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Resumo

As bactérias do género Geobacter t€ém despertado interesse devido ao seu impacto no meio ambiente
e as suas aplicagdes biotecnoldgicas, incluindo a biorremediagdo de contaminantes orgénicos e
inorganicos, produgdo de bioenergia e bioeletronica. Além da capacidade de transferéncia de eletrdes para
aceitadores terminais, estas bactérias conseguem também aceitar eletroes de elétrodos, um processo que
¢ atualmente explorado na area da eletrossintese microbiana. Estas aplicagdes baseiam-se num processo
de troca de eletroes entre as células e o seu exterior, designado de transferéncia extracelular de eletroes
(TEE). No entanto, os mecanismos subjacentes a estes processos encontram-se ainda em discussdo. Com
base em estudos genéticos e protedmicos identificaram-se citocromos do tipo C essenciais no processo de
TEE, localizados na membrana interna, periplasma e membrana externa da bactéria G. sulfurreducens.
Nesta Tese vdo ser estudados alguns destes citocromos, tais como, o MacA, associado a membrana

interna, os citocromos periplasmaticos PpcA-E e PccH, e o citocromo OmcF localizado na membrana

externa.

As interacdes moleculares entre as proteinas PpcA-E e os seus possiveis parceiros redox,
nomeadamente, MacA, PccH e um anélogo dos 4acidos humicos, foram avaliadas por espectroscopia de
ressondncia magnética nuclear (RMN), cinética e docking. A afinidade entre cada complexo redox foi
determinada por experiéncias de perturbagao de desvio quimico. Estes resultados demonstraram que as
moléculas formam complexos reversiveis de baixa afinidade, compativeis com uma transferéncia de

eletrdes rapida e seletiva, tipicamente observada entre parceiros redox.

A técnica de RMN foi igualmente utilizada para determinar a estrutura em solucao do citocromo OmcF
no estado reduzido, as alteragdes conformacionais dependentes da variagdo de pH e a sua dinamica em

solucdo.

O citocromo PccH foi estudado a nivel bioquimico e estrutural, recorrendo as técnicas de dicroismo
circular, espectroscopia de UV-visivel e RMN. Com base na sua estrutura, determinada por cristalografia
de raios-X, demonstrou-se que esta ¢ unica entre os citocromos monohémicos do tipo €. De igual modo,
os potenciais de redug@o, determinados por titulagdes redox a diferentes valores de pH, s@o invulgarmente
baixos em comparacdo com outros valores descritos para este tipo de proteinas. Considerando as suas
caracteristicas estruturais e funcionais o citocromo PccH representa uma nova subclasse de citocromos

monohémicos.

Os resultados obtidos e descritos nesta Tese constituem um importante contributo para a compreensao

dos mecanismos de transferéncia eletronica na bactéria G. sulfurreducens.

Palavras-chave: Transferéncia eletronica, Geobacter sulfurreducens, Proteinas hémicas, RMN,

Interagdes de proteinas, Estrutura de proteinas
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Abstract

Geobacter bacteria have awakened significantly attention because of their impact on natural
environments and biotechnological applications that include the bioremediation of organic and inorganic
contaminants, bioenergy production and bioelectronics. In addition to electron transfer towards
extracellular terminal acceptors, Geobacter cells can also accept electrons from electrodes, in current-
consuming biofilms, a process that is currently explored in microbial electrosynthesis. These practical
applications rely on an efficient transfer of electrons between the cell and its exterior, a process
designated extracellular electron transfer (EET). However, the precise mechanisms underlying EET
processes are still under debate. Genetic and proteomics studies have identified several c-type
cytochromes as key components for EET in G. sulfurreducens. These proteins are located at the inner-
membrane (IM), periplasm and outer-membrane (OM). Examples of such cytochromes include the IM-
associated cytochrome MacA, periplasmic cytochromes PpcA-E and PccH, as well as, the OM

cytochrome OmcF, which were studied in this Thesis.

Molecular interactions between PpcA-E and their putative redox partners, including a humic
substance analogue molecule, MacA or PccH, were probed by NMR spectroscopy, stopped-flow
kinetics and molecular docking. For the interacting pairs, their binding affinity was also determined by
NMR chemical shift perturbation experiments. The results obtained showed that the interacting
molecules establish reversible low-binding affinity complexes in specific regions of the proteins to
warrant a rapid and selective electron transfer, a typical feature observed for electron transfer reactions

between redox partners.

In addition, NMR spectroscopy was also used to determine the solution structure of OmcF in the

reduced state, its pH-dependent conformational changes and backbone dynamics.

A biochemical and structural characterization of the cytochrome PccH was also carried out using
circular dichroism, UV-visible and NMR spectroscopic techniques. The structure of PccH determined
by X-ray crystallography showed that it is unique among the monoheme c-type cytochromes. The
reduction potentials determined for PccH at different pH values by visible redox titrations are unusually
low compared to those reported for other monoheme c-type cytochromes. Considering the structural and
functional features of PccH it was proposed that this protein represents a first characterized example of

a new subclass of monoheme c-type cytochromes.

Overall, the results obtained constitute an important contribute to the current understanding of the G.

sulfurreducens extracellular electron transfer mechanisms.

Keywords: Electron transfer; Geobacter sulfurreducens; Heme proteins, NMR; Protein interactions;
Protein structure
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1. Introduction

Dissimilatory metal reduction is a widespread process that occurs in the major groups of Bacteria
and is fundamental for the geochemistry of aquatic sediments, submerged soils, and terrestrial
subsurfaces [1, 2]. Unlike other respiratory pathways, where the final electron acceptor is a freely
diffusible gas or a readily soluble molecule that can be reduced inside the cell, dissimilatory metal
reducing bacteria (DMRB) can sustain their energy requirements by coupling the oxidative

metabolism of organic compounds to the reduction of extracellular metals [2].

The respiratory reduction of extracellular electron acceptors can be achieved by two broad
mechanisms that involve direct or indirect reduction [3, 4]. In the first case, direct electron transfer is
achieved by the contact between redox proteins located at the surface of the bacteria or via electrically
conductive appendages that have been called biological nanowires (Fig 1.1). In the indirect
mechanism, reduction of acceptors can be mediated by small redox-active molecules that are either
secreted by the cell into the environment (endogenous electron shuttles) or are already available in the
environment (exogenous electron shuttles) or mediated by bacterial-produced organic ligands (also

designated as chelators), which solubilize metals prior to their reduction (Fig 1.1).

Direct electron transfer Indirect electron transfer
Bacteria Contact by electrically Endogenous/exogenous Chelators produced
surface contact conductive nanowires electron shuttles by the bacteria

+

P s

P
S Ox S Red .
Y/ AV \\-.

e e e e

Extracellular electron acceptor

Fig 1.1 Schematic representation of bacterial direct and indirect electron transfer mechanisms to the
extracellular electron acceptors. Sox and Sgeq correspond to oxidized and reduced electron shuttles,
respectively. The action of chelators is illustrated by circles: blue (chelator); gray (insoluble acceptor); white
(solubilized acceptor) [5]. This figure was adapted from [5].

DMRB have attracted significant attention because of their respiratory characteristics offering an
important role in the environmental recycling and removal of metal contaminants from groundwater
[2]. Furthermore, some of these microorganisms (e.g. Desulfuromonas acetoxidans, Geobacter

sulfurreducens, Geobacter metallireducens, Rhodoferax ferrireducens, Desulfobulbus propionicus,
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Enterococcus gallinarum, Shewanella putrefaciens and Shewanella oneidensis [6]) belong to the
group of exoelectrogens, as they can also couple their oxidative metabolism to the electron transfer
toward electrode surfaces from which electric current can be harvested in microbial fuel cells (MFC)
[7, 8]. Particularly in the case of Geobacter species, highly cohesive protein filaments with metallic-
like conductivity can be produced, offering the possibility to design microbial-based electronic sensors

and other devices [9].

Currently much research is focused on alternative and renewable energy sources to offset world-
wide concerns regarding global warming and fossil energy depletion [10]. Understanding the electron
transfer processes by which exoelectrogens can couple the oxidation of organic compounds to the
electron transfer to electrodes is a crucial step to allow the optimization of current production by MFC.
Although, the present MFC power densities are too low to be considered as a viable alternative energy
source, substantial improvements have been made in the last few years [11]. Given the broad range of
biotechnological applications covered by DMRB it is important to understand the functional
mechanism of their respiratory pathways. This would allow the scientific community to improve and
optimize DMRB-based practical applications. Of these, the most studied DMRB belong to the
Shewanellaceae and Geobacteraceae families, particularly S. oneidensis and G. sulfurreducens. The
work developed and presented in this Thesis is focused on the structural and functional
characterization of electron transfer components from G. sulfurreducens and for this reason the current

knowledge of this bacterium is summarized in the next sections.

1.1 The Geobacter sulfurreducens bacteria

The G. sulfurreducens bacteria are comma-shaped rods are Gram-negative and can be found in
contaminated soils and sediments where Fe(IlI) is an important respiratory terminal electron acceptor.
However, their respiratory capability is not confined to iron reduction since they can also utilize a
large diversity of electron donors and acceptors making them important agents in several
biogeochemical cycles [12]. The important discoveries associated with G. sulfurreducens bacteria are

summarized in Fig 1.2.

G. sulfurreducens bacteria display a remarkably respiratory versatility. They can utilize acetate,
lactate, formate, anthrahydroquinone-2,6-disulphonate (AH,QDS) or hydrogen, as electron donors,
and fumarate, sulphur, malate, Co(Ill), Cr(VI), Mn(IV) oxides, U(VI), Tc(VII), anthraquinone-2,6-
disulphonate (AQDS), among others, as electron acceptors [12, 13]. This respiratory capability can be
used for several practical applications. For example, at physiological conditions, degradation of
hydrocarbon contaminants in soils and the reduction of soluble metals (e.g. U(VI), Cr(VI)) to

insoluble precipitates in contaminated aquifers (U(IV), Cr(Ill), respectively) facilitates the
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bioremediation of these pollutants [12, 14]. Moreover, these bacteria can be used to develop bioenergy

applications as they grow on several electrode surfaces [12].

G. sulfurreducens was the first Geobacter species to have its genome fully sequenced, it is
amenable to genetic manipulation and has been used as a model organism [15, 16]. This bacterium
was previously classified as a strict anaerobe, but it has been verified that it can also grow in presence
of low atmospheric oxygen levels [17, 18]. G. sulfurreducens tolerated exposure to oxygen for at least
one day and grew with oxygen as the sole electron acceptor until concentrations of 10% in headspace.
Additionally, the analysis of its genome revealed the presence of genes encoding typical enzymes for
oxygen detoxification, such as catalase, cytochrome ¢ oxidase or superoxide dismutase [18]. The
analysis of the genome sequence of G. sulfurreducens revealed that it encodes 111 cytochromes ¢, 73

of which are multiheme cytochromes [15].

Implication of KN400, a strain with enhanced capacity
cytochromes in EET for EET and current production
(. sulfurreducens Proteome analysis under
wals isolated Fe(111) oxide/citrate reduction
C ; Proteome analysis under
urrent- ;
Humics reduction Currer?t Mn(IV) oxides consuming PP o
I production reduction biofilms
1990 1995 2000 2005 2010 2015
Hydrogen or acetate as Genetic Genome Syst[em;'biulogavl a?proach
donor for l,—e (I1D) system Growth in the o broremediation
Elucon presence of oxygen Proteins involved in Fe(IIT)
) and Mn(IV) oxides reduction
Humics as U(VI) reduction

donor

Fig 1.2 Time line of the important discoveries associated with Geobacter sulfurreducens. The time line
presented in this figure was adapted from [12].

1.2 Cytochromes

Cytochromes are important proteins involved in a diversity of biological functions including
electron transfer, oxygen transport and storage, catalysis, gas sensing and gene regulation [19]. The
functional diversity of cytochromes is further extended by combining heme groups with other
cofactors, including flavins and/or metal ions (e.g. molybdenum or copper). Different variables related
with the type of heme groups and neighbor amino acids, modulate this functional versatility, namely
(1) the ability of the protein environment to tune heme reactivity, (ii) the number and nature of protein-
donated axial ligands to iron, (iii) the heme solvent exposure, (iv) the heme accessibility to exogenous
ligands, (v) the distribution of polar and charged groups in the heme neighborhood, and (vi) specific
properties of the heme-binding site in the protein [19, 20].

Proteins containing one or more heme groups are one of the most studied classes of biomolecules,

due to their range of cellular biological functions. Usually, the cytochromes are named accordingly to
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their heme type letter, in italic, and a number in subscript depending on some intrinsic characteristics
related to the protein axial ligands coordination, number of heme groups, optical or functional
properties [21]. For example, the cytochrome c¢ssi;, involved in dissimilative denitrification of
Pseudomonas aeruginosa, is a monoheme cytochrome axially coordinated by one histidine and one
methionine that shows a band in the optical spectra with absorption maximum at 551 nm (o band) in

the reduced state [22].

Cytochromes ¢ are heme proteins containing a c-type heme and often function as electron carriers.
In most cases, the polypeptide chain of these proteins is covalently bound to one or several c-type
heme groups through thioether linkages established with the sulfhydryl groups of two cysteine
residues in a conserved binding motif sequence CXXCH, where the X represents any amino acid (Fig
1.3) [19, 23]. This sequence is highly variable and all amino acids have been found in the “XX”
segment in nature, except for the amino acid cysteine. In some cases, this segment can be larger and

contain up to 15 amino acids (e.g. cytochrome MccA from Wolinella succinogenes) [19, 24].

The heme group displays a central role in the functional modulation of these proteins. It is
constituted by four pyrrole subunits connected by methane bridges (protoporphyrin IX) and in the
center, the iron ion is equatorially coordinated by four nitrogen atoms (Fig 1.3). The Iron (0) is a
transition metal with 26 electrons arranged in the electronic configuration 1s’2s*2p®3s?3p®3d®4s?,
where the normal number correspond to the orbitals (s, p and d) and the superscripts represent the
electron occupancies. This configuration is also represented as [Ar]3d°4s®, to emphasize that it is the
occupancy of the higher energy 4s and 3d orbitals, superimposed on an argon core, that determines the
electronic properties and the chemical behavior of the heme iron. Generally, in electron transfer
cytochromes, the iron exists in the ferrous (Fe(Il)) and ferric (Fe(Ill)) states, with the electronic
configurations [Ar]3d®4s® and [Ar]3d°4s’, respectively. Iron(IV) ([Ar]3d*4s) is a less common state

but often found in catalytic cycles of some enzymes, such as catalases or peroxidases [23].

The description of high and low spin states relates to the distribution of the electrons in the five 3d
orbitals (two orbitals e, with higher energy and three t,; with lower energy, according to Crystal Field
Theory [25]). Each orbital holds a maximum of two electrons, and the energy separation between the
e, and ty, orbitals is influenced by the ligands coordinated to the iron ion. The iron ion is in the high
spin state if the d-orbital splitting is smaller than the pairing energy (weak crystal field) and therefore
the electrons remain mostly unpaired in the orbitals (e, and tag). Conversely, if the d-orbital splitting is
larger compared to the pairing energy (strong crystal field), the electrons enter the t, orbitals and pair
to produce the low spin state. Porphyrin is a strong ligand that places the iron ion close to a state
where small energy differences between the axial ligand components of the field can cause the change
of spin state [23]. Therefore, the determination of the spin state of a heme protein is important,
because it provides information about the nature of the heme axial ligands and their stereochemistry.

The heme spin state can be probed by a variety of spectroscopic techniques [26].
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His\
Fig 1.3 Schematic representation of a c-type heme and the correspondent polypeptide binding motif. The
axial coordination position labeled with A can be free or occupied by ligands such the side chain of methionine,

histidine, asparagine or tyrosine residues, which are the most common. The TUPAC nomenclature for
tetrapyrroles is illustrated in gray [27]. This figure was adapted from [5].

As depicted in Fig 1.3, four out the six heme iron coordination positions are equatorially occupied
by nitrogen atoms. In most cases, one of the two axial coordination positions of cytochromes c is
occupied by the side chain of a histidine in the binding motif sequence, which is also designated as
proximal ligand. On the contrary, the distal ligand is more variable and can be the side chain of a (i)
methionine, which predominates in monoheme cytochromes c, (ii) histidine, particularly in multiheme
cytochromes c or (iii) asparagine or tyrosine, although less frequently [21, 28]. The distal position of
the heme can be also transiently vacant, as observed in cytochromes with enzymatic activity [5, 21,

28].

When the distal ligand is histidine or methionine residues, a strong crystal field and thus, a low spin
state is observed. In contrast, if the side chain of asparagine, tyrosine or a water molecule bind the
heme iron distal position, a high spin state will be observed [23]. Additionally, the identification of the
iron axial coordination is important, because it determines the protein function, in most cases.
Generally, the heme proteins involved in electron transfer reactions have both axial positions occupied
and hold histidine or methionine residues as distal ligands. On the contrary, in the case of heme
proteins with enzymatic activity that use a subtract molecule as heme axial ligand, an alternation
between the iron penta- and hexa-coordinated forms is observed (e.g. peroxidases, catalases) [5, 23].
The heme redox potential is also strongly dependent on the nature of the axial ligands. For example,
the side chain methionine sulfur is a good electron acceptor and favors the electron-rich reduced state
resulting in a more positive redox potential compared to bis-histidinyl coordinated heme groups [29,

30].
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1.3 Multiheme cytochromes

Multiheme cytochromes ¢ (MHC) are crucial components of several biological processes where
they drive electron transfer pathways. However, MHC can also display enzymatic activity [31, 32] or
participate in signal transduction events [33]. In these complex cytochromes, the heme groups are
arranged along the polypeptide chain and extend the protein global working redox potential ranges,
because of the contribution of each individual heme redox potential. Additionally, these proteins might
be able to receive or donate multiple electrons in a cooperative way, a process that can be modulated
by the intrinsic properties of neighboring hemes (redox interactions) or protonatable centers (redox-
Bohr effect) [34]. As well, these proteins can also putatively work as electron biocapacitors and
contribute to the enhancement of the bacterial electron-storage capacity [35-37]. Typically, the heme
iron-iron distances between adjacent hemes in MHC do not exceed 16 A. This allows a fast electronic
exchange between the redox centers, a crucial feature to assure efficient redox reactions [3, 28, 38].
The high number of hemes in these proteins not only provides the cell with a remarkable electron
storage capacity but also allows them to transfer electrons through large distances without the need for
successive binding events. For the reasons presented above, the precise tuning of the heme redox
potentials in MHC is of crucial importance. These are affected by several factors that include: (i) the
differences in the free energy between the oxidized and reduced states resulting from molecular
interaction changes; (ii) the modulation of the electrostatic interactions within the protein or with the
solvent; (iii) the heme solvent accessibility; (iv) the extent to which the heme group is distorted from
planarity; (v) the protonation state of the heme propionate groups; (vi) the type of axial ligands and
heme iron coordination [23, 39-45]. In most of the cases, MHC have a lower amino acid residue to
heme ratio compared to monoheme cytochromes and, therefore, are more solvent exposed [23, 41].
The heme solvent exposure and its axial coordination (typically His-His) strongly contribute to the

lower redox potential values generally observed in MHC.

1.4  Extracellular electron transfer pathways in G. sulfurreducens

The strategic localization of cytochromes from G. sulfurreducens at the bacterial inner membrane
(IM), periplasm or outer membrane (OM) allows the transfer of electrons from intracellular carriers
(e.g. NADH) to extracellular acceptors in a process termed extracellular electron transfer (EET).
Previous proteomic studies revealed that 79 c-type cytochromes from G. sulfurreducens were
expressed during growth on Fe(IIl) citrate or Fe(Ill) oxide electron acceptors, using acetate as electron
donor [46]. The proteomic analysis and concomitant phenotypes of G. sulfurreducens mutant strains

with gene encoding the studied cytochromes are summarized in Table 1.1.
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Table 1.1 Analysis of proteome and phenotypes of different deletion mutant strains of G. sulfurreducens
for cells grown in the presence of the acetate (electron donor) and Fe(III) oxide or Fe(III) citrate (electron
acceptor). “IM” stands for inner membrane, “P” for periplasm and “OM” for outer membrane.

Gene Predicted Phenotype during growth on
Locus ID name cellular Analysis of the proteome the electron acceptors Ref
location Fe(IIl) oxide  Fe(IIl) citrate
GSU0274  cbcl M - Impaired Increased [47]
growth growth rate

GSU0364 ppcB P Detected in Fe(IIl) citrate ~ No phenotype  Impaired [46, 48]
and Fe(III) oxide cultures growth

GSU0365 ppcC P Detected in Fe(Ill) citrate  No phenotype  Impaired [46, 48]
and Fe(III) oxide cultures growth

GSU0466  macA  IM- More abundant during Impaired Impaired [46, 48]

associated  growth with Fe(Ill) oxides  growth growth

vs Fe(Ill) citrate. Involved
in the regulation of OmcB

GSU0612  ppcA P Detected in Fe(IIl) citrate ~ No phenotype  Impaired [46, 48,
and Fe(III) oxide cultures growth 49]

GSU0618  omcE OM More abundant during Impaired No phenotype  [48, 50]
growth with Fe(Ill) oxide ~ growth
vs Fe(Ill) citrate

GSU1024 ppcD P More abundant during No phenotype  Increased [46, 48]
growth with Fe(III) oxides Fe(III)
vs Fe(Ill) citrate reduction

GSU1760 ppcE P Detected in Fe(III) citrate No phenotype  Increased [46, 48]
cultures growth rate

GSU1996 - P More abundant during - - [46]
growth with Fe(IIl) citrate
vs Fe(Il) oxide

GSU2076  omcZ OM More abundant during No phenotype  No phenotype  [46, 48,
growth with Fe(IIl) citrate 51]
vs Fe(III) oxide

GSU2432  omcFF OM Involved in the regulation ~ Impaired Impaired [48, 52,
of OmceB, OmcC and growth growth 53]
OmceS

GSU2504 omecS OM More abundant during No growth No phenotype  [48, 50,
growth with Fe(III) oxides 54]
vs Fe(Ill) citrate

GSU2731  omcC OM More abundant during No phenotype  No phenotype  [48, 55]
growth with Fe(III) oxides
vs Fe(IlI) citrate

GSU2737 omcB OM Detected in Fe(III) citrate Impaired Impaired [48, 55]
and Fe(III) oxide cultures growth growth

GSU3259 imcH IM - Increased No growth [56]

growth rate
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The electron transfer mechanisms in G. sulfurreducens and the proteins implicated in each pathway
are still under investigation. It is consensual that NADH electrons are transferred to the quinone pool
via an IM NADH dehydrogenase. However, from this point the electron transfer mechanism(s) toward

the final electron acceptors are still under debate.

The first studies envisioned that the IM-associated diheme cytochrome MacA (GSU0466, the
naming scheme of the genome is in accordance with http://www.genome.jp/kegg/genome.html) with
35 kDa molecular weight, might be part of an electron transport chain moving electrons from the inner
membrane, through the periplasmic cytochromes, to the outer surface of the cell [57, 58]. Proteomic
studies revealed that MacA is more abundant during growth with Fe(Ill) oxides vs Fe(Ill) citrate
(Table 1.1) [46]. Then, gene knock-out studies implicated the deletion of macA in the inhibition of the
expression of the omcB gene. Expression of the outer membrane cytochrome OmcB in the macA4-
deficient mutant restored the capacity for Fe(Ill) reduction [53]. Additionally, the similarity in
expression patterns and mutant phenotypes between MacA and OmcB suggests that they may function
in the same or similar routes of electron transfer [48]. Cytochrome MacA was also identified as a

peroxidase and capable of exchange electrons with the periplasmic c-type cytochrome PpcA [59].

More recently, it was suggested that depending upon the redox potential of the final electron
acceptor different proteins are involved in the quinone pool regeneration [47, 56]. At least, two
different routes were identified in response to the amount of energy available in a metal or electrode
distant from the cell [56]. This is supported by several studies that revealed a complex transcriptional
response by G. sulfurreducens to different electron acceptors [46, 54, 60, 61]. Indeed, the large
number of c-type cytochromes [15] and the examination that no single deletion eliminates electron
transfer to all electron acceptors further confirm the complexity of the EET in G. sulfurreducens [48,

62].

Studies examining electron transfer from G. sulfurreducens to poised graphite electrodes
demonstrated that at least two IM proteins are implicated in two different EET pathways, i) CbcL-
dependent pathway, for potentials below -100 mV vs NHE (Fe(IlI)- oxides, such as ferrihydrite), and
ii) ImcH-dependent pathway, for electrodes poised at redox potentials above -100 mV vs NHE (Fe(III)
citrate, Fe(Il[)-EDTA) [47, 56]. These observations confirmed that at least another quinone
oxidoreductase is active in the bacteria to support growth at low redox potentials even when the imcH

gene is deleted [56].

The CbcL protein (GSU0274) contains a HydC/Fdnl diheme b-type cytochrome linked to a 9-heme
periplasmic cytochrome ¢ domain [47]. On the other hand, the cytochrome ImcH (GSU3259) was
predicted to contain up to three transmembrane helices (depending on processing of a putative signal-
anchor), a region of NapC/NirT homology, and up to 7 heme c-type heme binding motifs [56]. For

Fe(III) oxides the redox potential decreases as Fe(Il) accumulates triggering the utilization of electron
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transfer pathways that support lower cell yield and slower growth rates, but still allow some

respiration.

With this new perspective, G. sulfurreducens bacterium can also be used as a redox sensor to report
the redox potential of an extracellular electron acceptor and represents an array of thermodynamic
opportunities, where these bacteria rapidly alter their respiratory strategy to take advantage of the
available extracellular electron acceptor [63]. However, the electron transfer pathways from the

reduced quinone pool to the final electron acceptor are still far from being understood.

In the currently proposed model for G. sulfurreducens, the electrons from IM cytochromes are then
transferred to periplasmic c-type cytochromes. The most studied periplasmic cytochrome is PpcA
(GSUO0612) that belongs to a family composed by five low molecular weight (~10 kDa) periplasmic
triheme cytochromes with approximately 70 residues each. The other four cytochromes of this family
are designated PpcB (GSU0364), PpcC (GSU0365), PpcD (GSU1024), PpcE (GSU1760) and share 77
% (PpcB), 62 % (PpcC), 57 % (PpcD) and 65 % (PpcE) amino acid sequence identity with PpcA.
Genetic studies revealed that these cytochromes are involved in different electron transfer pathways.
PpcA was detected in G. sulfurreducens cultures that grow in presence of Fe(IIl) citrate and Fe(III)
oxide [46]. Deletion of the gene encoding for PpcA affected the reduction of Fe(Ill) and U(VI) [49,
64]. Genes encoding for PpcB and PpcC belong to the same locus and the double deletion of these
genes affected U(VI) reduction. Both cytochromes were detected in Fe(IIl) citrate and Fe(Ill) oxide
cultures [46, 64]. PpcD is more abundant during growth with Fe(IlI) oxides vs Fe(Ill) citrate [46]. The
deletion of its gene affected the reduction of U(VI) [64]. PpcE was only detected in cultures with
Fe(III) citrate and its deletion also affected U(VI) reduction [46, 64]. Due to the cellular location of
these five cytochromes it was proposed that they are the likely reservoir of electrons destined for the

cell outer surface and bridge the electron transfer between the cytoplasm and the cell exterior [49, 60].

