25G/H37G, 7 -
DNA + 5.0 pg CjDps H25G/H37G. Reactions were incubated for 10 minutes at room
temperature. Gel retardation increases with increasing protein concentration. Panels A, B and

C were performed at different pHs as indicated.
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Figure S1. MALDI-TOF mass spectrometry analysis comparing the CjDps wt (blue) and
CjDps H25G/H37G (red). Proteins bands excised from Comassie-stained SDS-PAGE gels
were subjected to in-gel digestion with trypsin. The trypsinized mixture was mixed at 1:1
ratio (v/v) with a saturated solution of the MALDI matrix HCCA dissolved in acetonitrile
50% (v/v) and trifluoracetic acid 2.5% (v/v). Samples were spotted onto the MALDI target
and allowed to dry. The peptides contained the modified histidine (arrows) showed decrease
of 80 Da corresponding the change of Histidine to Glycine (21-29 FHNYHWNVK
1244.656/1164.612 Da; 30-42 GLQFFSIHEYTEK 1598.812/1518.766 Da).
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Figure S2. DNA binding activity of CjDps wt and CjDps H25G/H37G in the presence of
H,0,. DNA binding activity was evaluated by the capacity to retard DNA migration in 0.7 %
agarose gel electrophoresis. All reactions mixtures contained 300 ng circular DNA (pET28a).
Panel (A) CjDps wild-type and panel (B) CjDps H25G/H37G. Lanes: 1- DNA, 2- DNA + 10
pg CjDps, 3 - DNA + 10 pg CjDps + 1 mM H;0,, 4 - DNA + 10 pg CjDps, + 5 mM H,0,,5 -
DNA + 10 pg CjDps + 10 mM H,0, . Reactions were incubated for 10 minutes at room

temperature.

) _
Figure S3. Location of the tryptophan residues at CjDps protein. All the tryptophan
residues present in CjDps protein are localized close to the FOC. Figure was generated using

Pymol.
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5 CONCLUSOES

1. O protocolo estabelecido para a purificacdo da proteina CjDps utilizando aquecimento
a 80°C seguido de duas etapas cromatograficas é eficiente;

2. A temperatura de desnaturacdo da proteina CjDps wt é 94,2°C sendo portanto mais
alta que a temperatura usada no processo de purificagéo;

3. As proteinas CjDps wt e CjDps H25G/H37G foram capazes de formar nacleo de ferro,
embora CjDps H25G/H37G tenha esta capacidade diminuida;

4. A presenca de peroxido de hidrogénio estimula a formacdo do ndcleo de ferro das
proteinas CjDps;

5. Ensaios de fluorescéncia do triptofano e espectroscopia mostraram que as proteinas
CjDps sdo capazes de ligar manganés além de ferro;

6. Nas condigdes testadas, a proteina CjDps wt é capaz de ligar DNA enquanto que a
proteina CjDps H25G/H37G nédo possui esta capacidade.
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