Also located in the periplasm of G. sulfurreducens, the dodecaheme cytochrome GSU1996 (42.3
kDa) is composed by four similar triheme domains, designated A, B, C and D (see section 1.4.1.1).
and the 12-heme groups might allow the cytochrome to act as a periplasmic electron capacitor [36,

37].

To reduce extracellular compounds, electrons are transferred from the periplasm to the OM
proteins. As suggested for S. oneidensis, it is proposed that in G. sulfurreducens, the electrons reach
the cellular exterior through porin-cytochrome trans-outer membrane complexes. The complexes
OmaB-OmbB-OmcB and OmaC-OmbC-OmcC in G. sulfurreducens may have similar functions to the
ones described for the MtrA-MtrB-MtrC complex in S. oneidensis [65]. These complexes consist of a
porin-like OM protein (OmbB or OmbC), a periplasmic octaheme cytochrome ¢ (OmaB or OmaC)
and an OM dodecaheme cytochrome ¢ (OmcB or OmcC). Studies revealed that these complexes are

directly involved in the reduction of Fe(IlI) citrate and ferrihydrite by G. sulfurreducens [55].

11
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OmcF (GSU2432) is the smallest monoheme cytochrome ¢ (11 kDa) and it was predicted to be
localized at the OM of G. sulfurreducens [15]. The deletion of the omcF gene impaired Fe(Ill) citrate
reduction and affected the expression of the OM cytochromes OmcB, OmcC and OmcS [52]. The
deletion of omcF resulted in a loss of expression of omcB and omcC, and overexpression of omcsS,
during growth on Fe(IIl) citrate [66]. More recent studies demonstrated that a omcF-deficient strain
was unable to grow in presence of Fe(Ill) oxide and showed a significant decrease in current

production [48, 66].

OmcS (47 kDa) and OmcZ (30 kDa) are extracellular c-type cytochromes from G. sulfurreducens
containing six and eight heme groups, respectively [51, 67]. It was demonstrated that OmcS is
associated with conductive pili [67] and OmcZ is well suited for promoting electron transfer in
current-producing G. sulfurreducens biofilms [68]. The deletion of the gene encoding OmcS
cytochrome affected the bacterial growth in the presence of Fe(Ill) oxides (Table 1.1). It was also
observed that OmcS is more abundant during growth with Fe(Ill) oxides vs Fe(Ill) citrate (Table 1.1).
The opposite effect was observed for OmcZ (Table 1.1) and also, in vitro studies demonstrated that
OmcZ transfers electrons to a diversity of potential extracellular electron acceptors, such as Fe(Ill)

citrate, U(VI), Cr(VI), Au(lll), Mn(IV) oxide, and AQDS, but not Fe(III) oxide [46, 51].

OmcE (GSU0618) is a tetraheme c-type cytochrome (26 kDa) located in the exterior of the OM of
the bacterium. This cytochrome is more abundant during growth with Fe(Ill) oxide than in cells grown
on Fe(Ill) citrate (Table 1.1). Previous studies revealed that the omcE-deficient mutant did slowly
adapt to reduce Fe(Ill) oxide suggesting that one or more, as undetermined yet, components can

partially compensate for the loss of OmcE [50].

1.4.1 Characterization of cytochromes c

Since the publication of G. sulfurreducens genome sequence and the development of an expression
system to overproduce MHC [15, 69], several efforts to optimize the expression constructs, as well as
the host strains, have been undertaken to increase the protein expression yields, a crucial step to assist

the structural and functional characterization of G. sulfurreducens cytochromes (Fig 1.4).
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Fig 1.4 Time line of important discoveries related with the G. sulfurreducens cytochromes addressed in
this Thesis.

1.4.1.1 Structural characterization

Three-dimensional structures of biological macromolecules can be determined by X-ray
crystallography and NMR at near atomic resolution. The structures obtained by NMR represent the
average over oriented molecules in solution, whereas diffraction data represent an average over
molecules arranged in a periodic crystal lattice. Despite their similarities and differences, X-ray
crystallography and NMR are well established complementary high-resolution methods to analyze

protein structure-function relationships.

Structures of heme proteins are extremely under-represented in structural databases (~4%, data
from Protein Data Bank, http://www.rcsb.org/pdb/, 2017), which constitute a severe bottleneck in the
elucidation of their structural-functional relationships. Further, structures of heme proteins determined
by NMR are very few (~1%). Mostly because of the presence of heme groups, which not only
contribute with their proton-containing groups (four methyl groups, four meso protons, two thioether
protons, two thioether methyls and two propionates; see Fig 1.3), but also affect the polypeptide chain
NMR signals, particularly in the paramagnetic state, due to the magnetic properties of the heme iron

that further spread and broaden the signals [70, 71].

Particularly in the case of MHC, advances in expression protocols that allowed their isotopic
labeling in a more cost-effective manner together with the implementation of methodologies, that
simplify the assignment of NMR signals have contributed to improve the structural characterization of

these proteins [69, 70, 72-76].
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Out of cytochromes found in Geobacter, PpcA was the first structurally characterized by X-ray
crystallography in the oxidized state [77]. In the following years the crystal structures of the other four
periplasmic triheme cytochromes PpcB-E belonging to the PpcA-family were also determined in the
oxidized state [78, 79]. More recently, the solution structures of PpcA in the reduced and oxidized
forms were also determined by NMR [80, 81]. The structures of these cytochromes are similar (Fig
1.5) but important local variations are observed. In these proteins, an antiparallel B-sheet is conserved
at the N-terminal of all structures, and is followed by distinct helical regions in the different proteins.
The heme core structures are similar, with hemes I and IV roughly parallel to each other and with both
nearly perpendicular to heme III [77-80]. Within the five structures, in general heme I shows the
highest solvent exposure, while heme III is the lowest exposed. On the other hand, heme IV shows the
largest positive electrostatic surface due to the considerable number of neighboring lysine residues,
except for PpcE. This positively charged surface around heme IV is the most conserved region, while
the lowest similarity region is located near heme 1 [79]. The spatial arrangement of the hemes is
superimposable with those of the structurally homologous tetraheme cytochromes c3, with the sole
difference being the absence of heme II and the corresponding polypeptide segment. For this reason,
the three heme groups in triheme cytochromes are numbered I, III and IV [82]. All members of the

PpcA-family contain three low-spin heme groups with His—His axial coordination [79].

Structures for other G. sulfurreducens cytochromes were also determined by X-ray crystallography,
namely those of cytochromes OmcF [83, 84] and GSU1996, both in the oxidized state [36], and MacA
in the reduced, oxidized and intermediate states [59] (Fig 1.5).

Two structures for OmcF were determined and published nearly at the same time [83, 84]. The first
one was obtained for the cytochrome crystalized with a strep-tag Il fusion protein at the N-terminal
[83] and the second one was obtained only for the mature protein, which is represented in the Fig 1.5
[84]. Analysis of the crystal structure and UV-visible spectral features of OmcF showed that the heme

group is in the low-spin state and has His—Met axial coordination.
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Domain D

GSU19%6

Fig 1.5 Structures of G. sulfurreducens cytochromes obtained in the oxidized state. The solution structure of
PpcA (lowest energy; PDB ID: 2MZ9 [81] and the crystal structures of PpcB (chain A, PDB ID: 3BXU [78]),
PpcC (PDB ID: 3H33 [79]), PpcD (chain A, PDB ID: 3H4N [79]), and PpcE (PDB ID: 3H34 [79]) are
represented in blue. Crystal structures of OmcF (PDB ID: 3CU4 [84]), GSU1996 (PDB ID: 30V0 [36]) and
MacA (PDB ID: 4AAL [59]) are represented in cyan, gray and green, respectively. Roman numerals indicate the
hemes (in red) in their order of attachment to the CXXCH motif in the polypeptide chain. The structures were
drawn using the PyYMOL molecular graphics system [85]. This figure was adapted from [5].

GSUI1996 is a “nanowire” of hemes that may function as a capacitor to enhance the periplasmic
bacterial electron-storage capability. It is organized in four similar domains (A-D) each containing
three hemes and connected by a flexible linker. Each domain has structural homology to triheme

cytochromes, differing only in heme IV, which contains His-Met axial coordination [36].
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MacA forms two globular domains, each holding a c¢-type heme group. The hemes are named as
high potential (HP) and low potential (LP), because of the electric potential difference between them.

The LP heme is located at the N-terminal domain whereas the C-terminal domain harbors the HP one.

1.4.1.2 Thermodynamic characterization

In the same way, the presence of several heme groups constitutes the major bottleneck in the
detailed thermodynamic characterization of MHC. For monoheme cytochromes only the reduced and
oxidized states may coexist in solution. However, for MHC several one-electron reversible transfer
steps convert the fully reduced state into the fully oxidized one, yielding additional intermediate
oxidation stages (Fig 1.6). Therefore, when the values of redox potentials of each heme group are not
sufficiently different, the global redox potentials measured by voltammetry or potentiometric redox
titrations are macroscopic in nature and only describe the overall redox behavior of the MHC [68, 84,
86, 87]. Although these parameters contain information on the working functional ranges of these
cytochromes, in most cases they are insufficient to provide mechanistic information on the electron
transfer pathways. This can only be achieved when the fractional contribution of each possible

microstate during the oxidation of the protein is obtained.

In the case of monoheme cytochromes the reduction potential of the heme can be obtained directly
from the Nernst equation. In this case, the e, value (i.e. the point at which the oxidized and reduced
fractions of the protein are equal) corresponds to the reduction potential of the heme. However, this is
not the case for MHC. The characterization of the redox properties of multiheme cytochromes is
complex due to the co-existence of several heme groups. In fact, the several one-electron reversible
transfer steps connecting the fully reduced and the fully oxidized states establish different redox
stages, each grouping microstates with the same number of oxidized hemes. As an example, for a
triheme cytochrome, three consecutive reversible steps of one-electron transfer convert the fully
reduced state (stage 0, So) in the fully oxidized state (stage 3, S3), and thus four different redox stages
can be defined (Fig 1.6). Additionally, within each microstate, the group responsible for the redox-
Bohr effect can be protonated or deprotonated, leading to a total of 16 microstates (Fig 1.6).
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Fig 1.6 Electronic distribution scheme and potentiometric redox titrations followed by visible
spectroscopy for monoheme (OmcF) and triheme (PpcA) cytochromes. The inner circles represent heme
groups, which can either be reduced (red circles) or oxidized (white circles). The microstates are grouped per the
number of oxidized hemes in each oxidation stage, connected by consecutive one-electron redox steps. Poy and
Py represent the reduced protonated and deprotonated microstates, respectively. Py and Py, indicate,
respectively, the protonated and deprotonated microstates, where i, j, and k represent the heme(s) that are
oxidized in that particular microstate. In the lower panels, potentiometric redox titrations followed by visible
spectroscopy of OmcF and PpcA (pH 7) are indicated. Solid lines indicate the result of the fits for the Nernst
equation (OmcF) and for a model of three consecutive reversible redox steps between the different oxidation
stages (PpcA) [78, 84]. This figure was adapted from [88].

In MHC containing neighboring heme groups, the reduction potential of each heme is most often

modulated by redox interactions with other hemes and by the solution pH (redox-Bohr interactions).
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Thus, to completely characterize the redox centers in a MHC it is necessary to determine the heme
reduction potentials, the redox interactions and the properties of the redox-Bohr center(s). To calculate
these thermodynamic parameters, it is necessary to monitor the stepwise oxidation of each heme
oxidation at several pH values. This information can be achieved by NMR spectroscopy, which allows
probing the individual heme oxidation profiles due to the different spectral signatures of the NMR

spectra of low spin MHC in the reduced and oxidized states.

In conditions of fast intramolecular electron exchange (between the different microstates within the
same oxidation stage) and slow intermolecular electron exchange (between different oxidation stages)
on the NMR time scale [78], the heme oxidation fraction can be determined from the chemical shifts
of the heme substituents in the different oxidation stages. Combining the information from redox
titrations monitored by UV-visible spectroscopy and this NMR data it is possible to determine the
absolute thermodynamic parameters and evaluate the contribution of each microstate and their

relevance to the electron transfer mechanism.

This strategy was firstly described in the study of tetraheme cytochrome c¢; from Desulfovibrio
vulgaris (13 kDa) by Turner and co-workers [89]. The increase in the protein molecular weight and/or
the number of hemes leads to a decrease of the NMR spectral quality, as a result of signal overlapping,
and usually impairs the monitoring of the individual heme oxidation profiles. To date, the detailed
thermodynamic characterization of multiheme cytochromes has been limited to proteins containing up
to four heme groups and 64 kDa molecular weight [90]. Therefore, the redox characterization of larger
multiheme proteins can only be accomplished at the macroscopic level. This characterization was

already performed for some cytochromes from G. sulfurreducens (Table 1.2).

Overall, the E,,, values determined for G. sulfurreducens cytochromes listed in Table 1.2 span
from —220 to +180 mV and are consistent with the axial coordination of the heme groups. In fact,
cytochromes with His—His axially coordinated hemes have negative values, whereas a positive value
was only observed for OmcF whose heme has His—Met axial coordination. Despite the presence of
four hemes with His-Met axial coordination in GSU1996 the E,,, value is negative. From the analysis
of Table 1.2 it is also observed that the redox-active potential windows of the cytochromes correlate
with their number of hemes. This indicates that the hemes are not redox equivalent and provides a
rationalization for the involvement of several MHC in the same electron transfer pathway. An
exception is observed for the dodecaheme cytochrome GSU1996, which has a comparable redox
window to PpcA-family cytochromes. This feature can be explained by the structural architecture of

the redox centers in cytochrome GSU1996.
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Table 1.2 Data set of G. sulfurreducens c-type cytochromes participating in extracellular electron transfer
pathways. F,,, stands for the midpoint reduction potential correspondent to the point at which the oxidized and
reduced fractions are equal, and ‘NHE’ for normal hydrogen electrode. The potential window was determined
from potentiometric redox curves considering 1-99% range for protein reduction/oxidation. The redox potential
values were determined at pH 7.

Protein Heme axial ligands Eapp (mV) vs NHE Potential window (mV)
MacA His-Met -188 [59] 250
GSU1996 His-His; His-Met -124 [91] 320
PpcA His-His -117 [78] 285
PpcB His-His -137 [78] 270
PpcC His-His -143 [91] 265
PpcD His-His -132[92] 275
PpcE His-His -134 [92] 280
OmcZ? Not determined -220 [68] 405
OmcF His-Met +180 [84] 240
OmcS His-His -212 [86] 320

2 OmcZ is present in large (OmcZ; = 50 kDa) and small (OmcZs = 30 kDa) forms. The data
presented refer to OmcZs, which is the predominant extracellular form of OmcZ and retains the
eight heme groups.

Except for PpcC, which presented multiple conformations in solution that impaired the
monitorization of its heme oxidation profiles, the complete thermodynamic parameters were
determined for the triheme cytochromes from PpcA-family (Tables 1.3 and 1.4) [92, 93]. The heme
reduction potentials are negative, differ from each other, and cover different functional ranges. These
reduction potentials are strongly modulated by heme-heme interactions and by interactions with

protonated groups (the redox-Bohr effect), yielding different cooperative networks for each protein.

Table 1.3 Heme reduction potentials and pairwise interactions (mV) of the fully reduced and protonated
forms of PpcA, PpcB, PpcD and PpcE [92].

Heme redox potentials Redox interactions Redox-Bohr interactions

| 111 v I-111 I-1V HI-1v I-H III-H IV-H
PpcA -154 -138 -125 27 16 41 -32 -31 -58
PpcB -150 -166 -125 17 8 32 -16 -9 -38
PpcD -156 -139 -149 46 3 14 -28 -23 -53
PpcE -167 -175 -116 27 5 22 -12 2 -13
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The macroscopic pK, values associated with the redox-Bohr center in each of the four oxidation
stages are indicated in Table 1.4. The larger redox-Bohr effect is observed for PpcA and PpcD, 2.1 and
1.8 pH units, respectively. The ApK, value is lower for PpcB and much smaller for PpcE (1.1 and 0.3
pH units, respectively) [92].

Table 1.4 Macroscopic pKa values of the redox-Bohr center for PpcA, PpcB, PpcD, and PpcE at each stage
of oxidation [92].

pPKa
Oxidation stage PpcA PpcB PpcD PpcE
0 8.6 7.4 8.7 7.7
1 8.0 7.1 8.1 7.6
2 7.2 6.8 7.4 7.5
3 6.5 6.3 6.9 7.4
ApK, 2.1 1.1 1.8 0.3

1.5  Current-consuming biofilms

As previously described in section 1.4, electron transfer towards extracellular terminal acceptors is
one of the most remarkable features of the bacterium G. sulfurreducens. However, it was recently
discovered that G. sulfurreducens cells can also accept electrons from electrodes, in current-
consuming biofilms [94]. In this process, the reducing power provided by an electrode, maintained at a
sufficient negative electrochemical potential, can be used by the cells to synthesize valuable organic
compounds, thus opening new perspectives in the field of bioremediation and biofuel production [95,
96]. To develop these applications, understanding the mechanisms by which microorganisms can
accept electrons from electrodes are essential. These mechanisms are still poorly understood and to
shed light on this, Strycharz and co-workers [97] used microarray analysis to compare gene transcript
abundance in current-consuming versus current-producing G. sulfurreducens biofilms. In the first
case, G. sulfurreducens cells mediate the transfer of electrons from a graphite cathode poised at -293
mV to the terminal electron acceptor fumarate (+30 mV). In the second case, a graphite anode poised
at +507 mV was used as extracellular electron acceptor for the oxidation of acetate (-280 mV) (the
redox potentials refer to NHE). The results showed that genes encoding for OM cytochromes (e.g.
OmcZ) or PilA that are essential for efficient current-producing cells, had a much lower abundance in
current-consuming biofilms [97]. On the contrary, a putative periplasmic c-type cytochrome PccH
(GSU3274) clearly showed the largest transcript abundance [97]. Deletion of gene pccH completely
inhibited electron transfer from electrodes, but had no influence on electron transfer to electrodes [97].
Overall, this study suggested that the routes for electron transfer from electrodes to G. sulfurreducens

cells may be different than the ones for current production.
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1.6 Objectives and Thesis outline

The structural and functional characterization of cytochromes from G. sulfurreducens is crucial to
understand the EET mechanisms and to engineer improved forms of these electron transfer
components that ultimately will contribute to increase the bacterial respiratory rates. This is the main
goal of this Thesis. The Thesis is divided in eight Chapters. A general introduction is presented in
Chapter 1, followed by the description of the experimental procedures in Chapter 2. Chapter 3
describes the backbone resonance NMR assignment of the periplasmic triheme cytochromes (PpcA-E,
except for PpcC) in the oxidized state followed by the mapping of the molecular interaction between
each protein and the humic substance analogue, AQDS. The molecular interactions between the IM-
associated cytochrome MacA and the periplasmic cytochrome PpcA were also probed by NMR
spectroscopy and are described in Chapter 4. The backbone and side chain NMR assignment of the
OmcF in the fully reduced state together with its solution structure, backbone dynamics and pH-
dependent conformational changes are described in the Chapter 5. Then, Chapter 6 is dedicated to the
functional and structural characterization of PccH, a key cytochrome for electron transfer from
electrodes to the bacterium G. sulfurreducens. Chapter 7 describes the experiments that support the
ongoing studies that pave the way for the future experiments to be carried out at the host laboratory
(Heme Proteins Research Group, UCIBIO-Requimte, Chemistry Department of FCT-UNL). These
will include (i) the solution structure determination of PpcD in the reduced form, (ii) NMR
interactions studies between the triheme periplasmic cytochromes and putative redox partners and (iii)
the functional and structural characterization of the OM cytochromes OmaB, OmcS and OmcE.
Finally, Chapter 8 presents an overall discussion on the results obtained together with some

concluding remarks.
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2. MATERIALS AND METHODS

2. Materials and methods

This Chapter describes the general protocols used to produce the proteins studied under the scope of
this Thesis (PpcA-E, OmcF and PccH). Particularly, it focuses on the construction of the expression
vectors, heterologous expression of the proteins, purification process, purity evaluation and UV-visible
analysis, except for the diheme cytochrome MacA that was kindly provided by Prof. Oliver Einsle
(Freiburg, Germany). The more specific experimental protocols used in the study of each protein or set

of proteins will be presented in detail in the following Chapters (Chapters 3-6).

2.1 Expression vectors and site directed mutagenesis

The expression vectors containing the gene sequence for PpcA-E and OmcF mature proteins were
prepared by the collaborative group at Argonne National Laboratory, Lemont, Illinois, USA. The
expression vectors containing the gene sequence for PccH and PccH mutants were prepared in this work.

The cloning protocol used in this work is described below.

The DNA sequence for mature PpcA was previously cloned in plasmid pCK32, a pUC derivative
containing the lac promoter and the OmpA leader sequence [1]. In the case of OmcF, the DNA sequence
encoding for the mature protein was cloned in plasmid pLBM4 [2]. This plasmid was made based on
pCKNS5 (an intermediate plasmid used to design pVA203). Vector pVA203 [3] was used to clone the
gene sequences for mature PpcB-E [4, 5]. Vectors pCKNS and pVA203 derived from pCK32 have a
Notl site introduced at the end of the leader peptide coding sequence and thus allow cloning without

adding extra residues at the N-terminus of targets [6].

The plasmid containing the pccH gene sequence is also a pVA203 derivative and was designated
pCS3274. This gene was amplified with primers containing restriction sites for the enzymes ECoRI (5°-
CCTTTGAATTCTCAGTACGTGACCGTGATGG-3’) and Notl (5°-
CTACCGCGGCCGCTGGCGAGGTGACCTATC-3"). Fragment size (420 bp) was confirmed by 0.8%
agarose gel electrophoresis. Ligation was carried out with an insert:vector molar ratio of 5:1, overnight,
at 16 °C. The ligation product was transformed into E. coli DHS5a competent cells prepared by the
calcium chloride method [7] and plated for selection in LB medium supplemented with 100 pg/mL
ampicillin (Amp). The resulting colonies were screened by colony PCR with pCK32 primers
(pCK32_fw: 5’-GGCTCGTATGTTGTGTGGAA-3’ and pCK32 rv: 5’-
AAGGGAAGAAAGCGAAAGGA-3’), and those with a PCR product of the correct size were grown
in liquid LB supplemented with Amp for plasmid extraction and sequencing. Plasmid pEC86 that

contains the cytochrome ¢ maturation gene cluster cCcmABCDEFGH [8] and a chloramphenicol (Clo)
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selection marker (NZY Tech), was a kind gift from Dr. Thény-Meyer (Ziirich, Switzerland). All the other

plasmids contain an Amp selection marker (NZY Tech).

For mutagenesis, QuikChange Site-Directed Mutagenesis Kit (NZYTech) was used in accordance
with the manufacturer’s instructions to prepare the PccH mutants. To identify the putative methionine
axially coordinated to the heme, each methionine residue in the sequence of cytochrome PccH (M46,
M48, M67 and M84) was independently replaced by alanine (PccHM46A, PccHM48A, PccHM67A and
PccHMB84A). Oligonucleotides were designed by the QuikChange Primer Design program (Agilent

Technologies) and the PccH expression vector was used as a template. An overview of the Site-Directed

1. Amplification of mutated plasmid by PCR:
- DNA template was denaturated
- The anneal of mutagenic primers containing
the desired mutation was performed
- Extension and incorporation of the primeirs
with DNA polymerase

— 2. Dpnl digestion of template plasmid:

Mutagenesis method is indicated in Fig 2.1.

// \\ Digestion of parental methylated and hemi
\ // methylated DNA with Dpnl

3. Transformation:

Transformation of mutated plasmid into
competent cells

Fig 2.1 Overview of the Site-Directed mutagenesis method. Plasmid template and mutated are represented by blue/gray and
red/orange colors. The primers are represented by red and orange arrows. The “X” represent local of the desired mutation.
Adapted from http://www.genomics.agilent.com/article.jsp?pageld=388.

After that, competent cells of Escherichia coli, strain DH5o were transformed with each plasmid
containing the gene sequence for each protein mutant. Briefly, the solution containing the host and the
expression vector was placed in ice for 30 min, followed by a period of 1 min at 42°C and again a period
of 1 min in ice. Then, Luria-Bertani medium (LB) liquid medium (5 g/L yeast extract (NZYTech), 10
g/L tryptone (VWR) and 10 g/L NaCl (Panreac)) was added to the cells and was left to grow aerobically
during 60 min, at 37°C and 200 rpm. Cells were inoculated in LB medium containing 15 g/L agar (VWR)
and supplemented with 100 pg/mL Amp, and were left overnight at 37°C. Positive and negative controls

were always carried out. Then, a transformed colony was transferred to LB medium, supplemented with
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the same concentration of Amp. The cells were left to grow aerobically, at 37°C and 200 rpm, overnight.
The plasmids were then isolated following a standard protocol NZYMiniPrep (NZY Tech). The presence
of the desired gene sequence or the mutations were confirmed by DNA sequencing performed by STAB

Vida.

2.2 Heterologous expression

An overview of the production of either unlabeled or *C, '*N uniformly labelled proteins is provided
in Fig 2.2. The heterologous expression of each protein was performed using E. coli strain BL21(DE3),
harboring the plasmid pECS86 [8]. These competent cells are then co-transformed with the expression
plasmid, described in the previous section, containing the gene sequence encoding for each protein.

1. Transformation:

Transformation of expression plasmid (AMP, selection marker) into
k. coli competent cells containing pEC86 (CLO, selection marker)

2. Pre-inoculum:

- Transformed cells were grown in 50 mL of 2xYT, supplemented

50 mL with 34 ng/mL CLO and 100 pg/mL AMP
l - Cultures were incubated (200 rpm, 30°C) until ODgp~1.8-2.0
3. Inoculum:

- 1% of pre-inoculum was transferred into 1000 mL of 2xYT,
supplemented with 34 pug/mL CLO and 100 pg/mL AMP

- Cultures were incubated (180 rpm, 30°C) until ODgpp~1.5-1.8
1000 mL

Production of
labelled protein

Production of
unlabeled protein

i l 4b_ Preparation of minimal medium:
4a. Induction: g - Cultures were harvested by centrifugation
: ; y > | (6400 xg, 20 min, room temperature)
Tnduction (10 pM TPTG) and incubation )

(160 rpm, overnight, 30°C) - The cell pellet was washed twice with 250 mL of
salt solution

- The cell pellet was resuspended in 250 ml. of
l minimal medium

- Cultures were incubated
(180 rpm, 60 min, 30°C)

- Induction (100 pM IPTG) and incubation
(160 rpm, overnight, 30°C)

£ 250ml o
‘ - 5. Isolation of periplasmic fraction:

- Cultures were harvested by centrifugation
(4000 xg, 20 min, 4°C)

- The cell pellet was resuspended in 30 mL of lysis
buffer with 0.5 mg/ml lysozime

= o=
- The suspension was incubated (15 min, room
= N ) =234 N P

temperature), 30 mL of ice water was added. then
was incubated (15 min, ice) and centrifuged

Cell pellet (14700 xg, 20 min, 4°C)

Periplasmic
fraction - The periplasmic fraction was ultra-centrifuged
(150000 xg, 90 min, 4°C)

Fig 2.2 Overview of the production and isolation scheme for the unlabeled and 3C, N labelled proteins.
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Transformed E. coli cells were grown in 50 mL of 2x Yeast extract — Tryptone (2xYT) liquid medium
(10 g/L yeast extract, 16 g/L tryptone, and 5 g/L NaCl) supplemented with 34 pg/mL Clo and 100 pg/mL
Amp, both from NZY Tech. Cultures were grown aerobically to optical density at 600 nm (ODego) ~1.8-
2.0, at 30°C and 200 rpm, overnight. After that cells were transferred from 50 mL pre-inoculum to the
inoculum of 1L of 2xYT medium supplemented with the same concentrations of Clo and Amp (Fig 2.2).
All the steps described above are analogous to produce labeled or unlabeled proteins. From this step
forward, production of unlabeled and labelled proteins was carried out through two different processes

and are described in the following sections and in the Fig 2.2.

2.2.1 Unlabeled protein expression

The cultures were grown aerobically until ODgoo~1.5-1.8, at 30°C and 180 rpm. The protein
expression was then induced with 10 pM of isopropyl-p-D-thiogalactopyranoside (IPTG) from
NZYTech. After induction, cells were left overnight, at 30°C and 160 rpm (Fig 2.2).

2.2.2 3C, 5N uniformly labeled protein expression

After cultures reaching an ODgpo~1.5-1.8, 1L of 2xYT growth media were harvested by
centrifugation at 6400 xg during 20 min. The cell pellet was then washed twice with 250 mL of a salt
solution containing 110 mM KH,PO, (Honeywell Riedel-de Haen), 240 mM Na,HPO4 (VWR), and 43
mM NaCl (Panreac). Then, cells were resuspended in 250 mL of minimal media containing 22 mM
KH,POy4, 48 mM Na,HPOs, 8.6 mM NaCl, 20 mg/L biotin (Sigma), 2 mM MgSO,.7H,0 (Panreac), 0.1
mM CaCl, (Sigma-Aldrich), 5 uM MnCl,.4H,O (Baker’s), 10 uM FeSO4.7H,O (Merck), 20 mg/L
vitamin B1 (Merck), 2 g/L "*C-Glucose (Sigma) as carbon source, 1 g/L '"NH4Cl (CIL isotopes) as
nitrogen source and 1 mM of the heme precursor d-aminolevulinic acid (Sigma). The minimal media
was supplemented with the same concentrations of both antibiotics and then the cultures where
incubated at 30°C and 200 rpm, during 60 min. The labeled protein expression was then induced with
100 uM IPTG. After induction, cells were left overnight, at 30°C and 160 rpm (Fig 2.2).

2.3 Isolation of the periplasmic fraction

Cells were harvested and the periplasmic fraction was isolated by centrifugation at 4000 xg for 20
min at 4°C. The cell pellet was gently resuspended in 30 mL of lysis buffer (20% sucrose (Fisher
scientific), 100 mM Tris-HCI (NZYTech and Carlo ERBA) pH 8.0 and 0.5 mM EDTA (Sigma)
containing 0.5 mg/mL of lysozyme (Fluka), per liter of initial cell culture. The suspension was incubated

15 min at room temperature, then 30 mL of ice water was added and then, incubated on ice during 15
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min. After that, the suspension was centrifuged at 14700 xg for 20 min at 4°C. The supernatant
constituted the periplasmic fraction, which was ultra-centrifuged at 150000 xg for 90 min at 4°C and

then dialyzed against the adequate buffer to perform the following purification steps (Fig 2.2).

24 Protein purification

All produced proteins were purified by cation exchange and molecular exclusion chromatography.
The isoelectric point (pl) and molecular weight (MW) for each cytochrome produced and purified in
this Thesis are indicated in Table 2.1.

Table 2.1 Isolectric point (pI) and molecular weight (MW) of mature proteins targeted in this Thesis. pl and
MW were predicted with the pI/Mw tool program on the ExXPASy Server (http://web.expasy.org/compute pi)
using the amino acid sequence of each mature cytochrome.

Cytochrome Number of hemes Number of residues pl MW (Da)?
PpcA 3 71 9.20 9570 [9]
PpcB 3 71 8.98 9564
PpcC 3 72 8.83 9647
PpcD 3 72 8.96 9562

PpcE 3 70 9.51 9661
OmcF 1 85 7.83 9275 2]
PccH 1 129 8.84 15452 (this work)
PccHM46A 1 129 8.84 15393
PccHM48A 1 129 8.84 15393
PccHM67A 1 129 8.84 15393
PccHMS84A 1 129 8.84 15393

2 Except for PpcA, OmcF and PccH, whose values were determined by mass spectrometry, the total molecular
weight was determined from the amino acid sequence of the mature protein plus 616 Da of each heme group
[10].

The precise experimental conditions used to purify each protein were adapted in accordance with the
features listed in Table 2.1. For cation exchange chromatography, 2x5mL Econo-Pac High S cartridges
(Bio-Rad) were equilibrated with 10 mM Tris-HCI pH 8.5 (PpcA, PpcE) or pH 8.0 (PpcB, PpcD, PccH,
and PccH mutants). All proteins were eluted with a 0-300 mM NaCl gradient at a flow rate of 1 mL/min.
In the case of OmcF, the cationic columns were equilibrated with 20 mM sodium acetate (Panreac) pH

5 and the protein was eluted with a 0-1 M NaCl gradient at a flow rate of 1 mL/min.
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For molecular exclusion chromatography, the red colored fractions obtained in the cation exchange
chromatographic step were concentrated to 1 mL and then injected in a XK 16/70 column (GE
Healthcare) packed with Superdex 75 (GE Healthcare), with molecular weight range between 3 and 70
kDa. The column was equilibrated with 20 mM sodium acetate pH 5 containing 100 mM NaCl (for
OmcF) or with 100 mM sodium phosphate buffer, pH 8.0 (for the other cytochromes). Proteins were
eluted at a flow rate of 1 mL/min. Both chromatographic methods were monitored with an AKTA Prime

Plus Chromatography System (GE Healthcare).

2.5 Protein purity evaluation

The protein purity was evaluated by SDS-PAGE using a Mini-PROTEAN® Electrophoresis System
(Bio-Rad). Samples containing loading buffer in equal volume, were loaded in the 5% and 15%
acrylamide stacking and resolving gel, respectively. Samples was subjected to 120 V during 90 min.
The markers Precision Plus Protein™ Dual Xtra Prestained Protein Standards (Bio-Rad) or NZY Colour
Protein Marker II (NZYTech) with MW ranges 11-245 kDa (for PccH and its mutants) and 2-250 kDa
(for the other cytochromes). Protein bands were revealed with tetramethylbenzidine (TMBZ) [11] or
Coomassie Brilliant blue staining [12]. Coomassie Brilliant blue (Merck) is an anionic protein dye that
stains almost all proteins, with a detection limit of ~0.1-0.5 pg protein, resulting in dark blue bands.
Otherwise, with TMBZ (Acros Organics) staining, heme proteins can be detected, using TMBZ as a

chromogenic electron donor and H>O; as an electron acceptor, which gives rise to light blue bands.

2.6 UV-visible analysis, quantification and molar extinction coefficient

UV-visible absorption spectra were acquired for all proteins in the oxidized and reduced states. These
spectral features were used for protein quantification, identification of the heme spin state and heme

axial ligands.

The spectra were acquired at room temperature, on an UV—visible scanning spectrophotometer
Ultraspec 2100pro (Amersham Biosciences, Switzerland) using quartz cuvettes with 1 cm path length.
In the UV-visible spectra of oxidized low spin cytochromes, a band at 695 nm is characteristic of His-
Met iron coordination, which is absent in hemes with His-His coordination [13]. Amongst all proteins
studied in this Thesis, the band at 695 nm was only observed for cytochromes PccH and OmcF. Fully
reduction of samples was achieved by adding sodium dithionite (Sigma) in small increments from a 2

M stock.

The concentration of purified cytochrome PccH was determined using the Pierce BCA Protein Assay
Kit (Thermo Scientific), using horse-heart cytochrome ¢ as standard [14]. UV-visible spectra were

recorded in the range 350-700 nm, for both oxidized and reduced samples to determine the molar
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extinction coefficient. For the other proteins, the concentration was determined by measuring the
absorbance of the reduced cytochrome o band at ~552 nm, using the molar extinction coefficient of
each cytochrome. For PpcA-E, OmcF and PccH cytochromes, the molar extinction coefficient values
were 97.5 [9], 23.8 [15] and 32.5 mM'cm™ (this work), respectively. The final yields of each protein
produced and purified are provided in Table 2.2.

Table 2.2 Final yields of each cytochrome produced and purified during the time course of this Thesis.

Cytochrome Final yield (mg/per liter of culture)
2xYT medium Minimal medium
PpcA 2.70 2.00
PpcB 2.39 1.07
PpcC 1.27 1.20
PpcD 1.68 2.04
PpcE 2.55 1.66
OmcF 8.00 5.00
PccH 4.70 -
PccHM46A 11.70 -
PccHM48A 1.26 -
PccHM67A 8.61 -
PccHMS84A 0.03 -
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3. NMR INTERACTION STUDIES BETWEEN PPCA-FAMILY AND HUMIC SUBSTANCES ANALOG

3. Molecular interaction studies between the triheme cytochromes
from G. sulfurreducens and the redox active humic substances
analog

The bacterium G. sulfurreducens displays an extraordinary respiratory versatility underpinning the
diversity of electron donors and acceptors that can be used to sustain anaerobic growth, as stated in the
Chapter 1. This versatility was also observed toward humic substances (HS), which are natural organic
matter formed by the decomposition of plant, animal, and microbial tissues, which are widely distributed
in terrestrial and aquatic environments [1, 2]. All known humic-reducing microorganisms are capable
of transferring electrons (and protons) to AQDS, reducing it to anthrahydroquinone-2,6-disulfonate
(AHQDS) [2, 3]. These molecules are considered HS analogues and are commonly used to investigate
bacterial humic respiration mechanisms. AQDS can be used by G. sulfurreducens as terminal electron
acceptor, but the bacterium also can use as electron donor the reduced form of AQDS [4, 5]. Such bi-
directional utilization of HS confers competitive advantages to these bacteria in Fe(IlI) enriched

environments.

Gene knockout experiments carried out in G. sulfurreducens suggested that the humic (or AQDS)
respiration uses multiple routes for electron transfer [6]. However, the molecular mechanisms or electron
transfer pathways of respiration underlying the use of these compounds is presently unknown.
Compared to microbial reduction of AQDS, less information is available on the use of AH,QDS as
electron donor. Several studies have demonstrated that different anaerobic bacteria can oxidize reduced
HS, or analogs, in the presence of suitable electron acceptors [4, 7, 8]. In this case, the organisms obtain
carbon from other limited but readily degradable sources, such as acetate, and simply use AH,QDS as
an energy source [9]. This capability provides these organisms a potential competitive advantage over
other heterotrophs that require organic compounds as both carbon and energy sources and, therefore,

need significantly higher concentrations of carbon compounds to grow [9].

Recently, experiments carried out for G. sulfurreducens cells suggested that the periplasmic triheme
cytochrome PpcA may transfer electrons directly to AQDS or HS that are able to traverse the OM [10].
Voordeckers and co-workers [6] showed that a quintuple mutant with the simultaneous deletion of genes
coding for OM cytochromes OmcB, OmcE, OmcS, OmcT and OmcZ yielded nearly complete inhibition
of AQDS or HS reduction. Interestingly, the deletion of the individual genes only partially inhibited
AQDS or HS reduction, which suggests that distinct OM cytochromes can contribute to the reduction
of HS and also, could exist multiple routes for transfer of electrons to these acceptors [6]. Nevertheless,
all the proteins identified so far to be involved in AQDS and HS reduction in G. sulfurreducens are c-
type multiheme cytochromes [6, 10]. In addition to this, as it was also pointed out, the fact that several

multiheme cytochromes appear to be capable of transfer electrons to AQDS and HS suggested that the
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reduction of quinone moieties by these molecules is not very specific, indicating all these cytochromes
might have similar structural and functional features that allow them to form an effective redox-complex
and warrant electron transfer to the acceptors [6]. Therefore, the molecular interaction studies involving
periplasmic triheme cytochromes and HS analogues could provide suitable models of interaction in the
absence of the purified OM cytochromes, which have proven difficult to obtain in necessary quantities

for detailed physicochemical studies.

In this Chapter, UV—visible, stopped-flow kinetics, NMR experiments and molecular docking
calculations were used to investigate whether the HS analogue and the PpcA-family can function as
redox partners and to fingerprint the regions involved in the interaction between these cytochromes and
AQDS or AH,QDS. As mentioned in the Chapter 1, the PpcA-family is composed by five periplasmic

cytochromes C7 located in the G. sulfurreducens periplasm and with high sequence identity (Fig 3.1).
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Fig 3.1 Alignment of the amino acid sequences of periplasmic triheme cytochromes from G. sulfurreducens.
The conserved residues in the proteins are boxed: heme attached (gray) and non-heme attached residues (blue).
The sequence identity for each cytochrome in relation to PpcA is also indicated.

The results of these experiments allowed to present for the first time biochemical and biophysical
evidence for a molecular interaction between the periplasmic cytochromes and a putative redox partner,

an important step for understanding the humic respiratory pathways in G. sulfurreducens.

44



3. NMR INTERACTION STUDIES BETWEEN PPCA-FAMILY AND HUMIC SUBSTANCES ANALOG

3.1 Results and discussion

The results, and concomitant discussion, of the interaction studies between the cytochromes from the
PpcA-family (except for PpcC) and the HS analogue are presented in this section. The interactions were
firstly probed by stopped flow kinetic experiments (section 3.1.1), then by NMR chemical shift
perturbation experiments (sections 3.1.2.1, 3.1.3.1 and 3.1.4.2) and verified by molecular docking
calculations (sections 3.1.2.2, 3.1.3.2 and 3.1.4.3). The NMR studies were firstly carried out for PpcA
in the oxidized and reduced forms (sections 3.1.2 and 3.1.3) for which the assignments of the backbone
and side chains were already available [11-13]. The results obtained for PpcA prompt us to extend the
NMR interaction studies also to PpcB, PpcD and PpcE in the oxidized state, whose results are described

in section 3.1.4.

3.1.1 Equilibrium and Kkinetic studies probed by UV-visible spectroscopy

The different UV-visible absorption spectral signatures were used to investigate the extent in which
the triheme cytochromes were reduced by AH,QDS or oxidized by AQDS at equilibrium. Using the
UV-visible absorption spectra of PpcA as an example, this cytochrome displays the typical features of
a hexacoordinated c-type cytochrome containing hemes in the low spin state (Fig 3.2). In the oxidized
form, the spectrum is dominated by the Soret band with a maximum at 406 nm. After reduction with
sodium dithionite, three bands are observed at 417 nm (Soret band), 522 nm (f band) and 552 nm (a
band), typical of low spin ferrous c-type hemes. On the other hand, the UV-visible absorption spectrum
of AQDS displays an absorption band with a maximum at 325 nm, whereas that of AH,QDS shows two
bands with maxima at 385 nm and 410 nm (Fig 3.2B).
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Fig 3.2 UV-visible absorption spectra of PpcA (A) and AQDS/AH2QDS (B). The continuous and dashed lines correspond
to the oxidized and reduced forms, respectively. The spectra were obtained at 25 °C and pH 7. The concentration of PpcA and
AQDS or AH2QDS were 3 uM and 31 uM, respectively. Structures of AQDS and AH2QDS are indicated in the inset and were
drawn with program ChemDraw Ultra 12.0 [14].
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The other members of the PpcA-family display similar UV—visible absorption spectra as the ones
obtained for PpcA. The maximum absorption bands for all members of the family and for AQDS and
AH,QDS are indicated in the Table 3.1.

Table 3.1 UV-visible maximum absorption bands in the electronic absorption spectra of cytochromes
PpcA, PpcB, PpcD, PpcE, AQDS and AH2QDS in oxidized and reduced forms.

UV-visible maximum absorption bands (nm)
PpcA PpcB PpcD PpcE AQDS AH,QDS

Oxidized Soret 406 408 409 408
others 325
Reduced Soret 417 417 418 418
B-band 522 522 523 523
o-band 552 552 553 553
others 410; 385

The effect of the addition of an oxidized PpcA sample (PpcAox) to a solution containing AH,QDS
was first monitored by UV—visible spectroscopy (Fig 3.3A) and the reverse experiment by adding AQDS
to a sample of reduced PpcA (PpcAred) (Fig 3.3B). The UV—visible spectra obtained after the addition
of an equimolar amount of PpcAx to a solution containing AH>QDS showed the features of reduced
cytochrome, as confirmed by the typical a and 8 bands (see blue line in Fig 3.3A). In the UV—visible
spectrum of AH,QDS before addition of PpcAx (dashed line in Fig 3.3A), the typical band of sodium
dithionite, with an absorption maximum at 315 nm, is not present, confirming that reduction of PpcA is
achieved only via oxidation of AH,QDS. Although the features of the reduced form are present, it is
important to stress that the cytochrome is not fully reduced, neither could it be, because the equimolar
concentration of redox partners does not correspond to an equimolar concentration of electrons, since
the reduced quinone is a two-electron donor whereas the oxidized cytochrome needs three electrons to
become fully reduced. In fact, the value of the absorbance at 552 nm shows that the PpcA is less than
50% reduced in this experiment. In the reverse experiment, the addition of equimolar AQDS to PpcAed,
results in only ca. 20% of oxidation of the cytochrome, and even after the addition of a 40x molar excess
of AQDS, the percentage of oxidation of the cytochrome is not larger than 50%, as shown by the UV—
visible spectra (see blue lines in Fig 3.3B). These results show that, at equilibrium, the electron transfer
occurs preferentially from the reduced quinone to the oxidized cytochrome, as expected based on their

reduction potentials (see below).
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Fig 3.3 Assays of AH2QDS oxidation coupled to PpcA reduction (left panels) and AQDS reduction coupled
to PpcA oxidation (right panels) at 25 °C and pH 7. (A) UV-visible spectra of AQDS (continuous black line)
and AH,QDS (dashed line). As an example the spectrum obtained for a ratio PpcA.:AH,QDS 1:1 is indicated
(continuous blue line) in this experiment the concentrations were both 3 uM. (B) UV-visible spectra of PpcAox
(continuous black line) and PpcAreq (dashed black line). As an example the spectra obtained for PpcA .a:AQDS
ratios of 1:1 and 1:40 are indicated by blue lines. In these experiments, the concentration of PpcA was 3 uM and
the concentration of AQDS was varied. The arrow points to increasing concentrations of AQDS. In the inset an
enlarged scale of the spectra between 500 nm and 580 nm is showed for clarity. Panels (C) and (D) represent the
fast electron transfer between AH,QDS and PpcAox and between PpcA eq and AQDS, respectively. The traces were
recorded at A=552 nm and normalized using the absorbance of the fully reduced and the fully oxidized cytochrome
at the same wavelength. The time scale was corrected for the dead time of the stopped-flow apparatus. Cytochrome
to quinone molar ratios of 1:0.5, 1:1, 1:2, 1:10 and 1:40 were used in both reductive (panel C) and oxidative (panel
D) experiments. The solid lines are the result of the fit of the data with a single exponential, using the tool Solver
from Microsoft Excel. The final concentration of protein was 3 uM in all experiments.

The stopped-flow technique was used to obtain kinetic information on the reaction between reduced
quinone and oxidized PpcA, PpcB, PpcD and PpcE, and on the reverse reaction, between oxidized
quinone and the reduced proteins (Table 3.2). The experiments were carried out for the different
cytochrome to quinone molar ratios. As an example, normalized kinetic traces for the reductive and
oxidative experiments are presented for PpcA in Fig 3.3C and D, respectively, and the result of the fit
of the data for all cytochromes with single exponentials is shown in Table 3.2. Up to 1:2 cytochrome to
quinone ratio, the observed rate constants are constant, and very similar for the reductive and oxidative
experiments kops = 70 s~'. For the larger ratios, 1:10 and 1:40, the observed rate constant increases in an
approximately linear fashion and the amplitudes, which were increasing with increasing ratios, tend to
stabilize. In the reductive experiments, a slow phase (kobs=1 s~') with significant amplitude (>10% of

the total reaction) seems to be associated with the transfer of the third electron, leading to the full
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reduction of the protein. In the oxidative experiments, a slow phase (kobs = 3 ') is also visible, but it
does not seem so significant, possibly because oxidation never progresses beyond 64%. The extent of
the overall reaction, observed both in the reductive and in the oxidative kinetic experiments, is in good
agreement with the results obtained in the UV-visible equilibrium experiments, confirming that

thermodynamic equilibration is reached in a short time scale.

For the two lower molar ratios of cytochromes to AQDS the extension of the reaction increases but
the rate constants are maintained both for the reductive and the oxidative reactions. The reduction rate
constants obtained are similar for PpcB, PpcD and PpcE (ca. 20 s™') but lower than the rate constant
obtained for PpcA (Table 3.2). The oxidation rates, however, differ significantly when we compare
different cytochromes: PpcB displays the smaller rate constant (ca. 20 s™) and PpcD and PpcE have
higher rate constants (ca. 200 s™). It follows that, like PpcA, PpcB has similar rate constants for the
reduction and oxidation by AQDS, whereas for PpcD and PpcE the oxidation is ca. 10 times faster than
the reduction. It should be noted that there is a large error associated with the higher rate constants
because a significant part of the reaction is lost in the dead time of the apparatus and the rate is obtained
through extrapolation to the reference value at time zero. Therefore, the experiments done with high
molar ratios of cytochrome to AQDS are useful to obtain the limiting values for the extension of the

reaction but the rate constants are not reliable.

In general terms PpcA, PpcB, PpcD and PpcE display a similar behavior in the reaction with AQDS,
which agrees with their similar thermodynamic and structural properties. All of them reach 100%
reduction with a 10-fold excess of reduced AQH,DS and in all of them the oxidation stops after transfer

of two electrons from the cytochrome to AQDS, even for a larger excess of oxidizing agent.

Table 3.2 Rate constants (s') obtained from the fit of normalized stopped-flow Kinetic data with
exponentials. The values for the percentage of total reduction and total oxidation of cytochromes were calculated
from the spectra recorded at the end of the reaction, using standard spectra for the fully reduced and fully oxidized
states. The concentration of PpcA, PpcB, PpcD and PpcE after mixing was 3 uM, in all experiments. The data
were acquired at 25 °C and pH 7. *kg of the fit with 2 exponentials.

Reduction = PpcB PpcD PpcE PpcA

[AH2QDS]  kobs (s) Total Kobs (s7) Total Kobs (s7) Total kobs (s7)  Total

(M) reduction reduction reduction reduction
(%) (%) (%) (%)

3 1343 63 - 2 16+1 15 5043 36

6 1543 100 14+£1 33 23+1 43 5243 56

30 74+8 100 5545 79 133+£7%* 90 12615 >85

120 320+£100 100 177£19* 97 477£100* 100 291425%  >95

Oxidation ~ PpcB PpcD PpcE PpcA

[AQDS] Kobs (s Total Kobs (s Total Kobs (s™) Total Kobs () Total

(uM) oxidation oxidation oxidation oxidation
(%0) (%0) (%0) (%)

3 2043 27 185t11* 46 110£22* 28 58+6 26

6 2344 36 229+64* 46 150+16* 33 65+12 35

30 217+48%* 51 448+75%* 59 350+50* 45 131+27 49

120 400+£100* 64 700+£100* 68 550£100* 62 245+63* 64
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Thermodynamic considerations explain these observations, since the reduction potential of AQDS (-
184 mV versus NHE [15]) is lower than the macroscopic reduction potential of any of the cytochromes
(Table 3.3). Nevertheless, the relative rate constants and the extension of the fast electron transfer for
similar concentrations of the redox partners can be discussed. Although the reduction rate constants are
of the same order of magnitude, PpcA has a slightly higher rate constant that might be related to the
slightly higher driving force. However, the extension of the fast phase is higher for PpcB and this may
be a consequence of electrons entering the cytochrome through the heme with highest reduction potential
(Table 3.3). Fast intramolecular electron transfer to hemes I and 111, leaves heme IV free to receive more
electrons. Extending this line of thinking to PpcE makes us propose heme I for the main entrance gate
for electrons in this cytochrome since its kinetic behavior is similar to that of PpcD. A kinetic behavior
similar to PpcB, would be expected if heme IV were the main entrance point in PpcE. The same
reasoning applies to the oxidation reaction where the behavior of PpcE is again closer to that of PpcD
than to PpcB. With respect to oxidation by AQDS, we can divide the cytochromes in two groups: PpcA
and PpcB display similar rate constants for the reductive and oxidative reactions whereas PpcD and

PpcE display oxidative rate constants ca. 10 times higher than the respective reductive rate constants.

Rate constants for electron transfer between proteins and small molecules are mainly determined by
driving force, electrostatic interactions, and solvent accessibility. The driving force is less favorable in
the oxidative reaction (uphill in all cases) and, apart from surface charge alterations related to redox-
Bohr effects, in this case electrostatic interactions are not expected to be very different in the reductive
and the oxidative reactions. Thus, we may speculate that the large rate constants determined for the
oxidation of PpcD and PpcE by AQDS are the result of local conformational changes that increase the

accessibility of the quinone to the heme in the reduced cytochromes.

Table 3.3 Global (Eapp) and heme midpoint reduction potentials of cytochromes PpcA, PpcB, PpeD and
PpcE from G. sulfurreducens (pH 7) [16]. The redox potential values are relative to NHE. The standard errors
are given in parentheses.

Cytochrome Eapp (mV) Hemel (mV) HemeIll (mV) Heme IV (mV)

PpcA -117 (5) -147 (5) -104 (5) 111 (5)
PpcB -137 (5) -146 (3) -156 (3) -119 (3)
PpcD -132(5) -150 (6) -96 (6) -151 (6)
PpcE -134 (5) -154 (4) -161 (4) -96 (5)
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3.1.2 PpcAn-AQDS interaction studies
3.1.2.1 NMR chemical shift perturbation experiments

Many biochemical and biophysical techniques allow detecting protein—protein or protein-ligand
interactions. However, to properly map the molecular interaction interfaces would require a method for
detailed atomic-resolution. NMR is suitable for such identification since it can detect even transient
interactions resulting from relatively short lifetime complexes (for a review see [17]). Multidimensional
isotope edited-NMR spectroscopy is a powerful technique to probe conformational changes in the
chemical environment of a nucleus and has been used to study redox complexes, providing a wealth of
information about the nature of complex interfaces. Complex formation gives rise to changes in the
chemical environment of the nuclei at the interface, such that their chemical shift () differs in the bound
and free forms. However, the study of molecular interactions involving heme proteins is complex by the
significant differences in the NMR spectra of their reduced and oxidized forms. To overcome this effect,
the analysis at the atomic level of the interacting regions in electron transfer complexes is typically
carried out with both partners in the same oxidation state. There are plenty of examples in the literature
that illustrate the power of this approach for obtaining physiological and structural insights into the
details of interactions between redox partners [18-21]. The above scenario also applies to cytochrome
PpcA, which is diamagnetic in the reduced form (S = 0) and paramagnetic in the oxidized form (S= 1/2).
Therefore, the unpaired electron of each heme iron exerts significant paramagnetic shifts on the heme
signals and nearby residues, yielding different NMR spectra. Consequently, the same type of signal is
differently affected by the paramagnetic centers, showing different levels of broadness and are spread
all over the entire NMR spectral window (for a review see [22]). To illustrate this effect, the 2D 'H N
HSQC (heteronuclear single quantum coherence) spectra obtained for PpcAr.s and PpcAy are indicated
in Fig 3.4. These spectra provide information on the polypeptide backbone and side chain NH signals

and are in the front line to map the interaction regions in the interface of molecular complexes.
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Fig 3.4 Region of the backbone NH signals in the 2D 'H N HSQC NMR spectra of PpcA in the oxidized
(PpcAox - upper spectrum) and reduced (PpcAred - lower spectrum) state at 298 K and pH 7.1.

In the present work, the molecular interactions between cytochrome PpcA and AQDS were first
investigated by measuring the chemical shift perturbation of the backbone NH signals of PpcAox. The
assignment of PpcAo.x resonances was previously determined at pH 5.5 [13] and in this work, was
reassigned at pH 7.1, except for residues Ala', Asp®, Gly*, Gly*?, Lys* and Cys®'. The backbone NH
signals at the N-terminal residues are usually not observable due to fast exchange with solvent. The
backbone NH signals of Gly*® and Gly** were not observable, most probably due to signal broadness
caused by the nearby hemes I and IV paramagnetic iron atoms, since they were not detected also at low

pH values. However, the backbone amide signals of Lys*’ and Cys’' were not observed due to their rapid
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solvent exchange at pH 7.1, since these signals are observed at pH 5.5. The chemical shift perturbations
of the backbone NH signals of PpcAox with increasing amounts of AQDS were monitored by recording

a series of 2D '"H, "’N HSQC NMR spectra (Fig 3.5).
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Fig 3.5 Overlay of the 2D 'H, SN HSQC NMR spectra of >N-enriched PpcAox (0.5 mM) in the presence of
increasing amounts of AQDS, at 298 K. The contours of the signals in the reference spectrum are shown in green
while in the spectral overlay, the concentration of AQDS increases from green to blue contours. To clarity of the
figure, only the spectra acquired with 0.8; 4.0; 15.8 and 39.6 mM AQDS are shown. The assignments of NH
signals are indicated. Samples were prepared in 45 mM sodium phosphate buffer pH 7 with 100 mM final ionic
strength. The insets show the plot of the combined chemical shift changes determined from the directly observed
'H and "N chemical shifts, in accordance with the Eq. (1). The horizontal line in the inset was determined with
the standard deviation to zero value, %o (see section 3.3.1.3).

The NH signals showing highest chemical shift perturbation are those in the polypeptide segment
Asn'® to Val®®, Lys®, Glu*, Ala*, Lys>, Cys® and Lys’’, all residues located near heme IV with one
exception of residue Cys*’ which is near heme I. Analysis of the chemical shift perturbation as a function
of AQDS concentration yielded hyperbolic binding curves which were fitted to a 1:1 model considering

fast exchange conditions (Fig 3.6).

The Kq values obtained from the fitting of the ligand-induced chemical shift perturbation curves (Fig

3.6) are in the millimolar range and suggest the formation of a low affinity complex. These values are
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of the same magnitude as those obtained for the binding of calixarene to cytochrome ¢ C102T from
Saccharomyces cerevisiae [23-25]. The low-binding affinity complex and the specific interaction in the
proximity of heme IV suggest a rapid and selective electron transfer between the quinone molecule and

PpcA, a typical feature in electron transfer reactions between redox partners [18, 26, 27].
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Fig 3.6 Binding isotherms for PpcA.-AQDS interaction (A) and selected regions from overlaid 2D 'H, SN
HSQC NMR spectra (B). (A) Labels indicate the NH signals that were monitored in the chemical shift
perturbation experiments (for clarity of the figure NH signals of Glu*, Lys>, Cys® and Lys’® are not shown). Each
data set was fit to a 1:1 binding model considering fast exchange conditions (solid lines). An average Kq value was
calculated as 18 £ 5 mM from the titration curves. (B) Expansion of each NMR spectrum. The amount of AQDS
increases from green to blue contours.

The most affected residues are highlighted on the three-dimensional structure of PpcA, except for
Cys*’ (Fig 3.7). The chemical shift perturbation of the NH group of a single residue Cys*’ located near
heme [ most probably represents secondary effects of AQDS binding in the region of heme IV. In fact,
previous "N NMR relaxation experiments carried out on PpcA have shown that Cys®’ is in the most
flexible region of the polypeptide chain and also shows the highest sensitivity to conformational

exchange processes in the microsecond—millisecond time scale [12].

As shown by the equilibrium and kinetic studies probed by UV—visible spectroscopy, PpcAox can be
fully reduced in the presence of AH,QDS. However, the three heme groups of PpcA provide three
distinct entry gates for the electrons. Therefore, it is expected that the donor and at least one of the heme
groups of PpcA are near for an effective electron transfer. Under this scenario, we then moved to study
the effect of the interaction between AQDS and the PpcAox on the heme group NMR signals. PpcA is
one of the smallest c-type cytochromes described so far with a high ratio of hemes to amino acids
(approximately 1 heme per 24 amino acids). Thus, any perturbation caused by the binding of an
extraneous molecule to PpcA is expected to affect the NMR signals of the heme substituents. Each heme
has four heme methyls and their "H NMR signals are found in less crowded regions of the 1D '"H NMR

spectrum of PpcAx. For this reason, they constitute excellent probes for monitoring the chemical shift
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perturbations on PpcAox heme groups. Consequently, in the present work the interactions between
AQDS and PpcAox were further evaluated by monitoring the chemical shift perturbation on the PpcAx
heme methyl signals on the 1D '"H NMR spectra.

| 1800

Fig 3.7 Surface map of significantly perturbed residues in PpcA upon AQDS binding. The molecular surface
was generated in PyMOL [28] by using the PpcA structure (PDB ID: 2LDO [12]). Residues for which the amide
resonances experienced small (Adcomp > 0.04 ppm), medium (Adcomp > 0.07 ppm) or large (Adcomp = 0.10 ppm)
shifts are colored yellow, orange and red, respectively. Heme IV is shown in red and hemes I and III are shown in
black. The left and right panels are related by a 180° rotation. Upper images are related to lower images by 90°
rotations as indicated.

The low-field regions of the 1D 'H NMR spectra, acquired during the titration of PpcAox with
increasing amounts of AQDS, are indicated in Fig 3.8. The analysis of the chemical shift perturbation
clearly shows that signals of heme IV methyls are the most affected (Fig 3.8). This data further confirms
the interaction of AQDS with PpcAx.
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Fig 3.8 'H chemical shift changes of the heme methyls of PpcAox, at 298 K. (A) Expansions of the low-field
region of 1D "H NMR spectra obtained for PpcA . in presence of increasing amounts of AQDS. The heme methyl
signals (2'CHj;, 7'CHs, 12'CH; and 18'CH3) following the IUPAC nomenclature [29] are labeled, except heme
methyl 18'CH;™ whose signal appears at a chemical shift of approximately 1 ppm. The value of AQDS
concentration (mM) used in each experiment is indicated on the left of each spectrum. Samples were prepared in
45 mM sodium phosphate buffer pH 7 with 100 mM final ionic strength. (B) Variation of the heme methyl group
chemical shifts |8ppca-Oppea+agps|- The shifts were taken from the PpcA spectra obtained in the absence (Sppca) and
in the presence of 7.9 mM AQDS (Sppca+agns). The bars represent the 'H chemical shift variations of methyl groups
in the following order from left to right: 2!CHjs, 7'CH3, 12!CH; and 18'CHs. The diagram of a heme ¢ is shown in
the inset.

For the electron transfer between AQDS and PpcA.x to occur at physiologically relevant rates, at
least one PpcA heme group and the donor must be in close proximity. Therefore, the larger magnitude
observed in the chemical shift perturbation of the heme IV methyl signals compared with that observed
in the backbone NH signals indicates that the data is consistent. All three heme groups of PpcA are
considerably exposed to the solvent, with heme I showing the largest exposure [12, 30]. Therefore, the
selective interaction between AQDS and heme IV of PpcA.x must be driven by other factors than simple
heme exposure. The location of several lysine residues around heme IV confers a highly positively
charged surface near this heme group. Interestingly, the crystal structure of PpcAqx (PDB ID 10S6)
showed that the lysine residues located near heme IV form an anion binding region, where two sulfate
ions (SO4*) were observed [30]. Thus, the two negative charges of AQDS conferred by the two
sulfonate ions (see inset on Fig 3.2B) are likely to drive AQDS toward heme IV. Therefore, considering
the net positive charge of PpcA around heme IV and the negatively charged AQDS, electrostatic
interactions are expected to contribute favorably to the binding affinity of the PpcA—AQDS redox
complex. In the crystal structure, one sulfate ion is H-bonded to the His*’ N&,; and is close to Lys* (3.4

A) and Lys** (4.8 A). Therefore, based on the chemical shift perturbation data, AQDS could bind on the
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distal site of heme IV between Lys* and Lys**>. However, if this is the case it would be expected that

the ring of His*’ will be reoriented, due to the larger volume of AQDS molecule.

Unfortunately, the ring proton signals of the heme axial histidines are extremely broad due to the
paramagnetic effect of the unpaired electron of the iron ion in PpcAox. Therefore, to probe any change
in the geometry of the heme axial ligands, we analyzed the chemical shift perturbation on the BCH,
protons of all axial ligands of PpcAox (Fig 3.9). From this analysis, BCHa protons of His*’ are clearly the
most affected, suggesting a reorientation of His*’ in presence of AQDS. Moreover, the heme methyl
chemical shifts depend on the relative orientation of the heme axial ring planes [31]. Therefore, the
larger perturbation observed in the heme IV methyl chemical shifts (Fig 3.8) further confirms the

alteration on the geometry of heme IV axial ligands in presence of AQDS.
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Fig 3.9 'H chemical shift changes |Sppca- Sppea+aops| in the BCH2 groups of the heme axial histidines. The
shifts were taken from the 2D 'H, 'H NOESY NMR spectra (80 ms, mixing-time) acquired for 0.5 mM samples
of PpcA prepared in 2H,0 in the absence (8ppea) and in the presence of 7.9 mM AQDS (Sppca+agps) at 25 °C and
pH7.1.

The interaction between PpcAqx and AQDS was further investigated by observing the pattern of the
AQDS signals in the 1D "H NMR spectra in the absence and presence of the protein (Fig 3.10). The 1D
"H NMR spectrum of free AQDS (Fig 3.10A) shows three signals at 8.43, 8.16, 8.13 ppm that correspond
to the three pairs of equivalent protons (H1/H5; H3/H7; H4/HS). The protons H1/H5 are considerably
less shielded compared to the other pairs due to the electron-withdrawing effect of the sulfonate ion and

correspond to the signal at 8.43 ppm. The two very close doublets centered at 8.16 and 8.13 ppm were
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assigned to the pairs of protons H3/H7 and H4/HS, respectively. In the presence of the protein, the
pattern of AQDS signals is clearly affected, confirming the interaction between PpcAqx and AQDS (cf.
spectra expansions A and B in Fig 3.10). The broadness and displacement observed in the AQDS signals

clearly confirmed the existence of a molecular interaction between the protein and the quinone.
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Fig 3.10 'H chemical shift changes of the AQDS signals in presence of PpcAoy, at 298 K. (A) 1D 'H NMR
spectral features of free AQDS (upper spectrum) and AQDS in the presence of PpcAox (lower spectrum). (B)
Expansion of the spectral region containing the proton signals of AQDS. The three pairs of equivalent protons
(H1/H5; H3/H7 and H4/HS) are indicated. Samples were prepared in 45 mM sodium phosphate buffer pH 7 with
100 mM final ionic strength.

Finally, the comparison of 1D 'H NMR spectra of PpcAox obtained before and after removal of the
ligand by ultrafiltration methods confirm that the interaction between the cytochrome and AQDS is fully
reversible (Fig 3.11).
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Fig 3.11 Reversibility of AQDS binding to PpcAx monitored by 1D 'H NMR, at 298 K. Samples were prepared
in 45 mM sodium phosphate buffer pH 7 with 100 mM final ionic strength. A fingerprint region of the PpcA 1D
"H NMR spectrum is shown: (A) PpcA in the presence of 0.8 mM AQDS; (B) PpcA prior to the addition of AQDS
and (C) PpcA after removal of AQDS.

3.1.2.2 Molecular docking calculations

Docking was performed using the Anchor-and-Grow algorithm, implemented in Dock6.4 for binding
of AH,QDS to PpcAox. This model assumes that the protein is rigid but the ligand may have some
flexibility, which in the case of AH,QDS is only rotational flexibility of the sulfonate groups.
Remarkably, the docking results showed that AH,QDS binds near heme IV in six of the top ten complex
models and mapped most residues showing significant NMR chemical shift perturbations (cf. Figs 3.7
and 3.12). The NMR data conclusions are also coincidental with the docking calculations, which indicate

that the complex between PpcA and AH,QDS is preferably formed near heme IV region (see Fig 3.12).

Heme III

Heme IV

Fig 3.12 PpcA—AH:QDS docked complexes calculated in DOCK 6.4 [32]. PpcA (oriented as in the first panel
of Fig 3.7) is illustrated as a ribbon diagram with the heme groups shown in gray sticks. The six of the top 10
docking results for quinone binding near heme IV are shown.
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3.1.3 PpcA;q- AH,QDS interaction studies
3.1.3.1 NMR chemical shift perturbation experiments

In this section, the molecular interaction between PpcAreq and the AH,QDS was studied. A series of

2D 'H,"” N HSQC NMR spectra were used to monitor this molecular interaction (Fig 3.13).
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Fig 3.13 Overlay of the 2D 'H, ’'N HSQC NMR spectra of '>N-enriched PpcA (0.5 mM) in the presence of
increasing amounts of AH2QDS, at 298 K. The contours of the signals in the reference spectrum are shown in
green. In the spectral overlay, the concentration of AH,QDS increases from green to light blue contours. For clarity
purposes, only the spectra acquired with 0.7 (yellow); 3.3 (orange); 13.0 (dark blue) and 32.5 mM (light blue)
AH>QDS are shown. The assignments of NH signals are indicated. Samples were prepared in 45 mM sodium
phosphate buffer pH 7 with 100 mM final ionic strength. The inset shows the plot of the combined chemical shift
changes determined from the directly observed 'H and >N chemical shifts, in accordance with the Eq. (3.1). The
horizontal line in the inset was determined with the standard deviation to zero value, 6% (see section 3.3.1.3).

The NH signals of PpcA have been previously assigned, except for the first two residues, Ala' and
Asp? [11], and were used to monitor the chemical shift perturbations caused by the AH,QDS. The inset
in Fig 3.13 shows the combined chemical shift changes for each NH signal. The backbone NH signals
of Cys® and Gly®*® and the side chain NH signals of Asn'%3,; and His®’3; show the highest chemical shift
perturbation. The backbone NH signal of Gly*® appears slightly above the cut off line. However, as
previously shown, the proton signal of Gly*® is strongly up-field shifted due to the large ring current
shifts caused by heme I [11]. In fact, this signal is observed at 3.90 ppm (see Fig 3.13), which clearly

contrasts with the typical positions for these signals in non-heme proteins and with the other PpcA
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glycine NH signals in the range of 9 to 6 ppm. Therefore, any marginal reorganization on the polypeptide
chain near Gly*® NH group is expected to affect its chemical shift. For electron transfer to occur between
PpcA and any redox partner at physiologically relevant rates it is expected that at least one of the heme
groups of the protein would be near the interacting partner. This sets the heme substituents as excellent
targets for monitoring relevant interactions for electron transfer [33, 34]. Therefore, in the present work
the interactions between AH,QDS and PpcA were further evaluated by monitoring the chemical shift
perturbation on the heme substituents by 2D "H, '"H NOESY (nuclear Overhauser effect spectroscopy)
experiments. The analysis of the chemical shift perturbation shows that the signals of heme IV are
clearly the most affected and constitute additional evidence for a specific interaction between the quinol

and the protein in the neighborhood of this heme (Fig 3.14).

04 |
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I8PpcA - SPpcA+AH,QDS!| (Ppm)

Hemel Heme 111 Heme IV

Fig 3.14 Variation of the 'H chemical shift of the PpcArea heme substituents at 298 K. The diagram of a heme
¢ labeled in accordance with the [IUPAC nomenclature [29] is shown in the inset. The shifts were taken from the
PpcA spectra obtained in the absence (dppca) and in the presence of AH2QDS (8ppea-ar2opns). The bars represent
the 'H chemical shift variations of thioether methines/thioether methyls, propionates aCH, protons, methyl groups
and meso-protons, respectively. In each set of bars, the heme substituents are represented clockwise in the
following order: 2!CHj;, 3'H, 3*CH;, SH, 7'CH;, 8'H, 8>CHj;, 10H, 12'CH;, 13'CH,, 132CH,, 15H, 17!CH,,
17*CH,, 18!CH3, 20H (see the inset). The heme propionate CH; groups are not equivalent yielding two distinct
chemical shifts.

Particularly, the most perturbed heme signals are in the more solvent exposed heme edge and include
the heme methyls 2'CH;" and 18'CH;'", and the meso-proton 20H'Y. Moreover, the chemical shifts of
these methyls in the absence of AH,QDS are 3.59 ppm and 3.33 ppm, for 2'CH;" and 18'CH;",
respectively. On the other hand, in the presence of AH,QDS the chemical shifts are nearly identical
(3.20 ppm and 3.18 ppm, for 2'CH;" and 18'CH;", respectively) indicating that the chemical

environment near these protons is similar in the presence of the quinol (Fig 3.15).
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Fig 3.15 Selected region of 2D 'H, '"TH NOESY NMR spectra of PpcA acquired at 298K in the absence (blue)
and presence (black) of AH2QDS. The spectra were acquired with 80 ms and the tr-NOE connectivities observed
between the AH,QDS and heme methyl 2!CH;!Y and 18'CH;!Y signals are indicated in black squares connected by
dashed lines. The red lines indicate the positions of the cross-peaks 20H, 2'CH;" and 20H, 18'CH;" in both
spectra (see also Fig 3.14). Samples were prepared in 45 mM sodium phosphate buffer pH 7 with 100 mM final
ionic strength.

To further confirm the interaction between the reduced quinone and PpcA we also monitored the
NMR signals of AH,QDS. Small molecules, such as AH,QDS, have short correlation times (t.) due to
their fast tumbling in solution and, consequently, the intramolecular NOE connectivities have different
sign relative to the diagonal signals (positive NOEs). On the other hand, when bound to a protein, a
small molecule acquires the motional properties of the macromolecule and will have larger t., and the
NOE connectivities will have the same sign as the diagonal signals (negative NOEs). Therefore, the
interaction of AH,QDS with PpcA was also evaluated by the analysis of the 2D 'H, '"H NOESY spectra
of PpcA acquired in the presence and absence of the ligand (Fig 3.16). The region of the 2D 'H, 'H
NOESY spectrum of PpcA containing the AH>QDS signals is indicated in Fig 3.16A. The sharp peaks
corresponding to the quinol signals are easily identified at 8.84, 8.43, 7.79 ppm, which correspond to
the three pairs of equivalent protons (H1/HS5; H3/H7; H4/H8). The singlet at 8.84 ppm corresponds to
the H1/HS pair. The two doublets centered at 8.43 and 7.79 ppm correspond to the non-specifically
assigned pairs H3/H7 and H4/HS. The cross-peaks between these two pairs have negative NOEs, a
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feature only observable if the 1. of the small molecule increases upon binding to high molecular weight

entity (Fig 3.16A).
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Fig 3.16 Selected region of 2D 'H, 'H NOESY NMR spectra (80 ms, mixing-time) of PpcA (0.5 mM) acquired
in the presence (A) and absence (B) of AH2QDS (2.5 mM). The corresponding 1D spectrum is represented at
the top of each 2D 'H, 'H NOESY spectra. To be used as a guide between the two spectra, the signals of PpcA
Phe*! aromatic ring protons are connected by black dashed lines. The solid red line connects the negative NOE
observed between the quinol signals. Samples were prepared in 45 mM sodium phosphate buffer pH 7 with 100
mM final ionic strength.

In the region of the 2D 'H, "H NOESY spectra indicated in Fig 3.15, the presence of transfer NOE
(tr-NOE) connectivities between the AH,QDS protons and the heme methyls 2'CH;" and 18'CH;" are
illustrated (see black squares in Fig 3.15). These signals are also in phase with the diagonal of the
spectrum, which constitutes additional evidence for interaction between the protein and the AH,QDS at
the most solvent exposed edge of heme IV. The residues showing the highest chemical shift
perturbations caused by the AH,QDS including heme IV are highlighted on the three-dimensional
structure of PpcA (Fig 3.17).

After identifying that the region containing heme IV is involved in the formation of the complex
between PpcA and AH,QDS, we then analyzed the chemical shift perturbation of the most affected NH
signals, as a function of quinol concentration. The increasing chemical shift perturbations indicated that
the free and bound forms of PpcAr.q are in fast exchange on the NMR time scale. The average size of

the chemical shift perturbation for PpcA:AH>QDS complex is higher than the one previously reported
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for PpcA:AQDS (section 3.1.2.1). This indicates that PpcA and AQDS form an encounter complex
consisting of a dynamic ensemble of orientations (very small perturbation, for a review see Ref. [18]).
However, the higher average size of the chemical shift perturbation and the smaller number of affected
residues suggest that complex formed by PpcA and AH,QDS exists in fewer orientations, which

indicates the formation of a more specific complex in solution.

Fig 3.17 Chemical shift perturbation map of PpcA in presence of AH2QDS. The molecular surface was
generated in PyMOL [28] by using the PpcA structure (PDB ID: 2LDO [12]). Residues for which the amide
resonances experienced small (Ad¢omb > 0.1 ppm), medium (Adcomb > 0.2 ppm) or large (Adcomb > 0.4 ppm) shifts
are colored yellow, orange and red, respectively. Heme IV is shown in red and hemes I and I1I are shown in black.
The left and right panels are related by a 180° rotation. Upper images are related to lower images by 90° rotations
as indicated.

The dependence of the chemical shift perturbation as a function of AH,QDS concentration yielded
hyperbolic binding curves, which were fitted to a 1:1 model considering fast exchange conditions (Fig

3.18).
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Fig 3.18 Binding isotherms for PpcA:AH2QDS interaction (A) and selected regions from overlaid 2D 'H,*N
HSQC NMR spectra (B). In panel A, labels indicate the NH signals that were monitored in the chemical shift
perturbation experiments. Each data set was fit to a 1:1 binding model considering fast exchange conditions (solid
lines). An average K¢ value was calculated as 8 £ 1 mM from the titration curves. In the expansion of each NMR
spectrum (panel B) the amount of AH,QDS increases from green to light blue contours (see Fig 3.13).

The Kq value obtained from the fitting of the ligand-induced chemical shift perturbation curves are
in the millimolar range and suggest the formation of a low affinity complex (Fig 3.18). In addition, the
average Kg value obtained in this section (8+1mM) is also comparable to the one obtained for PpcAox
interacting with AQDS (18 + 5mM, section 3.1.2.1) reinforcing the evidence obtained from the UV-
visible and stopped flow studies (section 3.1.1), which suggested that the electron transfer proceeds in
both directions at similar rates and that the thermodynamic equilibrium is reached in a short time scale
(kobs 1 57" for reductive experiments and kobs 3 s™' in the oxidative ones). Compared to AQDS, the smaller
Kg value obtained for binding of AH,QDS also corroborates the kinetic studies indicating that the extent
of electron transfer is under thermodynamic control, i.e., it is more favorable from AH,QDS to PpcAox,
than in the opposite direction (see section 3.1.1). The low-binding affinity complex and the specific
interaction in the proximity of heme I'V warrant a rapid and selective electron transfer between AH>QDS
and PpcA, a typical feature in electron transfer reactions between redox partners [18, 26, 27]. As
previously mentioned, the region close to heme IV of the PpcA has a highly positive electrostatic surface
[12]. These positively charged residues are expected to form an anion binding region and drive the
negatively charged AH,QDS molecule toward heme IV, thus contributing favorably to the binding
affinity between the cytochrome and the quinol. Recently, molecular dynamics simulation of an anionic
porphyrin, free base TPPS [meso-tetrakis(4-sulfonatophenyl)porphyrin], binding to PpcA also

implicated the same positively charged surface near the heme IV [35].
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3.1.3.2 Molecular docking calculations

The binding of quinol near heme 1V is also coincidental with the docking calculations, which show
that the six of the top 10 modeled complex structures, obtained with rigid protein—flexible ligand
docking, were clustered near this heme (Fig 3.19A). One of those two sites corresponded to the area
with the strongest observed NMR shifts. Top four docking complex structures with ligands located in
this area were further refined with protein—flexible ligand docking simulations. They revealed that in
addition to several non-polar interactions between the protein and the quinol ligand, lysine residues of
the protein were reorienting toward sulfonates and hydroxyls of the bound quinol. In the best docking
model of the complex, the quinol is stacked between the side chain of Lys’' and the main chain near
Cys® and Gly® (Fig 3.19B). One of the quinol hydroxyl groups hydrogen bonds with the main chain O
of His® and with the side chain NZ of Lys’". One of the sulfonate groups forms hydrogen bonds with
NZ of Lys™ and main chain N of Lys’'. Side chain of Asn'® forms hydrogen bond with NZ of Lys’".
Side chain of Asn'® is in van der Waals contact with the heme IV atoms CHB (20H) and CMA
(18'CH3'""). The other sulfonate group is exposed to solvent and is near CMB of heme IV (2'CH;"Y).

Heme ITT
A - —— /

o Heme 111

A Heme IV

Fig 3.19 PpcA—AH2QDS docked complexes calculated in DOCK 6.7 [32]. (A) PpcA is illustrated as a ribbon
diagram with the heme groups shown in gray sticks. The left and right panels are related by a 180° rotation. The
six of the top 10 docking results for quinol (shown in colored sticks) binding near heme IV are shown. (B) A close-
up view of the best complex model obtained by protein—flexible ligand docking calculations. The heme IV and
protein residues are shown as sticks in atom type colors, whereas the quinol is shown in the following colors:
carbon, blue; oxygen, red; sulfur, yellow and hydrogens in gray. Part of the protein is shown as Ca cartoon in gray.
Two of the heme atoms are labeled in red in accordance with the IUPAC nomenclature [29].
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3.1.3.3 Effect of binding of HS on the thermodynamic properties of the redox centers in the

cytochrome PpcA

Electron transfer between redox partners at rates compatible with metabolic processes requires
bringing the redox centers of the donor and acceptor molecules to close proximity and in proper
orientation. In addition, the reduction potentials must be such that they ensure favorable driving force,
which is one of the main determinants of the electron transfer rates [36]. Therefore, to properly interpret
the data obtained for PpcA in the presence of the HS analog, it is important to evaluate the impact on
the redox properties of PpcA upon formation of the complex with this compound. To achieve this, we

have undertaken a detailed thermodynamic characterization of PpcA in the presence of the quinol.

The thermodynamic parameters of the free protein were previously determined by fitting the pH
dependence of the chemical shifts of heme methyls 12'CH;', 7'CH;"™ and 12'CH;", measured in
different stages of oxidation, together with data from visible redox titrations obtained at pH 7 and 8 [37].
In the present work, the same set of heme methyl groups were used to characterize the redox properties
of PpcA heme groups in the presence of the HS analog. 2D 'H, '"H EXSY (exchange spectroscopy)
spectra were collected at different pH values and the chemical shifts of heme methyls 12'CH3', 7'CH;™
and 12'CH;" were measured for the different oxidation stages. Examples of these spectra are given in

Fig 3.20.

& 1H (ppm)

187
207
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Fig 3.20 Expansions of 2D 'H, '"H EXSY NMR spectra obtained for PpcA in the absence (A) and the presence
(B) of AH:QDS (15 °C and pH 6). Cross-peaks resulting from intermolecular electron transfer between the
oxidation stages 1-3 are indicated for the heme methyls 12'CH;! (green dashed lines), 7'CH;" (red dashed lines)
and 12'CH;"Y (blue dashed lines). Roman and Arabic numbers indicate the hemes and the oxidation stages,
respectively. To reduce crowding in the figure, the 2D 'H, '"H EXSY NMR spectra with cross-peaks to oxidation
stage 0 are not shown.
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The similarity between the spectra obtained for PpcA in the absence and presence of the quinol
indicates that the formation of the complex did not decrease the spectral quality. Thus, as for the free
protein, in the presence of quinol the following NMR features were observed: (i) slow inter- and fast
intramolecular electron transfer among the redox equilibria are maintained allowing discrimination of
the individual heme signals in different oxidation stages and (ii) fast exchange on the NMR time scale
for the bound and unbound states so that a single signal is observed at a position that is weighted by
their relative populations. Therefore, it was possible to monitor the oxidation profiles of the hemes by
2D 'H, '"H EXSY NMR in the presence of the quinol molecule. The chemical shifts of heme methyls
12!CH5', 7'CH;™ and 12'CH;" measured for oxidation stages 1-3 in the pH range of 6.0-9.0 are
indicated in Fig 3.21.
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Fig 3.21 Fitting of the thermodynamic model to the experimental data for PpcA in the presence of AH:QDS.
The panels show the pH dependence of heme methyl chemical shifts at oxidation stages 1 (A), 2 (0), and 3 (o).
The black solid lines are the result of the simultaneous fitting of the NMR and visible data.
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To measure the impact of the bound quinol on the redox properties of the heme groups in PpcA a
thermodynamic model was fitted to the pH dependence of the observed chemical shift of heme methyls,
together with the data from visible redox titrations (see section 3.3.1.4). The thermodynamic parameters

obtained from the fitting are indicated in Table 3.4.

Table 3.4 Thermodynamic parameters determined for PpcA in the presence of quinol. For comparison, the
values previously obtained for the free protein PpcA [38] were also included. In each case, the fully reduced and
protonated protein was taken as reference. Diagonal values (in bold) correspond to oxidation energies of the hemes
and deprotonating energy of the redox-Bohr center. Off-diagonal values are the redox (heme—heme) and redox-
Bohr (heme—proton) interaction energies. All energies are reported in meV, with standard errors given in
parentheses.

Energy (meV)
Heme I Heme 111 Heme IV Redox-Bohr center

PpcA:AQDS

Heme I -152 (4) 25(2) 13 (3) -27 (4)
Heme 111 -137 (4) 37(2) -22 (4)
Heme IV -119 (4) -54 (3)
Redox-Bohr center 476 (7)
PpcA

Heme I -154 (5) 28 (3) 17 (3) -36 (5)
Heme 11 -140 (5) 42 (3) =31 (5)
Heme IV -120 (6) -62 (4)
Redox-Bohr center 497 (9)

The quality of the fittings obtained for the pH dependence of the NMR paramagnetic chemical
shifts clearly shows that the experimental data is well described by the model (see solid lines in Fig
3.21). Overall, the results obtained showed that the quinol binding to PpcA had little effect on the
reduction potential of the hemes in the fully reduced and protonated protein (Table 3.4). Also, the redox
interactions remain essentially unaffected compared to the free cytochrome, indicating that the
intramolecular dielectric environment and the heme core structure are essentially undisturbed by
complex formation. On the other hand, as a result of the complex formation, the properties of the PpcA
redox-Bohr center, previously assigned to heme IV propionate Pi3 [12, 37, 39] are more affected.
However, the strongest redox-Bohr interactions with heme IV and the similar pH dependence of the
heme methyl signals in the presence of the quinol indicate that the redox-Bohr center is the same (heme
IV propionate Pi3). To evaluate the effect of the quinol interaction on the heme redox properties at
physiological pH, the oxidation curves of each heme and the molar fractions of each microstate were
computed from the thermodynamic parameters listed in Table 3.4 and are represented in Fig 3.22. From
the analysis of the individual heme oxidation curves, the eap values of heme IV slightly decrease in the
presence of the quinol and its oxidation occurs at earlier oxidation stages compared to that of heme III.
Consequently, the positive redox interaction between hemes IV and III has a larger contribution in the

midpoint reduction potential of the latter, which increases proportionally the heme IV oxidation fraction.
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Thus, the last step of oxidation is even more dominated by the oxidation of heme III and the order of
oxidation of the hemes is thus I-IV-III (see upper panels in Fig 3.22). As discussed above, this order of
oxidation of the hemes is crucial to establish the preferred e /H" transfer pathway, which is a key feature

of the PpcA functional mechanism [40-42].

PpcA:AH,QDS PpcA
10F -
08}
B
S o6}
&
E 04|
=
5 sl ecpp (mV)
= -107
lV— -127
00
1o}
08
B
8 o6l
£
g 04
02
00— T o = ey Er oS =
3000 2000 (100 0 100 3000 200 100 0 100
Solution potential (mV) Solution potential (mV)

Fig 3.22 Oxidized fractions of the individual hemes (upper panels) and molar fractions of the 16 individual
microstates (lower panels) for PpcA in the presence (left panels) and absence (right panels) of quinol at pH
7.5. The curves were calculated as a function of the solution reduction potential using the parameters listed in
Table 3.4. In the upper panels, the heme €5y values (heme I - green; heme III - red; and heme IV - blue) are
indicated. In the lower panels, solid and dashed lines indicate the protonated and deprotonated microstates,
respectively. For clarity, only the relevant microstates in each oxidation stage are labeled. The inset shows the
functional pathway for electron uptake and release coupled with protonation in PpcA. The solid lines indicate the
protonated microstates. The dashed lines indicate the deprotonated microstates. Inner circles represent heme
groups, which can be either reduced or oxidized and are colored blue or white, respectively. The dominant
microstates in each oxidation stages are labeled. Poy represents the reduced protonated microstate. Piyn and Pig,
indicate respectively the protonated and deprotonated microstates, where 1, j, and k represent the heme(s) that are
oxidized in that particular microstate.

Therefore, to evaluate the effect of the presence of the quinol on the PpcA functional mechanism,
the relative contribution of each of the 16 possible microstates was determined as a function of the
solution potential (Fig 3.22 lower panels). Such study was previously undertaken for the free protein

and a coherent electron transfer pathway coupled to proton transfer was identified [37]. The results
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obtained in the presence of the quinol showed that despite the changes observed in the heme oxidation
profiles that are reflected in the higher contribution of the microstate P14 (see below), the protein is still
able to perform a concerted ¢ /H" transfer between oxidation stages 1 and 2. In fact, the oxidation stage
0 is dominated by the fully reduced and protonated microstate Pon and stage 1 is dominated by the
oxidation of heme I (Pin) while keeping the redox-Bohr center protonated. Oxidation stage 2 is
dominated by the oxidation of hemes I and IV and deprotonation of the acid—base center (P14), that
remains deprotonated in stage 3 upon full oxidation of heme III (P134). Therefore, a route is defined for
electron transfer in PpcA:quinol complex: Pon <> P1x «<>P14 <> P134 (same as in PpcA in the absence of

the ligand [37, 38]) and the cytochrome retains the essential features of its functional mechanism.

In the previous section, it was shown that the heme IV region is involved in the complex formation
between the PpcA and the quinol. Therefore, the reduction potential value of heme IV (—127 mV)
determined in the presence of the quinol thermodynamically favors the reduction of the former and
agrees with the UV-visible and stopped-flow kinetic experiments that showed that electron transfer
proceeds in both directions at a similar rate but its extent is thermodynamically controlled, favoring the

reduction of the cytochrome by the AH,QDS.

3.1.4 Interaction studies between AQDS and PpcB, PpcD and PpcE cytochromes

Overall the results obtained for the detailed interactions studies between the HS analogue and PpcA
in the oxidized and reduced states indicate that the protein interface region is the same in both redox
states. Therefore, for the other PpcA-family members the interaction studies with HS analogue was
carried out exclusively in the oxidized state. The dispersion of the protein signals in the oxidized state
as a consequence of the heme unpaired electrons, as well as the experimental setup, does facilitate the
study of the molecular interactions with HS analogue in this redox state. As for PpcA, the molecular
interactions between the triheme cytochromes PpcB, PpcD and PpcE from G. sulfurreducens and AQDS
were investigated by NMR spectroscopy using 2D 'H,"’N HSQC NMR spectra. In order to assist this
study, the backbone and side chain assignment of PpcB, PpcD and PpcE was firstly obtained as

described in section 3.1.4.1.

3.1.4.1 Backbone and side chain assignment of PpcB, PpcD and PpcE cytochromes

2D '"H,"” N HSQC and the series of 3D NMR experiments (3D CBCANH, 3D CBCA(CO)NH, 3D
HNCA, 3D HN(CO)CA) were acquired for PpcB, PpcD and PpcE in oxidized state at different pH
values to assure fully protonation of the redox-Bohr center (Fig A.1, Appendix). The assignment of the
backbone resonances followed the same methodology described for PpcA (section 3.3.1.2) and is
indicated in Tables A.1-3 (Appendix). The percentage of the assignment obtained is shown in Table A.4

(Appendix). These assignments were reassigned at pH 7 to probe the interaction between PpcB, PpcD
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and PpcE with the HS analogue (Fig 3.23). The NH signals of PpcB (except for residues Ala', Asp?,
Gly* and Cys’"), PpcD (except for residues His', Asp® and Gly*®) and PpcE (except for residues Ala',
Asp?, Gly* and Thr®) are indicated in Fig 3.23. The backbone NH signals at the first N-terminal residues
are usually not observable due to fast exchange with the solvent. The backbone NH signals of PpcB
(Gly* and Cys®"), PpcD (Gly*®) and PpcE (Gly* and Thr®%) were not observed, most probably due to
signal broadening caused by the nearby paramagnetic irons of heme groups, since they were also not

detected at lower pH.

3.1.4.2 NMR chemical shift perturbation experiments

The effect of the addition of increasing amounts of AQDS on the backbone NH signals of the three
cytochromes were monitored by recording a series of 2D 'H,""N HSQC NMR spectra (Fig 3.23). The

inset in each NMR spectrum shows the combined chemical shift changes averaged for each NH signal.
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Fig 3.23 Overlay of the 2D 'H,'>N HSQC NMR spectra of 1*C,'*N-enriched PpcB, PpcD and PpcE (0.8 mM)
in the presence of increasing amounts of AQDS, at 298K. The contours of the signals in the reference spectrum
are shown in orange while in the spectral overlay, the concentration of AQDS increases from blue to pink contours.
The assignments of NH signals are indicated. Samples were prepared in 45 mM sodium phosphate buffer pH 7
with 100 mM final ionic strength. The insets show the plot of the combined chemical shift changes determined
from the directly observed 'H and >N chemical shifts, in accordance with Eq. 3.1. The horizontal line in the inset
was determined with the standard deviation to zero value, a§°"" (see section 3.3.1.3).
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The NH signals showing the highest chemical shift perturbation are listed in Table 3.5. In the case
of PpcB protein, the NH signals showing highest chemical shift perturbation are those in the polypeptide
segment Asn'’ to Asn'?, Lys®, Glu*, Ala*, Lys™, and Lys’', all residues located near heme IV. For
PpcD protein, the NH signals showing highest chemical shift perturbation are those in the polypeptide
segment Lys'® to Asn", Gly*, Lys*, Ala*, Lys®, Thr’!, Thr”, Gly*, Thr*, Lys®, Glu®, His”® and
Lys’, all residues located near heme IV, except for Lys® and Val* located in the N-terminal and near
heme I. On the other hand, in the case of PpcE protein, the NH signals showing highest chemical shift
perturbation are in two distinct regions, one near heme IV including those in the polypeptide segment

Lys’ to Gly'' and Lys®, and the other near heme I including Thr'¢, Val**, Arg®, Arg®, Ile*® and His**.

Table 3.5 Most affected NH signals in PpcB, PpcD and PpcE in the presence of AQDS (see Fig 3.23).

Cytochrome Polypeptide backbone NH signals
PpcB Asn'®, Gly!!, Asn'?, Lys®, Glu*, Ala*, Lys", Lys’!
PpcD Lys®, Val*, Lys!®, Asn!!, Gly'?, Asn", Gly*, Lys®, Ala*, Lys*’, Thr’!, Thr, Gly**, Thr®,

LysS, Glu®®, His”, Lys”

PpcE Lys®, Asn'®, Gly'!, Thr'®, Val?*, Arg?®, Arg?®, 1le*8, His*, Lys®

The residues showing the highest chemical shift perturbations caused by the AQDS are highlighted

on the three-dimensional structure of each cytochrome (Fig 3.24).

Analysis of the chemical shift perturbation as a function of AQDS concentration for the most affected
residues yielded hyperbolic binding curves which were fitted to a 1:1 model considering fast exchange

conditions (Fig 3.25).
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Fig 3.24 Chemical-shift perturbation map of PpcB, PpcD and PpcE in the presence of AQDS. The structural
(panels A-C) and the molecular surface (panels D-F) maps were generated in PyMOL [28] using the structures of
PpcB (PDB 1D, 3BXU [39]) PpcD (PDB ID, 3H4N [43]) and PpcE (PDB ID, 3H34 [43]). The residues whose NH
signals showed the weighted NMR chemical shift differences larger than the mean values are represented in red.
In representation, the hemes are shown in black. The left and right molecular surfaces in panels (D-F) are related
by a 180° rotation. The amino acid sequence alignment for the three cytochromes is shown in panel G using the
same color code. The residues are numbered sequentially from the amino terminus to carboxyl terminus and could
be different from that in the PDB deposited structures.
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Fig 3.25 Binding isotherms for PpcB, PpcD and PpcE redox complex with AQDS (left panels) and selected
regions from overlaid 2D 'H,"SN HSQC NMR spectra (right panels). In the left panels, the labels indicate the
NH signals that were monitored in the chemical shift perturbation experiments. For clarity one signal of each
affected polypeptide region in each cytochrome is shown. Each data set was fit to a 1:1 binding model considering
fast exchange conditions (solid lines). An average Kq value was calculated as 6 + 2 mM; 8§ £ 4 mM and 12 £ 6 mM
from the titration curves for PpcB, PpcD and PpcE, respectively. In the expansion of each NMR spectrum (right
panels) the amount of AQDS increases from blue to pink contours.

A dissociation constant (Kq) value was determined for NH signals showing the highest chemical shift
perturbation (Table 3.6). In each protein, a small set of residues showed distinct and higher Kq values,
compared to those located in the close vicinity to the heme groups, probably reflecting propagation of
perturbations from the binding surfaces or local conformational changes rather than direct binding (Lys’!
for PpcB; Lys', Thr!, Glu®, His” and Lys’ for PpcD and Lys’ and Ile*® for PpcE). The average Kq
values obtained, excluding the above set of residues, are of the same order of magnitude for all
cytochromes (PpcB, 6 + 2 mM; PpcD, 8 £4 mM and PpcE, 12 £ 6 mM) indicating that the proteins bind
to AQDS with similar affinity. The Kq values obtained from the fitting of the ligand-induced chemical
shift perturbation curves are in the milimolar range, suggesting the formation of a low affinity complex
and are consistent with previously reported values for PpcA. Interestingly, the Ky values in all three
cytochromes are similar to those previously determined for PpcA:AQDS complex (18 £ 5 mM), which
provides a common functional pattern to these cytochromes showing that the low-binding affinity
complex and the specific interaction in the proximity of hemes warrant a rapid and selective electron

transfer to the quinone [18, 26, 27].
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Table 3.6 Equilibrium dissociation constants (Kq) values calculated from the NH signals of PpcA, PpcB,
PpcD and PpcE showing the highest chemical shift perturbation in presence of AQDS (298 K, pH 7 and 100
mM final ionic strength). The chemical shift difference between the free form and the complex form (Admax) are
also indicated.

Protein Residue Kd (mM) ABmax (ppm)
PpcA Asn'? 143 +0.7 0.1
Gly"! 25.6+1.1 0.2
Asp'? 21.6+1.1 0.1
Val®3 19.2+0.5 0.1
Cys?’ 38.1+0.4 0.3
lys* 13.5+0.5 0.1
Glu* 274+1.6 0.2
Ala* 123+0.7 0.1
Lys® 6.3+0.4 0.1
Cys® 84.4+0.1 0.2
Lys™ 219+ 1.0 0.2
PpcB Asn'? 3.5+0.1 0.1
Gly'! 6.8+0.1 0.2
Asn'? 6.2+0.1 0.1
Lys® 53+0.1 0.1
Glu* 8.6+0.1 0.1
Ala* 54+0.2 0.1
Lys” 5.0+0.1 0.1
Lys”! 202+ 0.4 0.1
PpcD Lys® 96.5+14.3 0.2
Val* 81.0+8.0 0.1
Lys!'® 67.2+4.7 0.1
Asn'! 46+0.2 0.1
Gly'? 12.7+0.3 0.1
Asn'3 13.9+0.4 0.1
Gly* 45+0.1 0.1
Lys® 4.7+0.1 0.1
Ala*® 40=+0.1 0.1
Lys*® 10.9+0.2 0.1
Thr! 21.8+0.8 0.1
Thr*3 6.2+0.1 0.1
Gly* 10.0£0.3 0.1
Thr* 72+03 0.1
Lys® 94+0.3 0.1
Glu®® 68.5+7.5 0.1
His’® 225+1.7 0.1
Lys™ 20.7+0.8 0.1
PpcE Lys’ 32.1+32 0.6
Asn'? 63+0.2 0.1
Gly!! 11.5+04 0.2
Thr!® 18.3+0.7 0.1
Val* 9.0+0.1 0.2
Arg? 6.8 +0.1 0.2
Arg?® 18.6 £ 0.8 0.1
Ie® 31.9+23 0.2
His** 82+0.2 0.1
Lys® 17.5+0.9 0.1
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As shown by the stopped-flow kinetics measurements, the three cytochromes can be fully reduced in
presence of AH,QDS. However, the three hemes in each protein can provide distinct entry gates for the
electrons. Thus, it is expected that the electron donor and at least one of the heme groups in each
cytochrome are near, suggesting an effective electron transfer within the complex. Therefore, the NMR
signals of heme substituents, which were previously assigned [44] are expected to be perturbed by the
binding of the electron donor. Among all the heme substituents, the heme methyl groups are the best
probes, since their signals are typically found in less crowded regions of the NMR spectra. Thus, we
also investigated the effect of the AQDS addition on the heme methyl NMR signals of each protein by
acquiring a series of 2D 'H,'*C HMQC (heteronuclear multiple quantum coherence) spectra (Fig 3.26).
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Fig 3.26 Selected regions of 2D 'H,*C HMQC of PpcB, PpcD and PpcE in the absence (black) and presence
(green) of AQDS, at 298 K. The heme methyls of each cytochrome are labeled. Samples were prepared in 45 mM
sodium phosphate buffer pH 7 with 100 mM final ionic strength.
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The analysis of the chemical shift perturbation experiments clearly showed that the signals of heme
IV methyls are the most affected in all the cytochromes (Fig 3.27). However, in the case of PpcE the
chemical shift perturbations resulting from the addition of AQDS were not restricted to heme I'V methyls
and non-negligible effects were also observed for heme I methyl signals, and less pronounced effects on
those of heme III (Fig 3.27). The increasing chemical shift perturbations, as a function of AQDS
concentration, indicated that the free and bound forms of each cytochrome are in fast exchange on the
NMR time scale. Though, for PpcE, broadening of heme IV NMR signals was observed suggesting an

intermediate binding exchange regime for this cytochrome (Fig 3.26).
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Fig 3.27 Variation of the 'H chemical shift of the heme methyls of PpcB, PpcD and PpcE. The shifts were
taken from spectra acquired in the absence (dppcr/p/e) and in the presence of AQDS (Sppen/n/E + AQDs). The bars
represent the 'H chemical shift variations of the heme methyl labeled accordingly to the [UPAC nomenclature for
tetrapyrroles [29].

Analysis of the PpcA-E amino acid sequences and structures indicates that the region surrounding
heme IV is the most conserved in this family [33]. Moreover, as previously reported, the analysis of the
charged residues distribution in these proteins showed that the electrostatic surfaces are different, but
had a positively charged surface near heme IV. Indeed, in the case of PpcA, PpcB, PpcD and PpcE 16,
13, 14 and 7 positively charged residues are close to heme IV, respectively and, on the other hand, 6, 4,
4 and 7 are in the heme I region, respectively. Interestingly, PpcE is the only member of PpcA-family

with the positively charged residues equally distributed in the two affected regions.
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As observed in Fig 3.10 (section 3.1.2.) for the experiments with PpcA in the presence of AQDS,
the broadness and displacement is also observed in the AQDS signals in the presence of the cytochromes
PpcB, PpcD and PpcE confirming the existence of a molecular interaction between these proteins and

the quinone (Fig 3.28).
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Fig 3.28 'H chemical shift changes of the AQDS signals in presence of PpcB, PpcD and PpcE, at 298 K. (A)
1D 'H NMR spectral features of free AQDS (upper spectrum) and AQDS in the presence of cytochromes PpcB,
PpcD and PpcE. (B) Expansion of the spectral region containing the proton signals of AQDS. Samples were
prepared in 45 mM sodium phosphate buffer pH 7 with 100 mM final ionic strength.

3.1.4.3 Molecular docking calculations

The docking site predictions for PpcB with HADDOCK revealed a high score cluster of structures
in which AQDS was centered near the edge of heme V. The best docking model showed one AQDS
sulfonate forming hydrogen bonds with side chain NZ atom of Lys’" (referred to the X-ray numbering,
see Fig 3.29) whereas the other sulfonate forms a hydrogen bond with the side chain NZ atom of Lys®.
The aromatic core of AQDS formed van der Waals contacts with the well-exposed 2'CH; and 18'CH;
methyl groups of heme IV (Fig 3.29A).
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Similarly, to PpcB the docking site predictions for PpcD showed that AQDS was located near heme
IV in the high score cluster of structures. The best docking model indicates that one AQDS sulfonate
forms a hydrogen bond with NZ atom of Lys* and NH atom of Lys*®, while the other sulfonate was
seen forming hydrogen bonds with NZ atoms of Lys® (Fig 3.29A). In addition, NH atom of Gly> was

located within 3.8A from one of the quinone core oxygen atoms.

' R25
\ 7’
L/
»
j’ R28
XN\
10 20 30 40 S0 60 70
PpeB  ADTMTF TAKNGNVTFDHKKHQT IVPDCAVCHG . KTPGK IEGFG.EMAHGK : SCKGC‘HEEMKKGPTKCGECHKI
10 20 30 32A 40 49A 60 70
PpeD HDKVVVLEAKNGNY TFDHKKHAGVKGE CKACHE TEAGGK 1 AGMGEDWAHE . 7. c llcukemckGrillcGEckk
10 20 30 40 49A 60 70

ppcE  ADV I LFPSKGAVTF THKRHSE FVlE llSCHE . K TPGK IRNFGKDYAHK . T. CKGCHEVRGAG P TliIclLchTG

Fig 3.29 Docked complexes between PpcB, PpcD and PpcE and AQDS calculated with HADDOCK 2.2
webserver. (A) Best docking models obtained for each cytochrome and AQDS. The structural and the molecular
surface maps were generated in PyMOL [28] using the structures of PpcB (PDB ID, 3BXU [39]) PpcD (PDB ID,
3H4N [43]) and PpcE (PDB ID, 3H34 [43]). A close-up view of the best docking models. The hemes and protein
residues are shown as sticks in atom type colors, whereas AQDS is shown in the following colors: carbon, green;
oxygen, red and sulfur, yellow. Part of the protein is shown as Ca cartoon in grey. (B) The amino acid sequence
alignment for the three cytochromes, numbered according to the structural alignment reported earlier [43].

80



3. NMR INTERACTION STUDIES BETWEEN PPCA-FAMILY AND HUMIC SUBSTANCES ANALOG

Finally, for PpcE, the locations of residues with significant NMR chemical shift perturbations cover
two distinct protein surface area with residues located both near hemes I and IV (Fig 3.24). This
observation suggests the presence of two independent ligand binding sites on the PpcE surface, which
was confirmed by the docking calculations. Docking calculations for PpcE were performed in separate
for each set of residues and the highest scoring cluster of structures positioned the AQDS molecule near
hemes I and IV (Fig 3.29A). The best docking model for residues placed near heme I indicate that two
AQDS sulfonates form hydrogen bonds with Arg” and Arg®® side chains, respectively (Fig 3.29A). On
the other hand, the best docking model for residues placed near heme IV shows one of the sulfonate
groups forms hydrogen bonds to NZ atoms of Lys*, Lys® (Fig 3.29A). The other sulfonate forms
hydrogen bonds with the side chain atoms of Asn'® and is near the well-exposed 2'CH; (2.3 A) and
18'CHj3 (4.7 A) methyl groups of heme IV.

3.2 Conclusions

In this work, the extent of the electron transfer between the HS analogue, anthraquinone disulfonate,
and four triheme cytochromes from the PpcA-family (PpcA, PpcB, PpcD and PpcE) at physiological
pH was studied by stopped-flow kinetics. The electron transfer is under thermodynamic control favoring
the reduction of the four cytochromes. The extent of reduction of each cytochrome correlates with their
apparent macroscopic midpoint reduction potential (-117 mV for PpcA; -137 mV for PpcB; -132 mV —
for PpcD; and -134 mV for PpcE).

Using NMR chemical shift perturbation experiments we also showed that the proteins establish a low
affinity and reversible complex with AQDS, which is a typical feature in electron transfer reactions
between redox partners. The NMR studies allowed to map the interface regions in redox-complex
between AQDS and each cytochrome. The results obtained showed that the binding of the quinone is
not random but instead defined by patches containing positively charged residues close to heme IV in
all cytochromes, and in addition close to heme I in the case of PpcE. The common structural and
functional features of the redox complexes established between a family of periplasmic triheme
cytochromes and AQDS provides a model for the molecular interaction between OM multiheme
cytochromes, such as OmcB, OmcE, OmcS, OmcT or OmcZ, that could directly interact with the humic
substance analog at the cell surface. In summary, the present study revealed fundamental and crucial
structural and functional features on the nature of the complex established between multiheme
cytochromes and the HS analogue, which could pave the way to engineer microorganisms with optimal

desirable properties toward this form of respiration.
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33 Materials and methods
3.3.1 NMR studies

The NMR assignment of backbone and side chain was previously determined for PpcA, in both
redox states [11-13]. In this Thesis, the assignment of the backbone signals was obtained for PpcB, PpcD
and PpcE in the oxidized state. NMR spectroscopy was also used to probe protein-ligand interactions,

between PpcA-family and HS analogue.

3.3.1.1 NMR samples preparation and experiments

For the NMR assignment of backbone, protein samples (1-2 mM) were prepared in 92%H,0O/
8%”H,0. For PpcB, PpcD and PpcE samples were prepared in 45 mM sodium phosphate buffer with
100 mM NaCl, at pH 5.5, 5.9 and 6.5, respectively. For the protein-ligand interaction studies, samples
of PpcA-E cytochromes (~0.5 mM) were prepared in phosphate buffer pH 7.1 with NaCl (100 mM final
ionic strength) in 92%H,0/8%°H,0 (labeled sample) or “H,O (unlabeled sample). For NMR redox
titrations, protein samples (70 pM) were prepared in 80 mM phosphate buffer with 250 mM in 99%
?H,0 and reduced as described previously [37, 39]. Briefly, the NMR tubes were sealed with a gas-tight
serum cap and the air was flushed out from the sample. The samples were reduced directly in the NMR
tube with gaseous hydrogen in the presence of catalytic amounts of hydrogenase from Desulfovibrio
vulgaris (Hildenborough). Partially oxidized samples were obtained by first removing the hydrogen
from the reduced sample with nitrogen and then adding controlled amounts of air into the NMR tube

[37, 39].

AIINMR experiments were acquired in a Bruker Avance III 600 spectrometer with a triple-resonance
cryoprobe (TCI). 'H chemical shifts are reported in parts per million (ppm) calibrated using the water
signal as internal reference and the '°N and "*C chemical shifts calibrated through indirect referencing
[45]. Before and after all 2D and 3D experiments, 1D '"H NMR spectra were acquired to verify the
protein integrity. The pH of the samples was measured before and after each set of NMR experiments
to confirm that pH of the solution is maintained. Spectra were processed using TOPSPIN software
(Bruker Biospin, Karlsruhe, Germany) and analyzed with program Sparky (T. D. Goddard and D. G.
Kneller, SPARKY 3, University of California, San Francisco).

NMR acquisition parameters and experiments acquired for the backbone assignment of PpcB, PpcD

and PpcE proteins are summarized in Table 3.7.
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Table 3.7 NMR experiments and acquisition details for the PpcB, PpcD, PpcE backbone resonance
assignment in the oxidized state. The NMR experiments acquired in Bruker Avance III 600 spectrometer are
indicated. ‘ns’ stands for the number of scans.

Protein NMR experiments  Complex points Spectral width (Hz)  Frequency offset (Hz) ns
IH ISN 13C IH 15N 13C IH ISN 13C
PpcB 2D 'H,'*N HSQC 2048 256 - 9615 2554 - 2819 7236 -
2D 'H,'*C HSQC 2048 - 256 24038 - 22636 2819 - 6036
3D HNCA 2048 40 128 9615 2554 9054 2819 7236 9658
3D HN(CO)CA 2048 40 128 9615 2554 9054 2819 7236 9658
3D CBCANH 2048 40 128 9615 2554 12073 2819 7236 7545

—_

3D CBCA(CO)NH 2048 40 128 9615 2554 12073 2819 7236 7545

o0 00 OO (AN O\ 0 0 0

PpcD 2D 'H,'SN HSQC 2048 256 - 11433 2189 - 2842 7115 -
2D 'H,3C HSQC 2048 - 256 18029 - 12676 2842 - 6338
3D HNCA 2048 40 128 10822 2189 9357 2842 7115 9658
3D HN(CO)CA 2048 40 128 10822 2189 9357 2842 7115 9658 16
3D CBCANH 2048 40 128 10822 2189 12676 2842 7115 6338 24

3DCBCA(CONH 2048 40 128 10822 2189 12676 2842 7115 6338 16

PpcE 2D 'H,'SN HSQC 2048 256 - 11433 2189 - 2822 7176 -8
2D 'H,"3C HSQC 2048 - 256 18029 - 12676 2822 - 7092 8
3D HNCA 2048 40 128 11433 2189 9357 2822 7176 9658 24
3D HN(CO)CA 2048 40 128 11433 2189 9357 2822 7176 9658 24
3D CBCANH 2048 40 128 11433 2189 12676 2822 7176 7092 32

3D CBCA(CO)NH 2048 40 128 11433 2189 12676 2822 7176 7092 32

The effect of humic substance analog on the chemical shifts of reduced PpcA and oxidized PpcA,
PpcB, PpcD, PpcE amide signals were monitored by the analysis of a series of 2D 'H, "N HSQC spectra
in the presence of increasing amounts of AQDS or AH,QDS. To measure the impact of the interaction
also on the AQDS NMR signals, 1D "H NMR spectra of AQDS in the presence and absence of PpcA
were acquired. Heme substituent signals of (i) reduced PpcA were observed in the presence of AQDS
and, (ii) oxidized PpcA, PpcB, PpcD, PpcE were observed in the presence of AH,QDS. For that the
following set of experiments was acquired (i) 2D 'H,'H TOCSY (total correlation spectroscopy) with
45 ms and 2D 'H,"H NOESY with 80 ms, and (ii) 2D 'H, *C HMQC, 2D 'H,'"H TOCSY (45 ms) and
2D 'H,'H NOESY (80 ms). To investigate the binding reversibility between cytochromes and AQDS,
1D "H NMR spectra were acquired for the cytochromes in the absence of AQDS and after removal of
this molecule by ultrafiltration methods (Amicon Ultra, 3 kDa). All 1D "H NMR spectra in the present
study were acquired by collecting 16 K data points with at least 64 scans.

The oxidation patterns of the heme groups of PpcA in the presence of the HS analog were monitored
by 2D 'H, '"H EXSY. NMR spectra were acquired in partially oxidized samples in the pH range of 6.0—
9.0, to unambiguously map the oxidation of the individual hemes throughout the redox titrations. All
the spectra were acquired at 15 °C with a mixing time of 25 ms, with 2048 (F») x 256 (F;) data points

for a sweep width of 24038 Hz with 256 scans per increment.
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3.3.1.2 Protein backbone assignment

In the 2D 'H,""N HSQC NMR spectra, a single NH signal is observed for each amino acid, except for
N-terminal and proline. The N-terminal amino proton is not observed due to very rapid exchange with
the solvent. Additionally, the amide signals of the asparagine and glutamine side chains and the amine
signals from arginine, lysine, histidine and tryptophan side chains can also be observed in this
experiment. Overall, the 2D 'H, "N HSQC spectrum should contain at least one signal for each residue
in the protein and, consequently, this spectrum provides an excellent high-resolution NMR “fingerprint”
of the protein. Diverse information can be obtained from the analysis of these spectra, namely the protein
folding, aggregation, dynamic regions and stability. Moreover, any chemical shift exchange caused by
temperature, pH and ionic strength variation, or the presence of other proteins or ligands, can be probed

by the NH signals in these NMR spectra.

One of the strategies to assign the signals in the 2D "H,"” N HSQC spectra is based on the sequential
assignment using '*C, "N isotopically labeled proteins and a set of 3D experiments (HNCA,
HN(CO)CA, CBCANH and CBCA(CO)NH) to attribute the backbone atom (N, HN, Ca and Cp), as
illustrated in Fig 3.30.

A © © B
HNCA ® @@ @ @@
@ @ CBCANH CBCA(CO)NH
© ©) ®
HN(CO)CA @ @ @ ® @ @ o,
& &)
. . HNCA  HN(CO)CA C.ﬁi-l g-l
CBCANH @ @ @ @ @ @
& &)
. @ Ca, Ca,
CBCA(CO)NH @ @ @ @ @ @
@ @ | Cu.y Cay.y Cay.y Ca.y

Residue i-1 Residue i

Fig 3.30 Strategy to specifically assign the backbone NH signals in 2D 'H,'SN HSQC. (A) Correlations
observed in 2D 'H,"> N HSQC and 3D experiments HNCA, HN(CO)CA, CBCANH and CBCA(CO)NH and (B)
backbone assignment strategy. A NH signal in 2D 'H,'>N HSQC is selected (orange) and two Co in HNCA are
found (light green). After that, an identical Ca is found in HN(CO)CA, corresponding to the Cai.i. Then, an
identical pair Coi/Caii.; is identify in CBCANH and two CJ are found (dark green). Lastly, an identical Cp is found
in CBCA(CO)NH, corresponding to the Cpi.;.
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As described in Fig 3.30, a NH signal is selected in the 2D 'H,'"’N HSQC spectrum and the
corresponding 'H and '°N chemical shifts represent a 2D NH plan. In the 3D experiments, this 2D NH
plane is selected, and then, two pairs Co/Cp are identified, one is attributed to the residue (i) and the
other to its antecessor (i-1). After that, the residue placed on the right of residue i (i+1), can be
sequentially attributed, looking for a new 2D NH plan with one pair Ca/Cp different (Cali+1/Ci+1), and
another pair Co/C identical to residue i (Cai/CP;). The assignment of the protein backbone is obtained
by repeating the strategy described.

3.3.1.3 Molecular interactions

To measure the impact of the interaction on NMR signals of a protein-ligand complex a series of 2D
'H, N HSQC were acquired and data was analyzed by a strategy proposed by Schumann and co-
workers [46]. Briefly, the weighted average chemical shift (Adcomb) 0of each backbone amide signal was

calculated in accordance with Eq. 3.1.

Abcomp = \/(A5H)2 + (w;Ad;)? (3.1

ASH is the chemical shift change in ppm in 'H dimension, Ag; is the chemical shift change in ppm in
"N or "*C dimension and the term w; =|y"’N|/|y'H| or w; =|y"*C|/|y'H| compensates for the scaling
differences between '°N and "°C, and 'H chemical shifts [46]. The magnetogyric ratios of 'H (y'H), "N
(y"°N) and *C (y"*C) nucleus are 1.000, 0.102 and 0.251, respectively. To select the most affected
signal(s) to be used in the calculation of the equilibrium dissociation constant (Kg), a cutoff value was

determined iteratively with the standard deviation to zero value, o§°""

, in accordance with Eq. 3.2.

1
05T = A5 (Bbeomy — 02 (32)

where N corresponds to the number of AScomb Values determined. In an initial step, a value of oo is

determined from all Ad¢omb Values. The Adcomb» €xceeding three times the determined ¢ are removed and

corr

a first corrected standard deviation o5°"" is obtained for the remaining Adcoms values. If there are Adcomb

corr

values larger than three times the new o§°"" value, they will be excluded and a new a§°"" will be

determined. This process is repeated until no Adcomp value larger than three times that of the actual o§°""

remained, which is then taken as the cut-off criterion.

The binding curves for the interaction between the protein P and the ligand L were obtained by
plotting the magnitude of the chemical shift change (Adcomb) as function of ligand concentration. The
data were fitted using the tool Solver from Microsoft Excel with Adcomb and ligand concentration as

dependent and independent variables, respectively and, Kq and Admax, as the fit parameters considering
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fast exchange conditions at the binding site, in accordance with the following equilibrium: P + L—PL

(Eq. 3.3).

([P)+[L]+Kg)—/([P]+[L]+K 4)2—4[P][L]
A8,y = (ASp_y) [L]+Kqg \/([2[]P][ 1+Ka) (3.3)

Amax 1s the maximum chemical shift change, when [L] >> Ky and the binding site is saturated, [P]

the total protein concentration and [L] the total ligand concentration.

3.3.1.4 Thermodynamic characterization

To determine the thermodynamic parameters of a MHC, it is necessary to monitor the oxidation
profile of the hemes at several pH values by 2D 'H, 'H exchange spectroscopy (EXSY) experiments.
This can only be achieved when the electron exchange is fast between the different microstates within
the same oxidation stage (intramolecular) and slow between the different oxidation stages
(intermolecular) on the NMR time scale [39]. The heme methyl resonances are the easiest identifiable
NMR signals amongst the heme substituents, making them ideal candidates to monitor the stepwise

oxidation of the hemes [47].

The paramagnetic shifts of the heme methyls are proportional to the oxidation fraction of an
individual heme and, thus contain information that can be used to infer about the redox properties of
each heme group [48, 49]. However, the NMR data per se are insufficient to determine the absolute
thermodynamic parameters and need to be complemented with data from potentiometric redox titrations

monitored by visible spectroscopy, obtained for at least for two different pH values [50].

3.3.2 Kinetic studies

Electron exchange between AQDS and the triheme cytochromes PpcA, PpcB, PpcD and PpcE was
studied, in both directions, using stopped-flow kinetics. Sample preparation and kinetic experiments
were performed at 25 °C under anaerobic conditions inside an anaerobic chamber Mbraun MB 150 1
with circulation of nitrogen to avoid sample reoxidation. Rapid mixing kinetic experiments were carried
out on a HI-TECH KinetAsyst SF-61 DX2 stopped-flow apparatus and the data were acquired with a
diode array in the wavelength range of 350 to 700 nm.

Samples were prepared in phosphate buffer pH 7.1 with NaCl (100 mM final ionic strength). The
buffer was prepared inside the anaerobic chamber with degassed water. The protein solutions (ca. 3 uM)
were prepared by dilution of a stock solution in degassed buffer and the concentrations were determined
from the absorbance of the reduced forms at A=552 nm using an extinction coefficient of 97 500 M
cm” [51]. A concentrated AQDS (> 98% purity, Sigma) stock solution (120 pM) was prepared in
degassed buffer inside the anaerobic chamber and the 30 uM, 6 uM, 3 uM, and 1.5 uM AQDS solutions
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were prepared by successive dilutions of the concentrated stock solution. Reduced solutions of AQDS
and PpcA were obtained by adding a stoichiometric amount of sodium dithionite, after determining the
concentration of the sodium dithionite solution from its absorbance at A=315 nm using an extinction
coefficient of 8000 M cm™' [52]. UV-visible spectra were acquired before and after addition of sodium
dithionite to monitor the extent of the reduction and to confirm that there was no excess reducing agent
in the solution. In the reductive experiments, each oxidized cytochrome was mixed with AH,QDS in the
stopped-flow apparatus and the reduction of the protein was followed in the full spectral range (350-700
nm). The signal at 552 nm was normalized using reference spectra for the fully oxidized and fully
reduced forms and the time scale was corrected for the dead time of the apparatus. To obtain the observed
rate constants for the reduction of the cytochrome by AH>QDS, the normalized signal was fitted with
one or two exponentials as necessary. In the oxidative experiments, each reduced cytochrome was mixed
with AQDS in stopped-flow apparatus and the oxidation of the protein was followed in the full spectral
range (350-700 nm). The signals at 552 nm were also normalized and corrected for the dead time and
then fitted with one or two exponentials to obtain the observed rate constants for the oxidation of each
cytochrome by the oxidized AQDS. The following cytochrome to quinone ratios: 1:1, 1:2, 1:10 and 1:40
were used in both types of experiments. For high cytochrome to quinone ratios the reaction is very fast
and a significant part is lost in the dead time of the apparatus (3 ms). After correction of the time scale,
the initial data point was taken from the oxidized or the reduced reference spectra, for the reductive or

the oxidative experiments, respectively. All concentrations refer to after mixing values.

3.3.3 Molecular docking calculations

Docking calculations were performed with Anchor-and-Grow algorithm as implemented in DOCK
6.4 and 6.7 [32]. Atomic coordinates of PpcA were taken from the NMR structure of the protein (PDB
ID: 2LDO [12]). Atomic coordinates for AQDS and AH,QDS were taken from LUPBUT entry of the
Cambridge Structural Database. Protein and ligand structures were prepared for docking calculations
with UCSF Chimera 1.5.2 [53]. Hydrogens were added to protein to reflect the neutral pH and heme
charges are that for an oxidized state from AMBER force field. Molecular docking simulations between
PpcB, PpcD, PpcE triheme cytochrome and AQDS were performed using HADDOCK 2.2 web server
[54]. The crystal structures of PpcB (PDB ID: 3BXU [39]); PpcD (PDB ID: 3H4N [43]) and PpcE (PDB
ID: 3H34 [43]) were used, and atomic coordinates for AQDS were taken from LUPBUT entry of the
Cambridge Structural Database. PpcB and PpcD structures contain two protein chains. For PpcD, only
more complete chain B was used in docking calculations. In contrast, both chains A and B of PpcB were
used in docking and generally produced similar results. All these steps were performed with the default
settings using those residues with the strongest observed NMR perturbations as active (Table 3.5), unless

specified otherwise.
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4. NMR INTERACTION STUDY BETWEEN MACA AND PPCA

4. NMR interaction studies between inner membrane-associated and

periplasmic cytochromes

MacA from G. sulfurreducens is a 35 kDa inner membrane-associated diheme cytochrome ¢ (see
Chapter 1 - Section 1.4). Genetic and proteomics studies showed that this cytochrome is important for
the reduction of Fe(III) and U(VI) oxides [1-3]. This phenotype is also shared with triheme periplasmic
cytochrome PpcA, and for that reason it was proposed that MacA is involved in the electron transfer
between the reduced quinone pool and periplasmic electron transfer components. In more recently
studies, Siedel and co-workers [4] suggested that MacA is a peroxidase and the previous proposed role

for MacA was readdressed.

The MacA crystal structure is available for different redox states [4] showing that the two heme
groups have different axial coordination and are located in opposite sides of the polypeptide chain: the
heme placed at the C-terminal domain is axially coordinated by His-Met, whereas the other at the N-
terminal domain, is axially coordinated by His-His (see Fig 1.5). The hemes also have quite distinct
midpoint redox potentials and were designated as high- (HP) and low-potential (LP) hemes,
respectively. As previously described, the catalytic and the redox reactions occur at the LP and HP

hemes, respectively [4].

In the periplasm of G. sulfurreducens, a pool of several c-type cytochromes, among which PpcA is
found, is considered to mediate electron transfer reactions at near isopotential values (see Table 1.2),
serving as a source of electrons not only for enzymes, such as MacA, but also to a variety of terminal
reductases. Electrochemical experiments showed that MacA can exchange electrons with the
cytochrome PpcA suggesting the formation of a low-affinity complex between the two proteins [4],
however, the interface region between the two cytochromes could not be established. The
electrochemical results provided important information that prompted us to study the molecular
interaction between the two proteins in detail. In this Chapter, the main goal was to probe the molecular

interface region between MacA and PpcA by NMR chemical shift perturbation experiments.
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4.1 Results and discussion

The molecular interface region between the periplasmic triheme PpcA and the inner membrane-
associated diheme MacA cytochromes was investigated using NMR spectroscopy. The dispersion of
heme NMR signals in the oxidized state are in less crowded regions, particularly in the case of the heme
methyl substituents, and makes the analysis of the chemical shifts more straightforward. Thus, in the
present study, NMR chemical shift perturbation experiments were performed with cytochromes PpcA
and MacA in the oxidized state. In this redox state, PpcA is paramagnetic and all heme irons are in the
low spin state (S = 1/2). In the case of MacA, the HP heme iron is axially coordinated by histidine and
methionine residues and is in a rapid low spin - high spin equilibrium at room temperature, due to the
long Fe-S bond of the distal methionine [4]. On the other hand, the LP heme, coordinated by two
histidine residues, is in the low spin state. For these reasons, the heme methyl signals of each heme are
in distinct regions of the NMR spectra. The HP heme methyls are strongly downfield shifted to the
region above 50 ppm and are much broader compared to those of the LP heme, which are found at lower

chemical shifts.

The 1D 'H NMR spectra of PpcA and MacA are indicated in Fig 4.1. The comparison of the oxidized
spectra of the two cytochromes shows that the heme methyl signals of both proteins are in distinct
spectral regions. The MacA spectrum shows three HP (63.2, 67.2 and 75.6 ppm) and two LP (32.7 and
25.5 ppm) heme methyl signals shifted from the crowded region of the spectrum. However, these signals
cover a distinct spectral region compared to those of PpcA. The structures of PpcA and MacA indicated
that the heme groups are considerable exposed [9, 11, 12]. Thus, when a protein redox complex is
formed we expect to observe chemical shift perturbations and/or broadening of heme methyl signals.
Therefore, these signals are excellent candidates to probe any modification in the chemical environment
upon complex formation. Consequently, the molecular interaction between PpcA and MacA was
monitored by probing the chemical shift perturbation of their heme methyl signals with the addition of
increasing amounts of PpcA to a MacA sample (Figs 4.1 B and 4.2).
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Fig 4.1 1D '"H NMR spectra of cytochromes PpcA and MacA in the oxidized state (298 K, pH 7 and 20 mM
final ionic strength). The typical chemical shift regions of the heme methyl signals from PpcA and MacA are
indicated in panels A and B, respectively. The chemical shift perturbation on the MacA heme methyl signals in
the presence of increasing amounts of PpcA is also indicated in panel B. A 180 uM sample of MacA was titrated
with increasing amounts of a 6.5 mM PpcA sample and the [PpcA]/[MacA] ratios are indicated on the left side of

each spectrum. The orange lines highlight the HP heme methyl signals that experienced chemical shift variation
during the titration.

The low-field region of the 1D '"H NMR spectra of MacA acquired with increasing amounts of PpcA
is depicted in Fig 4.1 B and shows that the LP heme methyl signals are unaffected during the titration.
On the other hand, the two more downfield-shifted HP heme methyl signals at 67.2 and 75.6 ppm are
clearly affected upon addition of PpcA. These two signals show a similar behavior during the
experiment, shifting to higher field in a straight line up to roughly 0.6 equivalents of PpcA, and then in
the opposite direction until the maximum addition of PpcA. Such behavior is typical of two molecular

binding events, resulting in distinct effects on the heme methyl chemical shifts from a primary and a
secondary interaction [5].

The analysis of the chemical shift perturbation experiments for the PpcA heme methyl signals is
depicted in Fig 4.2 B. In this spectral region, all the PpcA heme methyl signals, except for the one of
18'CH;"™, can be observed. The most affected signal is the heme methyl 12'CH;" (Fig 4.2 B).
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Fig 4.2 1D 'H chemical shift changes of the heme methyls of PpcA. (A) PpcA heme core and the [UPAC
nomenclature for tetrapyrroles [6]. (B) Expansions of the low-field region of 1D '"H NMR spectra obtained for
PpcA in presence of increasing amounts of MacA. The heme methyl signals (2!CHj, 7'CH;, 12'CH; and 18'CH3)
are labeled, except heme methyl 18'CH;™ whose signal appears at a chemical shift of approximately 1 ppm. The
[MacA]/[PpcA] ratios are indicated on the left side of each spectrum. For clarity, the region containing the heme
methyl signal 12!CH;!Y was expanded. (C) Binding curve for PpcA and MacA interaction monitored by the heme
methyl signal 12!CH5'Y. The fitting curve was simulated for the molar proportion of 2:1 PpcA/MacA with Ky of
3248 uM and AS of 0.15 ppm.

To also evaluate the effect of the presence of MacA on the heme methyl 18'CH;", whose signal

appears at a chemical shift of approximately 1 ppm, 2D '"H,"*C HMQC NMR spectra were recorded in
the absence and in the presence of MacA (Fig 4.3).
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Fig 4.3 Overlay of the 2D 'H,'*C HMQC NMR spectra of PpcA (1.8 mM) obtained in the absence and in the
presence of MacA (0.18 mM) at 298 K, pH 7 and 20 mM final ionic strength. The signal contours in the
reference spectrum and in the presence of MacA are shown in black and red, respectively. The assignments of the
heme methyl signals (2'CHs, 7'CHs, 12!CH; and 18!CHj3), heme propionates (13'CH,, 13°CH,, 17'CH, and
17>CH,) and Ho/Hp protons from the heme axial histidines are indicated. The signals of the protons connected to
the same carbon atom (CH, groups) are linked by a straight line. For clarity, the regions of the spectra boxed (A-
C) were expanded to show the most affected PpcA signals in the presence of MacA.

In these spectra, the heme propionate (13'CH,, 13°CH,, 17'CH, and 17°CH>) and the aliphatic
protons (Ho and HB) of the six axial histidines that coordinated the three heme groups, His'’/His*' (heme
1), His?*/His> (heme III) and His*’/His® (heme IV), are found in very typical regions, and therefore we
further extended the chemical shift perturbation study to these signals. This analysis confirmed that the
most affected PpcA heme methyl signal, by the presence of MacA, is 12'CH;" (Fig 4.4). In addition,
other PpcA signals near heme IV also show important differences, namely the propionate 17 from heme
IV (P17"Y), followed by P15" and Py5'. Also, the chemical shift variation of all the aliphatic protons of the
six axial histidines showed that the most affected signals are those from His*’, which axially coordinates

PpcA heme IV, followed by His'” and His? that coordinate hemes I and III, respectively (Fig 4.4 B).
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Fig 4.4 Variation of the combined chemical shift changes determined from the 'H and '3C signals of the
PpcA heme substituents and heme axial ligands. The shifts were taken from the 2D 'H,'*C HMQC NMR spectra
(see Fig 4.3), acquired in the absence and in the presence of MacA. A) The bars represent the chemical shift
variations of the heme substituents in the following order: 2!CHj;, 7'CHs, 12'CHs, 13'CH,, 132CH,, 17'CH,,
17>CH,, 18'CH3. The signals of hemes I, Il and IV are represented in light gray, gray and black, respectively. B)
The bars represent the chemical shift variations of the six heme axial histidine aliphatic protons. The histidine o
and P protons are indicated in light gray, gray and black, respectively.

In the present study, we further extended the analysis of the NMR chemical shift perturbation
measurements to the PpcA backbone NH signals. The NH signals were previously assigned [7] and were
re-assigned in the present work for 20 mM ionic strength. The chemical shift perturbations on the PpcA
backbone NH signals in the presence of MacA were monitored by 2D 'H, "N HSQC NMR spectra (Fig
4.5 A). The NH signals showing highest chemical shift perturbation are from residues Lys'® and His*,
located between hemes I and 111, and residues Lys* and His*’, located near heme IV (Fig 4.5 B).
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Fig 4.5 Chemical shift perturbation on PpcA backbone NH signals. (A) Overlay of the 2D 'H, "N HSQC NMR
spectra of "N-enriched PpcA (1.8 mM) in the presence of MacA (0.18 mM). The contours of the signals in the
reference spectrum are shown in black, whereas in the presence of MacA are shown in red. The assignments of
NH signals are indicated. For clarity, the regions of the spectra with the most affected PpcA signals in the presence
of MacA are shown. (B) Combined chemical shift changes determined from the directly observed 'H and N

chemical shifts.

Overall, the results obtained from the analysis of the NMR chemical shift perturbation experiments

suggested that MacA interacts with PpcA in the protein cleft defined by hemes I and I'V in an orientation

that favors the closer contact between MacA HP heme and PpcA heme IV. These conclusions are also

supported by the docking calculations (see Fig 4.6).
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Fig 4.6 PpcA-MacA docked complex calculated using the HADDOCK2.2 Web server. The low-energy
binding conformation for PpcA (green) and MacA monomer (gray) complex is illustrated as a ribbon diagram with
the heme groups shown in green and gray sticks, respectively. The active residues for PpcA (Lys'$, His?, Lys*,
His*’, heme I and IV) and for MacA (Heme HP) are shown in red.

Using the equations described in the Section 4.3.2 the dissociation constants (Kq) were determined
from the chemical shift of the most affected heme methyls in PpcA and MacA (Table 4.1). Changes in
chemical shifts of PpcA heme methyl were analyzed using a two-site binding model for the molar
proportion of 2:1 PpcA/MacA, and changes in chemical shifts of MacA heme methyls were analyzed
using an independent two-site binding model, in which the primary site is occupied with higher affinity
than the secondary site. For the two HP methyl signals from MacA the Kq value of the first binding event
is one order of magnitude lower compared to the second one. Therefore, PpcA initially binds almost
exclusively to the primary site, but once most of the primary site is occupied, the protein will start to
bind to a slightly different place (for a review see [5]). Two molecular binding events have also been
described for the interaction between cytochrome ¢ peroxidase from Paracoccus pantotrophus and two
redox partners, cytochrome € and pseudoazurin [8]. The values are within the uM range suggesting the
formation of a low affinity complex between the redox partners. These values are consistent with other

Kqvalues previously reported for the interactions between cytochromes [8, 9].
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Table 4.1 Equilibrium dissociation constants (Kd) for the complex formed between MacA and PpcA at 298
K, pH 7 and 20 mM final ionic strength. The K4 values were calculated as described in the Section 4.3.2 for the
selected heme methyl signals. The 'H chemical shift difference between the free form and the complex form (AJ)
is also indicated.

5 (ppm) Ka (uM) AS (ppm)
MacA heme methyls
HP heme methyl 67.2 87 £16 1.49
260 £ 33 1.91
HP heme methyl 75.6 43+9 1.25
235+43 1.48
PpcA heme methyls
12'CH;" 19.4 32+8 0.15

The analysis of the SDS-PAGE obtained before and after removal of MacA by molecular exclusion
chromatography confirmed that the interaction between the two cytochromes is fully reversible (Fig

4.7).
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Fig 4.7 Elution profile for the molecular exclusion chromatography (100 mM sodium phosphate buffer, pH
8) of PpcA and MacA after the NMR chemical shift perturbation experiments. The inset shows the SDS-
PAGE analysis before (Lane 3) and after the Ppca (Lane 2) and MacA (Lane 1) separation. Lane M corresponds
to the molecular weight markers (Precision Plus Protein from Bio-Rad). The numbers on the left refer to molecular
weight in kDa. The gel was stained with Coomassie Brilliant blue.
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To rationalize the results obtained in structural and functional terms, we analyzed the electrostatic
surface potential distribution of the two proteins. The analysis of the electrostatic surface of MacA
showed a negative electrostatic region near the heme groups and showed that the HP heme is the most
exposed and directly accessible from the surface (Fig 4.8). In PpcA the heme IV shows a significantly

positive environment, due to the presence of several neighboring lysine residues (Fig 4.8).

Fig 4.8 Electrostatic properties of MacA monomer and PpcA. The molecular surfaces were produced by
PyMOL [10] and are colored accordingly to the electrostatic potential (from -7 kgT in red to +7 KgT in blue)
calculated with APBS [11]. The heme groups are represented by green sticks and the PDB code files were 4AAL
[4] and 2MZ9 [7] for MacA and PpcA, respectively. Both structures are in the same orientation as in the Fig 4.6.

Due to this surface complementarity, electrostatic interactions are expected to contribute favorably
to the formation of the PpcA-MacA electron transfer complex. To test this hypothesis, we further
analyzed the heme methyl chemical shift perturbation at higher ionic strength (100 mM). The

comparison of the chemical shift perturbation of the 'H chemical shift of the heme substituents of PpcA
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in the absence and in the presence of MacA at 20 mM and 100 mM ionic strength are indicated in Fig

4.9.
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Fig 4.9 Variation of the PpcA 'H heme methyl chemical shifts. The shifts were measured from 1D 'H NMR
spectra acquired in the absence (dppca) and in the presence of MacA (dppca+maca) at 20 mM (gray bars) and 100 mM
(white bars).

The results obtained showed that the most strongly affected signals in both conditions are the same
and that the magnitude of the chemical shift perturbation is higher at lower ionic strength. This was also
observed for interaction studies described for other cytochromes [12, 13], suggesting that the interaction
between PpcA and MacA is electrostatic driven. The reduction potential values of each heme group in
MacA and PpcA have been previously determined [4, 14]. For MacA the midpoint redox potentials are
-237 and -241 mV for heme LP in the His-bound and -free form, respectively. The heme HP showed a
less negative redox potential (-138 mV). In the case of PpcA, the heme reduction potentials are of the
same order of magnitude (-154, -138 and -125 mV for hemes [, Il and IV, respectively), which indicates
that the electron transfer between PpcA heme IV and MacA HP heme group have low thermodynamic
barriers in either direction. Therefore, the structural and thermodynamic properties of the two

proteins could facilitate the complex formation, redirecting the two proteins to the binding interface.

4.2 Conclusions

Many structural and functional studies have been carried out to understand the importance and the
role of some proteins involved in the different electron transfer pathways in G. sulfurreducens. The next
step to clarify the electron transfer networks is to map the redox partners and their complex interface
region. In the present work, the molecular interaction between the diheme cytochrome MacA and the

triheme cytochrome PpcA was investigated at atomic level using NMR chemical shift perturbation
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experiments. The MacA HP heme and a cleft defined by PpcA hemes I and IV were the most strongly
affected regions. Our results also show that the complex between MacA and PpcA is supported by
electrostatic interactions and that the electron transfer between PpcA heme IV and MacA HP heme
group have a low thermodynamic barrier. Thus, in addition to the reduction of PpcA by MacA, the
relative small difference in the redox potentials of the interacting heme groups and the high cellular
abundance of PpcA suggests that, under oxidative stress conditions, PpcA might supply electrons to the
peroxidase activity of MacA that protects the bacterial cell from oxidative damage caused by the
formation of hydrogen peroxide as a by-product of the single-electron reduction of Fe(Ill) oxyhydroxide

[15].

The results are in agreement with a previous study performed for a cytochrome ¢ peroxidase from
Paracoccus pantotrophus and two redox partners, cytochrome ¢ and pseudoazurin, that competitively
bind to the same site located in the region of the HP heme [8]. Other interaction studies carried out with
a cytochrome peroxidase from Paracoccus denitrificans and its natural redox partner, cytochrome Csso,
showed that the LP heme signals did not display any chemical shift perturbation [16]. Altogether, these
results are consistent with the data obtained in the present work, which showed no chemical shift
perturbation of the signals of the MacA LP heme in the presence of increasing amounts of PpcA. The
Kq values obtained for the complex formed between the two proteins are in the uM range suggesting the
formation of a low affinity complex between the redox partners, which is crucial for rapid protein-

protein recognition and electron transfer.
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4.3 Materials and methods

4.3.1 NMR samples preparation and experiments

For NMR studies, samples were prepared in 8 and 45 mM phosphate buffer, pH 7.1, and NaCl (20
and 100 mM final ionic strength). Samples were prepared in 92% H,0/8% *H,O or *H,O (99% atom),
to observe protein NH or heme substituent signals, respectively. For the 1D 'H NMR chemical shift
perturbation experiments, a MacA sample (180 uM) was titrated with a PpcA solution (6.5 mM)
prepared in the same buffer.

The NMR spectra were acquired at 298 K, on a Bruker Avance 600 MHz spectrometer equipped
with a triple-resonance cryoprobe. 'H chemical shifts are reported in parts per million (ppm) calibrated
using the water signal as internal reference and the '’N and "*C chemical shifts calibrated through
indirect referencing [17]. Before and after all 2D experiments, 1D 'H NMR spectra were acquired to
verify the protein integrity. The pH of the samples was measured before and after each set of NMR
experiments to confirm that pH of the solution is maintained. Spectra were processed using TOPSPIN
software (Bruker Biospin, Karlsruhe, Germany) and analyzed with program Sparky (T. D. Goddard and
D. G. Kneller, SPARKY 3, University of California, San Francisco).

The backbone NH and heme proton signals of PpcA were previously assigned at 298 K, pH 7 and
100 mM ionic strength [7, 18], and were reassigned in this work at 20 mM ionic strength. To measure
the impact of the interaction on NMR signals, a series of 1D 'H NMR spectra of MacA, in the presence
of increasing amounts of PpcA, were first acquired to monitor the effect on the downfield-shifted heme
methyl signals. Each 1D 'H NMR spectra were acquired with at least 1024 scans and a sweep width of
96 kHz. To analyze the chemical shift perturbation of heme substituent signals, 2D 'H,"*C HMQC and
2D 'H, 'H NOESY spectra were acquired for PpcA in the presence and absence of unlabeled MacA. 2D
'H,"*C HMQC were acquired with a sweep width of 24 kHz in F, and 45 kHz in F;, and 2D 'H, 'H
NOESY spectra, with 80 ms mixing-time and a sweep width of 24 kHz in both dimensions. To analyze
the chemical shift perturbation on the NH signals, 2D "H,'"N HSQC spectra were acquired for '"N-
labeled PpcA in the presence and absence of unlabeled MacA, with a sweep width of 11 kHz in F;, and
2 kHz in F;.

To investigate the binding reversibility between PpcA and MacA, 1D 'H NMR spectra were acquired
for PpcA in the absence of MacA and after separation of the proteins by gel filtration chromatography.
The mixture was loaded into a XK 16/70 column (GE Healthcare) packed with Superdex 75 (GE
Healthcare) connected to an AKTA Prime Plus Chromatography System (GE Healthcare). The
efficiency of separation was first analyzed by the inspection of the obtained chromatogram and further

confirmed by SDS-PAGE stained with Coomassie blue.
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4.3.2 Complex interface and binding affinity

Changes in chemical shifts were analyzed with a two-parameter non-linear least squares fit using a
two-site binding model corrected for the dilution effect. The Ky for the molar proportion of 2:1
PpcA/MacA was estimated under fast exchange conditions by fitting the observed chemical shift
perturbations of the PpcA heme methyl signal with the Equation 4.1, previously described by Kannt and

co-workers [19].

MacA]+1/R[PpcA]
[MacA][PpcA]

Abping = 0508 (A= JAZ=4/R) , with A =1+ 1/R + K, @.1)

Adging is the chemical shift perturbation at a given protein ratio; A5 is the 'H chemical shift difference
between the PpcA free form and the complex form; R is the [PpcA]/[MacA] ratio at a given point;
[MacA] and [PpcA] are the concentrations of MacA and PpcA, respectively. Ad and Kq were the fitted
parameters.

The most affected signals of MacA heme methyls in the presence of PpcA showed a typical behavior
of two-site molecular binding. In this analysis, was assumed an independent two-site binding model,
described by Equation 4.2, where MacA exists in the free form (F), the singly bound forms (B1 and B2)
in which only the primary (high affinity) site or the secondary (low affinity) site is occupied,
respectively, and the doubly bound form (B12) [20].

[Ppea] _Ippea)

Bind = g +Ppca]l - FBL T k. +[PpcA]

Adpp, 4.2)
Ka1and Kg; are the dissociation constants for the primary and secondary binding, respectively, [PpcA]

is the concentrations of PpcA, Adrs1 and Adrs, are the 'H chemical shift difference between the free form

and the B1 or B2 form, respectively [20].

4.3.3 Molecular docking calculations

The molecular interaction simulations were performed using the easy interface from HADDOCK?2.2
Web server [21] using the atomic coordinates of PpcA (PDB ID 2MZ9 [7]) and MacA (PDB ID 4AAL
[4]) as a monomer. From NMR experimental data, the active residues were selected as Lys'®, His*,
Lys*, His*’", heme I and IV for PpcA and high potential heme for MacA. The calculated binding interface

of MacA is not coincident with the dimer interface.
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5. Solution structure and dynamics of the outer membrane cytochrome
OmcF

OmcF is associated to the OM of G. sulfurreducens by a small anchor encompassing residues 1-19
[1]. The amino acid sequence of OmcF is indicated in Fig 5.1, showing both the signal
peptide/transmembrane helix and soluble polypeptide chain. Only the soluble portion of the protein was

cloned into the expression vector and further studied in this Thesis.

10 20 30 40 50
MRGD AP VAACMALATAAGEs GGSGAGGGELFATHEMAGIEEIP QGGNT VHP EKTL

60 70 80 90 100
ARARREANGI RTVRDVAAYI RNPGPGPAFGEAMI PPADALKI GEYVVASTFP

Fig 5.1 Amino acid sequence of OmcF. The signal peptide/transmembrane helix is highlighted in green. The heme
binding residues are boxed in gray.

The crystal structure of the soluble region of OmcF was previously determined in the oxidized form
and the global fold of OmcF shares similarities with cytochrome ¢ from the green alga, Monoraphidium
braunii [2, 3]. The midpoint redox potential of OmcF was determined at pH 7 and 8, yielding the values
+180 mV and +127 mV versus NHE, respectively [2]. The increase in the reduction potential values
with pH decreasing leads to a progressive stabilization of the reduced form. Such modulation of the
heme reduction potential with the pH (redox-Bohr effect) can be explained in a pure electrostatic basis
since the progressive protonation of an acid/base group(s) near the heme is expected to increase its
affinity for electrons with the concomitant increase of the reduction potential values. The notable redox-
Bohr effect observed at physiological pH range for G. sulfurreducens cellular growth might be
functionally relevant. This is in clear contrast with the data obtained for cytochrome ¢s from the green
alga M. braunii, which shows essentially no redox-Bohr effect in the same pH range and a much higher
reduction potential value (+358 mV at pH 7), regardless of the high structural similarity between the

two cytochromes.

To obtain structural insights into the functional mechanism of OmcF the solution structure of this
cytochrome was determined in the fully reduced state by NMR spectroscopy. The data obtained were
also used to study the dynamic properties of the polypeptide backbone, to map the structural origin of

the redox-Bohr effect and identify the redox-linked conformational changes in OmcF.
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5.1 Results and discussion

5.1.1 Heme spin state and axial ligands of OmcF

1D '"H NMR spectra of cytochromes provide valuable information about the heme spin-state and
axial ligand coordination. The 1D "H NMR spectrum of cytochrome OmcF display quite distinct features

in the reduced and oxidized states (Fig 5.2).
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Fig 5.2 1D 'H NMR spectra of the reduced (upper) and oxidized (lower) OmcF obtained at 298 K, pH 7 and
final ionic strength 100 mM. Signals corresponding to the side chain of the heme axial methionine protons are
indicated in the reduced spectrum. The signals of the heme methyls are labeled in the oxidized spectrum. The inset
shows a diagram of a heme ¢ showing the axial ligands His and Met. The IUPAC nomenclature for tetrapyrroles
is indicated in gray [4].
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In the reduced state, the signals are sharp and spread over the 10 to -5 ppm region. Due to the
paramagnetic effect of the heme iron unpaired electron in the oxidized state the signals are broader and
span a wider spectral region ranging from 35 to -18 ppm. Moreover, the presence of a relatively intense
signal in a low-frequency region of the NMR spectra in the reduced protein (-2.84 ppm) suggests that a
methionine residue coordinates the heme iron. In fact, the typical pattern of heme axial methionine
signals includes a three-proton intensity peak at approximately -3 ppm, and up to four resolved one-
proton intensity peaks in the low-frequency region of the spectrum due to the heme ring current effects
[5]. Such a pattern is clearly observable in the reduced spectrum of cytochrome OmcF, confirming that

the heme group is axially coordinated by a methionine (Fig 5.2).

Thus, from the NMR studies it can be concluded that the heme iron is hexacoordinated, diamagnetic
(Fe(Il), S=0) and paramagnetic (Fe(Ill), S=1/2) in the reduced and oxidized forms, respectively. To
further investigate the spin state of OmcF, we analyzed the temperature dependence of the heme methyl
proton chemical shifts in the range of 278 to 308 K, in the oxidized form. These signals were assigned
as previously described [6]. Two of the heme methyls (18'CH; and 7'CH3;) are more downfield shifted
(34.2 and 33.0 ppm, respectively) than the other two (12'CH; and 2'CH3, 9.1 and 7.1 ppm, respectively).
These chemical shifts are similar to those observed for the horse cytochrome ¢ at 303 K: 34.6 (18'CH3),
31.8 (7'CH3), 10.1 (12'CH;) and 7.1 ppm (2'CH3) [7]. The heme methyl pairs 18'CH;/7'CH; and
2!'CH3/12'CHj are attached to diametrically opposed pyrrole rings of the porphyrin (see inset in Fig 5.2),
and the pattern of chemical shifts results from the asymmetry in the distribution of the delocalized

unpaired electron on the molecular orbitals of the porphyrin [7].

The OmcF heme methyl signals follow Curie law behavior as their chemical shifts decrease with
increasing temperature (Fig 5.3). Nonetheless, heme methyls 7'CH; and 18'CH; showed a small
curvature above 296 K, suggesting some high-spin character, possibly caused by weakening of the Met-

Fe bond.
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Fig 5.3 Temperature dependence of the OmcF heme methyl signals in the oxidized form at pH 7 and 100
mM ionic strength.

5.1.2 Sequential assignment and structure calculations

To facilitate the assignment of the OmcF NMR signals in the reduced state, in particular those of 'H,
13C, >N backbone and side chain signals, spectra were acquired at pH 5.3 and 308 K. The combined
analysis of 2D 'H,'"N HSQC and a series of 3D NMR spectra (3D CBCANH, 3D CBCA(CO)NH, 3D
HNCA, 3D HN(CO)CA) led to the near-complete assignment of backbone signals '*N (99 %), "HN (100
%), *Ca (100 %) and for *CB (100 %).

The 2D '"H,"" N HSQC NMR spectrum of labeled reduced OmcF is indicated in Fig 5.4 with the
backbone nitrogen resonances assigned as well as those of the side chains of arginine (Arg™, Arg™®,
Arg®, Arg%, Arg”™), asparagine (Asn*, Asn®, Asn™), glutamine (GIn*'") and histidine (His*?) residues.
To extend the assignment to aliphatic protons such as 'Ho, "HB, "Hy, 'HS and 'He and aliphatic carbons
By, BC8 and "*Ce the 2D 'H,"*C HSQC and a series of 3D spectra namely HCC(H)-TOCSY, HC(C)H-
TOCSY, "*C NOESY-HSQC and "N NOESY-HSQC were analyzed. The confirmation of the
assignment and the aromatic ring protons were assigned based on 2D 'H, '"H COSY (correlation

spectroscopy), 2D 'H, 'H TOCSY and 2D 'H, '"H NOESY NMR spectra.

Compared to the ring-current effects generated by the amino acid aromatic side chains in non-heme
proteins, those produced by the heme group are much stronger. Therefore, the chemical shifts of the

nuclei located in the proximities of heme groups differ significantly from equivalent residues in non-
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heme proteins, in particular the heme axial ligands (His* and Met”®). In fact, the ring proton He; and
H¥, signals are strongly up-field shifted and are observed at 1.13 ppm and 0.52 ppm, respectively. This
clearly contrasts with the typical positions found for these signals in non-heme proteins (around 7-8
ppm). Also, the signals correspondent to HP3 of heme axial histidines are typically up-field shifted by at
least 2 ppm compared to a non-heme bound axial histidine. The effect of the ring current shifts is also
extended to the nitrogen atom N&; of the axial histidine side chain, which appear in very characteristic
positions (162.2 ppm) in the 2D '"H,"’N HSQC spectrum (Fig 5.4 A). Similarly, for the axial methionine
Met”, the side chain protons closely located to the heme iron are strongly upfield shifted compared to
non-axial methionine residues: HB’s (-0.52 and -3.01 ppm); Hy’s (-1.27 and -3.32 ppm) and He (-2.86
ppm). Interestingly, in the 2D "H,"’N HSQC NMR spectrum of OmcF some of the NH signals of residues
in the region 52-58, 63-69 and 99-103 showed considerable broadness (Fig 5.4 A). This effect is
observed in both dimensions, for example in the "N dimension for the NH signal of residue Arg>* and

in the 'H dimension for the NH signal of residue Arg*®.

A 100
a9 08 ,,’ . °.
90 1 63¢ 668 @73,; /’ 1054 @ o P
Ga @

Fig 5.4 2D 'H,'>N HSQC spectra of OmcF in the fully reduced state. (A) NMR spectra of ’'N-enriched OmcF
(2 mM, 45 mM sodium phosphate buffer pH 5.3, 100 mM ionic strength, 308 K, 800 MHz). Light green and dark
green labels represent 'H-'N connectivities for backbone and side-chains groups (Ne of GIn*'; Ne of Arg>*, Arg>®,
Arg®, Arg® and Arg”3; N§ of Asn*, Asn® and Asn’*; and N§; of His*®), respectively. The right-handed spectrum
was acquired with a smaller spectral window in N dimension (35 versus 130 ppm) to enhance the resolution
compared to the left-handed one. The empty box corresponds to the position of the weak signal of NH signal of
Arg® only visible at lower contour levels. (B) Overlay of selected regions of 2D 'H,'">’N HSQC NMR spectra of
5N-enriched OmcF in the fully reduced form (as in a) at 308 K (black contours) and 298 K (blue contours).

To evaluate the features of these NH signals, 2D 'H,'”’N HSQC NMR spectra were acquired at
different temperature (298313 K) and pH (4.6-9.3) ranges. The observed line-broadening dependence
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with temperature suggests that these group of signals are in slow to intermediate exchange rate between
two conformations, on the NMR time scale (Fig 5.4 B). This might be relevant towards the recognition

of OmcF physiological partners.

The 'H, '°C and "N chemical shifts have been deposited in the BMRB (http://www.bmrm.wisc.edu)
under the accession number 25455 (Table A.5, Appendix). These signals were reassigned at pH 7 and
298 K for the determination of OmcF solution structure (BMRB accession number 34064), matching
the physiological conditions for G. sulfurreducens growth. A summary of the sequential connectivities

between HN, Ha and Hf protons is shown in Fig 5.5.
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Fig 5.5 Sequential NOE connectivities involving NH, Ha and Hp protons observed in the 2D 'H,'H NOESY
spectrum for reduced cytochrome OmcF.

For structure calculations, distance restraints of OmcF were obtained from the 2D 'H,'H NOESY

spectrum acquired in 92% H>0 /8% *H,O with a mixing time of 50 ms. The assigned cross-peaks were
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integrated and converted into volume restraints, resulting in 1056 lower limits for volumes (lov) and

1486 upper limits (upv) (Table 5.1).

Table 5.1 Summary of restraint violations and quality analysis for the final family of solution structures for

cytochrome OmcF from G. sulfurreducens.

Parameter

Type of distance restraint
Intra-residue
Sequential
Medium range 2 <|i-j| <5)
Long range (]i - j| = 5)
Total

Upper distance limit violations
Average maximum
Number of consistent violations (> 0.2A)

Lower distance limit violations
Average maximum
Number of consistent violations (> 0.2A)

Van der Waals violations
Average maximum
Number of consistent violations (> 0.24)

Ramachandran Plot (%) *
Most favored regions
Additionally allowed regions
Generously allowed regions
Disallowed regions

Stereospecific Assignments
Precision

Average pairwise rmsd backbone (A)
Average pairwise rmsd heavy atoms (A)

724
639
550
629
2542
(1056 lov + 1486 upv)

0.16 £0.05
0

0.22 +£0.02
0

0.18 £0.00
0

61
32

24

0.37£0.08
0.98 £0.11

 Values obtained with iCing
b Analysis with GLOMSA

These values were used as input for the program PARADYANA [8] together with a set of 43 fixed
upper limit distances (associated with ring closure in the flexible proline residues and heme groups, and
the attachment of His and Met ligands). During the calculations, the structures were analyzed using the
program GLOMSA modified to take NOE volumes as input [9] and 24 stereospecific assignments were
made for diastereotopic pairs of protons or methyl groups. The effect of spin diffusion introduces an

uncertainty into the conversion of experimental data to distance constraints. These effects were
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simulated by complete relaxation matrix calculations based on the initial protein structures and,
accordingly, a parameter was set in the program PARADY ANA to loosen all distance restraints by 5%.
An average of 32 NOE restraints per amino acid residue (13 lovs and 19 upvs) and 508 per heme residue
(211 lovs and 297 upvs) were used for the final calculation. The distribution of the number of constraints
is not uniform along the protein sequence, as the heme group attached to positions 38 shows many long-

distance contacts (Fig 5.6).

r Heme
350

200+

Nurmber of NOE restraints

100 |-

30 40 50 60 70 80 9 100
Residue number

Fig 5.6 Number of restraints per residue used for the calculation of the cytochrome OmcF solution structure.
Bars are white, light gray, dark gray and black for intra residue, sequential, medium and long-range restraints,
respectively. Residue 38 also includes restraints to the heme group.

Despite the conformation of the axial methionine being R in the oxidized structure [2], calculations
were carried out in parallel using methionine ligand to the heme iron with R or S configurations of the
sulphur atom. This allowed us to investigate the redox-dependent configuration of the axial methionine,
since a few cases have shown dependence of heme axial methionine on redox state (e.g. cytochrome css»
from Nitrosomonas europaea and cytochrome css; from Hydrogenobacter thermophilus) [10, 11]. In the
case of OmcF the methionine ligand with sulphur in the R configuration resulted in significantly lower
target functions and was therefore used in the final family of structures. This result indicates that the
coordination geometry of the sulphur is conserved regardless the redox state of the protein indicating

that the protein is designed to minimize reorganization energy and optimize electron transfer rates.
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5.1.3 Quality and analysis of the structures

The NMR solution structure was determined for cytochrome OmcF in the reduced form, excluding
the highly flexible N-terminus region between the residues Ser” to Gly** due to the lack of NOE
information. The relaxation studies confirm this flexibility, since the 'H-""’N NOE spectrum showed
negative signals for the N-terminal residues, which correlates with rapid large-amplitude internal
motions (see section 5.1.5). Furthermore, Pokkuluri and co-workers [2] determined the crystal structure
of the cytochrome in the oxidized form and only observed electron density between residues Gly*® and

Pr0104

In this Thesis, twenty structures with the lowest target function values (from 1.35A% to 1.55A2%
average value 1.46A?, 15 % range from the lowest value) were selected as being representative of the
solution structures of the reduced cytochrome. The structures superimpose with an average backbone
(NH-Co-CO) rmsd of 0.37A and a heavy atom rmsd of 0.98A with respect to the mean structure (Fig
5.7).

25
20+
- 1
<
3
" 1.0L
|
i
| |
0.5+ |
—\—\,J “\.//\"’_\I\f—/\/
0.0 P T Y S S S
30 40 50 60 70 80 % 100

Residue number

Fig 5.7 Average pairwise backbone (black) and heavy atom (gray) rmsd values per residue of the family of
20 conformers obtained for the cytochrome OmcF solution structure.

The backbone is very well defined and the amino acid side-chains showing larger conformational
variability correspond to regions with higher solvent exposure. The N- and the C-terminus are more
disordered showing higher rmsd values, but besides that, the region between residues Ala>® and Thr®
also shows high conformational variability for the backbone atoms in agreement with the dynamic data
described below. The statistics for this family of structures are shown in Table 5.1. The Ramachandran
plot shows 61% of the residues in the most favored regions, 32% in the additionally allowed and 7% in
the generously allowed regions. A total of 62 hydrogen bonds were identified in the family of 20
structures with the program MOLMOL [12], 22 of which were present in at least 50% of the structures.
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5.1.4 Comparison of cytochrome OmcF reduced and oxidized structures

The OmcF solution structure (Fig 5.8) displays five a-helices in the following regions Gly*’-His**,
Pro*-Gly*, Arg**-Asn®, Asp®’-Arg”, Pro®-Tyr”® (Fig 5.8 B) and the heme group is axially coordinated
by His*” and Met”. The secondary elements previously predicted by the program TALOS-N based on
the OmcF assigned chemical shifts [13, 14], are in agreement with the secondary elements shown by the

solution structure.

Fig 5.8 Solution structure of OmcF in the reduced state. (A) Overlay of the 20 lowest energy NMR structures
of cytochrome OmcF at pH 7 and 298K. Superimposition was performed using all the heavy-atoms. The peptide
chain and the hemes are color-coded gray and red, respectively. (B) Ribbon diagram of OmcF solution structure.
Figures were produced using MOLMOL [12].
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The lowest-energy NMR structure was compared with the oxidized one previously determined by X-
ray crystallography (Fig 5.9) [2]. The comparison between the structures showed that the global rmsd
value is 1.39 A for backbone atoms. Overall, the structures are quite similar but some differences are
observed in the polypeptide region of the residues Ala>-Ile®’, Asn’*-Gly’”®, Glu*-Ala™, the N-terminus
(residue Gly*®) and C-terminus (residues Val'”-Pro'™). Interestingly some of these regions have the
lower values of the dynamic S order factor (see section 5.1.5). The structural differences observed
between the oxidized and reduced structures suggest that the more affected regions are probably
involved in the fine-tuning of the protein local structure for effective interaction with electron donors
and acceptors. This information can be explored in the future to rational engineering OmcF by site-
directed mutagenesis to maximize electron transfer effectiveness when the protein meets its redox

partners and therefore contribute to the optimization of OmcF dependent EET processes.
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Fig 5.9 Comparison of OmcF lowest-energy solution structure with OmcF crystal structure (PDB ID: 3CU4
[2]). Structures were superimposed in MOLMOL using backbone atoms. (A) Average rmsd between each pair of
structures. (B) OmcF solution structure superimposed on the crystal structure. OmcF solution and crystal structures
are colored gray and green, respectively. Figure was produced using MOLMOL [12].

5.1.5 Backbone dynamics

"N NMR relaxation was used to characterize the dynamic properties of OmcF in solution. The
relaxation parameters 77, 7> and NOE were determined at 600 and 800 MHz (Fig 5.10). Relaxation data
were obtained for the NH signals of all residues, except for proline residues (positions 40, 48, 75, 77,
80, 88, 89 and 104), the two first residues (Ser”” and Gly*') and Arg™*, Glu®®, Arg®, Thr*, Val®, val'®,

Ala'" and Phe'® that showed considerable broadness in the spectra (see section 5.1.2).
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Fig 5.10 N relaxation parameters for the cytochrome OmcF backbone in the reduced state. (A) longitudinal
T, relaxation times (B) transverse 75 relaxation times, (C) Heteronuclear *'N{'H} NOEs and (D) order parameter,
S, calculated from the solution NMR OmcF structure [15, 16]. Gray circles 800 MHz and black circles 600 MHz;
solid straight lines represent the average 7, T> and NOE at the respective magnetic field; open circles 800 MHz
and closed circles 600 MHz. Secondary-structure elements are shown on the top of the figure.
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To calculate the average values for 7;, 7> and NOE only the data from residue Gly* up to the C-
terminal region were considered, since the region of N-terminal is highly flexible and the values for
relaxation parameters in this region are very different from the remaining values. The average values
for T; are 488 £ 27 and 617 + 40 ms and for 7> values are 141 £ 12 and 123 + 11 ms; the average NOE
value is 0.78 + 0.04 and 0.83 + 0.04, measured at 600 and 800 MHz, respectively. Good correlation was
observed between structure and experimental relaxation data. Most residues in regular secondary
structure elements exhibited heteronuclear NOE values close to the theoretical maximum indicating high

rigidity in these regions (Fig 5.10).

The overall differences in the 7, values are not significant. Therefore, greater variability was clearly
observed in the NOE and 7> data. High 7> values correlate with a decrease in the NOE ratio in the region
between Gly’® and I1e*’, and the six residues at the N-terminus (positions Gly?, Ser®, Gly**, Ala*, Gly*®
and Gly?’) indicating motions on the ps-ns time scale. These two regions are the more flexible ones and
have, correspondingly, low S” values (see below). On the other hand, the region between Leu® and Arg®’
located in the third a-helix of OmcF showed lower NOE and 7> values with respect to the mean, which

indicates that this region is affected by conformational exchange processes in the ps-ms time scale.

The average value of the order parameter, 57, is 0.91% 0.05 (Fig 5.10) showing that, globally, OmcF
in solution has a high degree of order on the ps-ns time scale. In general, residues in loop regions have
slightly lower values. The calculated global rotational diffusion correlation time (z,,) was 4.83 + 0.05
ns. This value is in good agreement with the shape and the small size of the protein. The principal
components of the inertia tensor, calculated for the NMR structure, have relative values of 1.00, 0.98,
and 0.71. These values indicate that the shape deviates from that of a sphere and approaches a prolate
ellipsoid. In agreement with these findings, the diffusion tensor that better explained the NMR relaxation
data was anisotropic, with different values for the two components (parallel and orthogonal) of the tensor
giving a value of D||/DL of 0.87+0.07. Based on all these results, a subset of measured relaxation data
for the amide "H-""N pairs (64 of a total of 81) was analyzed using the model-free formalism to calculate
the corresponding dynamical parameters. Most data could be satisfactorily described by the simplest
dynamical model, which describes the internal dynamics of the "H-">N pair in terms of a generalized
order parameter, S°, without any internal correlation time corresponding to fast motions. For residue
Arg®® only, it was necessary to include a contribution of slow motions to the transverse relaxation time,
on the microsecond to ps-ms time scale. This fact, together with the observation that some of the
backbone NH signals of this region showed considerable broadness in the 2D 'H,""N HSQC NMR
spectra, impairing the measurement of the relaxation data, suggest that this region could be a hub for

interactions with other protein or compounds.

125



5. SOLUTION STRUCTURE AND DYNAMICS OF OMCF

5.1.6 pH-linked conformational changes

The pH titration of the OmcF backbone NH signals is indicated in Fig 5.11. The most affected signals
(Aag > 0.2 ppm) are Thr*, His*, His*’, Glu®, Leu® and Gly’® , which are in two distinct regions.
Residues Thr*® and His* are in the N-terminal a-helix and the other four residues are in the region of
the heme propionates. Analysis of the pH dependence of the NH chemical shifts showed that Thr** and
His* have two distinct pK, values: 5.6 and 7.9 for Thr*® and 5.5 and 8.0 for His**. In contrast, all the
other residues display only one pK, value: 7.0, 7.4, 7.7 and 7.8 for His"’, Glu*’, Leu® and Gly®,
respectively. Therefore, the data obtained for the two sets of residues indicates that their pH-linked

conformational changes have different origins.
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Fig 5.11 pH-linked conformational changes in cytochrome OmcF. (A) Average chemical shift differences
(Adavg) between pH 4.6 and 9.3. (B) Mapping of the residues showing large pH-dependent shifts (green) on the
OmcF solution structure. The OmcF backbone and the heme group is colored gray and red, respectively. Figure
was produced using MOLMOL [12]. (C) pH titration data of the most affected OmcF amide signals. In the
expansion of each 2D 'H,'>N HSQC NMR spectrum pH increases from light blue to yellow.

Potentiometric redox titrations followed by visible spectroscopy previously measured at pH 7 and 8
for OmcF [2] showed a significant pH dependence of the reduction potential values. The significant
redox-Bohr effect observed, seen as a 53 mV change in the reduction potential values (+180 mV and

+127 mV versus NHE for pH 7 and 8, respectively) correlates with the pK, values obtained for the amide
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residues of His*’, Glu*, Leu® and Gly’® in this study (Fig 5.11 C). The fact that all backbone NH signals
of these residues displayed pK, values in the pH range from 7 to 8, for which a significant redox-Bohr
effect was also observed, indicates that they are near the redox-Bohr center of OmcF whose
protonation/deprotonation affect their chemical shifts. Surprisingly, despite the high structural similarity
observed between OmcF and cytochrome c¢ from M. braunii, essentially no redox-Bohr effect was

observed between pH 7 and 8 for the latter [17].

In the crystal structure of OmcF the side chain of His*’ is disordered but it is well defined in the
family of the structures obtained for the fully reduced protein in solution (Fig 5.11 B). Interestingly, the
equivalent residue in cytochrome cs from M. braunii is Ile’’. The extra histidine near the heme
propionate groups in OmcF (His*’), and the typical pK,, value of its side chain close to the circumneutral
pH, suggests that it is likely to be the redox-Bohr center. Therefore, the protonation/deprotonation of
the His* side chain modulates the redox potential of the heme group and could implicate OmcF protein
in electron and proton transfer processes. On the other hand, the strong dependence of the heme midpoint
reduction potential, in the physiological pH range, indicates that the protein can be redox active in wider
environmental pH and redox potential windows, a feature particularly relevant as OmcF was shown to

participate in EET to various terminal acceptors [1, 18, 19].

5.2 Conclusions

The structure of cytochrome OmcF determined in this study constitutes the first solution structure of
an outer membrane cytochrome from G. sulfurreducens. The polypeptide segment formed by residues
from Leu’® to Arg®’ was identified as the most dynamic segment in the ps-ms time scale by analysis of
the "°N relaxation parameters obtained for the backbone NH signals. This segment may be involved in
interaction with other molecules. The analysis of the chemical shift variation of the backbone and side
chain NH signals with pH allowed mapping of the pH-linked conformational changes caused by
protonation/deprotonation of the redox-Bohr center. The backbone and heme signal assignment together
with the solution structure of OmcF will be used to assist in the rational design of mutants and in the
mapping of interaction sites with redox partners, an essential step to the understanding of EET in G.

sulfurreducens.
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5.3 Materials and methods
5.3.1 NMR samples preparation and experiments

NMR samples (2 mM) were prepared in 45 mM sodium phosphate buffer pH 5 and 7 with 100 mM
NaCl and 0.04 % sodium azide. For the sequence-specific assignment uniformly '*C,"*N-labeled OmcF
was prepared in 92%H,0/8%*H,0. For the assignment of heme protons and structure calculations
unlabeled OmcF was prepared in 2H,O (99 % atom) and in 92% H»0/8%*H,0, respectively. For the
experiments in the reduced state samples were fully reduced directly in the NMR tube with gaseous
hydrogen in the presence of catalytic amounts of the enzyme hydrogenase from Desulfovibrio vulgaris
(Hildenborough), as previously described [20, 21]. The pH values of the samples were checked with a

glass micro electrode and were not corrected for isotope effects.

The NMR spectra were acquired on a Bruker Avance 800 MHz or 600 MHz spectrometer equipped
with a triple-resonance cryoprobe. 'H chemical shifts are reported in parts per million (ppm) ad were
calibrated using the water signal as internal reference and the '°N and °C chemical shifts were calibrated
through indirect referencing [22]. Before and after all 2D and 3D experiments, 1D "H NMR spectra were
acquired to verify the protein integrity. The pH of the samples was measured before and after each set
of NMR experiments to confirm that pH of the solution is maintained. Spectra were processed using
TOPSPIN software (Bruker Biospin, Karlsruhe, Germany) and analyzed with program Sparky (T. D.
Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco).

For the assignment of the OmcF heme proton signals in the reduced state, 2D 'H,"H NOESY (100
ms, mixing-time) and 2D '"H,'"H TOCSY (45 ms) experiments were acquired with 2048 (F,) x 128 (F1)
data points for a sweep width of 10823 Hz with 64 scans per increment in a Bruker Avance 111 600
spectrometer. The assignment of the heme substituent signals was further confirmed during the structure
calculations. On the other hand, for the assignment of the heme signals in oxidized state, 2D 'H,'H
NOESY (25 ms) was acquired with 4096 (F») x 512 (F;) data points for a sweep width of 41667 Hz
with 136 scans per increment and 2D 'H,"*C HMQC was acquired with 4096 (F,) x 256 (F;) data points
for a sweep width of 41667 ('"H) Hz and 30181 ("*C) Hz, with 320 scans per increment. These last

experiments were acquired for the unlabeled sample prepared in *H,O.

The temperature dependence of OmcF heme methyl signals of OmcF was probed by acquiring a
series of 1D "H NMR spectra in the oxidized state, in the range 278 — 308 K. 1D 'H NMR spectra were
acquired with 65536 data points for a sweep width of 39683 Hz with 512 scans per increment, in a
Bruker Avance 400 MHz spectrometer.

For backbone and side chain assignments the following spectra were acquired: (i) 2D 'H, "*C and 'H,
N HSQC, 3D CBCANH, CBCA(CO)NH, HNCA, HN(CO)CA, HCC(H)-TOCSY, HC(C)H-TOCSY,
'H, *C NOESY-HSQC and 'H, "N NOESY-HSQC (80 ms) for labeled sample and (ii) 2D 'H, 'H
COSY, 'H, 'H TOCSY (60 ms) and 'H, "H NOESY (50 ms) for the unlabeled sample. NMR acquisition
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parameters and experiments acquired for the backbone assignment of OmcF protein are summarized in

Table 5.2.

Table 5.2 NMR experiments and acquisition details for OmcF backbone resonance assignment in the
reduced state. The NMR experiments acquired in (A) Bruker Avance III 600 MHz spectrometer, at 298 K and
pH 7 or (B) Bruker Avance I1I 800 MHz, 308 K and pH 5 are indicated. ‘ns’ stands for the number of scans.

NMR experiments Complex points Spectral width (Hz) Frequency offset (Hz) ns
IH 15N 13C lH 15N 13C lH lSN 13C
A 2D 'H,'>N HSQC 2048 256 - 10823 4865 - 2801 6689 - 40
2D 'H,'*N HSQC 2048 256 - 10823 2740 - 2801 7176 - 40
2D 'H,*C HSQC 2048 - 256 10823 - 15152 2801 - 7545 40
3D HNCA 2048 64 128 8418 2740 5291 2801 7176 7847 16
3D HN(CO)CA 2048 64 128 8418 2740 5291 2801 7176 7847 16
3D CBCANH 2048 64 128 8418 2740 12195 2801 7176 5885 16
3IDCBCA(CO)NH 2048 64 128 8418 2740 12195 2801 7176 5885 16
B 2D 'H,"N HSQC 2048 128 - 14368 10542 - 3801 9446 - 16
2D 'H,"*N HSQC 2048 128 - 9615 2190 - 3801 9244 - 8
2D 'H,"3C HSQC 2048 - 400 13889 - 15099 3801 - 7847 16
3D HNCA 2048 26 100 9615 2190 7043 3801 9244 10463 8
3D HN(CO)CA 2048 26 100 9615 2190 7043 3801 9244 10463 8
3D CBCANH 2048 26 128 9615 2190 14085 3801 9244 7847 16

3D CBCA(CONH 2048 26 128 9615 2190 14085 3801 9244 7847 16

2D 'H, '"H NOESY (50 ms) was acquired in a in Bruker Avance III 800 spectrometer with 2048 (F»)
x 512 (F,) data points for a sweep width of 10822 Hz with 80 scans per increment, to determine the

OmcF solution structure.

5.3.2 Assignment of the heme proton signals

In the particular case of the cytochromes, in addition to the polypeptide signals the heme substituent
signals also need to be assigned. This is particularly important for small heme proteins, as it is the case
of OmcF: In fact, the heme substituent signals display a considerable amount of NOE to the polypeptide

chain, which are crucial to assist in the solution structure determination.

5.3.2.1 Reduced state

In the diamagnetic reduced form, the proton chemical shifts of the heme substituents are strongly
affected by the heme ring-current effects. Thus, for fully reduced proteins typical regions for the signals
of the heme substituents can be easily identified in 2D 'H, '"H NOESY spectra: 8 to 10 ppm, meso
protons (H5, H10, H15 and H20); 6 to 8 ppm, thioether methines (3'H and 8'H); 3 to 5 ppm methyl
groups (2'CHs, 7'CH3, 12'CH;, 18'CHs) and 3 to -1 ppm, thioether methyls (3°CH; and 8°CHs). The

first step to assign the heme proton signals in the reduced state is the analysis of scalar connectivities
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between a thioether methine (3'H or 8'H) and a thioether methyl group (3°CHj; or 8CH3) in 2D 'H, 'H

TOCSY spectra. In fact, as shown in Fig 5.12, these are the only protons that are in the same spin system.

2D 'H,"H NOESY NMR spectra detect spatial correlation between protons that are typically closer
than 5 A and are used to conclude the fully assignment of the heme proton signals. As depicted in Fig
5.12 meso protons present a characteristic pattern of short-range intraheme connectivities observed 2D
"H,'"H NOESY spectra: protons H15 are not correlated to either methyl groups or thioether substituents;
protons H20 are correlated to two heme methyls (2'CH; and 18'CH3); and the only ambiguity arises
from H5 and H10 protons, which both present connectivities with a thioether methine, a thioether methyl
and one heme methyl group. This ambiguity was solved by observing the correlation between one of the
heme methyls near the H20 protons (2'CH; and 18'CH3) with the closest tioether methyl (3*CH3) which
were unequivocally assigned in the 2D 'H,"H TOCSY. This allowed connecting H20 and H5 faces of
each heme. The heme methyls 7'CHj3 are part of H5 faces and show correlations with thioether groups
(8'H and 8°CH3), which are in H10 faces. After the identification of these heme faces, H15 protons are
identified by observing the connectivities between cross-peaks that correlate H15 and 12'CH; or 18'CHj

protons (Fig 5.12).

Fig 5.12 Diagram of heme C numbered according to the IUPAC-IUB nomenclature [4]. Dashed arrows
indicate the correlations observed in 2D '"H,'"H NOESY spectra and solid lines the correlations observed in 2D
'H,'H TOCSY spectra.

5.3.2.2 Oxidized state

In the paramagnetic oxidized state in addition to the ring-current, paramagnetic contribution due to

the presence of unpaired electrons strongly contributes to the final observed chemical shift of the heme
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substituents, making their assignment more complex. Indeed, in the oxidized form, the same type of
signals is differently affected by the paramagnetic centers, show different levels of broadness and are
spread all over the NMR spectral width. Therefore, the chemical shifts of the heme substituents in the
oxidized form are completely different in comparison with those observed in the fully reduced proteins.
Consequently, a different NMR assignment strategy is used to assign the heme signals in the oxidized
form. In this case, 2D 'H,"*C HMQC experiments are very useful to assist in the heme substituent signals
because typical 'H,"*C regions can be identified. The propionates (aCH, protons (17'CH; and 13'CHy)
are identified in 2D '"H,"*C HMQC spectrum, whereas the intraheme correlations with the propionates
BCH, (17°CH; and 13°CH,) are obtained from the analysis of 2D 'H,'H TOCSY spectrum and then
confirmed in 2D 'H,"*C HMQC spectrum at the typical region of propionates BCH,. Afterwards, 2D
'H,'H NOESY spectra are used to identify the cross-peaks between each propionate proton with those
of the closest heme methyl group (18'CHs and 12'CH3).

5.3.3 Solution structure determination

The determination of a cytochrome solution structure requires the assignment of polypeptide and
heme signals and distance information that can be obtained in the 2D 'H, "H NOESY experiment. In
this spectrum, signals are integrated using the program Sparky (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco). The measured NOEs were used to provide upper
distance limits (upls) and lower distance limits (lols) to the program PARADYANA [8], which uses

automatic calibration of the conversion from volumes to distance constraints.

The assignment of the signals and the volumes are used as input for the structure calculation. At the
end of the calculation the output structures are evaluated using the program CHIMERA 1.10.2 [23] and
refined considering additional distance information. The precision of the calculations can be assessed
by the tightness of the fit between the ensemble of the resulting conformers. Usually hundreds of
conformers are calculated and a small sub-group (~20) with the lowest target function and small root
mean square deviation (RMSD) are selected to represent the NMR structure of the protein. The process
continues in an iterative fashion, adjusting the input parameters until a well-defined final ensemble of
structures is achieved. The quality of the ensemble of structures is then validated using iCing webserver
[24]. Finally, the program MOLMOL [12] is used to superimpose, identify elements of secondary

structure and calculate H-bonds in the final set of conformers.

5.3.4 Data Bank accession number
The structure of OmcF has been deposited in the Protein Data Bank (PDB) with accession number

SMCS.
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5.3.5 Backbone dynamics

To study the OmcF dynamic properties, a series of "H-">N correlation spectra were measured at 600
and 800 MHz to obtain the 71, 7> and NOE parameters. For the longitudinal relaxation rate, a set of eight
experiments was acquired with relaxation delays from 5 to 1200 ms, and for the transverse relaxation
rate, eight experiments were recorded with relaxation delays between 16 and 130 ms. 7' and 7> values
were determined from fitting the data for each backbone NH signal to an exponential decay, as a function
of the relaxation delay. Heteronuclear {"’N} NOE were determined from the ratio of two experiments
in the presence and absence of proton saturation. These were carried out with an overall recycling delay
of 10 s to ensure the maximal development of NOEs before acquisition and to allow solvent relaxation.
Results from the different spectra were treated as peak heights. We estimate an uncertainty as about
10% at both magnetic fields. Furthermore, the experimental relaxation and structural data of reduced
cytochrome OmcF determined in this work was used to determine the values of the order parameter, 5%,
for this cytochrome, which reflects the amplitude of internal motion on a ns—ps time scale. The principal
components of the inertia tensor were calculated with the Pdbinertia program (A. G. Palmer III,
Columbia University, New York, NY) using the NMR structure determined in this work. The overall
correlation time from the ratio of the mean 7' and 7> values was estimated in the usual manner. The
diffusion tensor, which describes rotational diffusion anisotropy, was determined by standard
approaches using r2rl diffusion and quadric diffusion programs (A. G. Palmer III, Columbia
University, New York, NY). The "N relaxation was analyzed assuming dipolar coupling with the
directly attached proton (with a bond length of 1.02 A), and a contribution from the '*N chemical shift
anisotropy evaluated as -160 ppm. The internal order parameters for most residues were determined
from the fits of several extensions of the Lipari and Szabo model to the experimental relaxation data

[25, 26].

5.3.6 pH-linked conformational changes probed by NMR

To estimate the effect of the pH change on OmcF solution structure in the reduced state, a series of
2D 'H,""N HSQC NMR spectra were acquired in the pH range of 4.6-9.3. The pH was adjusted inside
an anaerobic chamber (MBraun, LABstar) to avoid sample oxidation. The pH titration data were
analyzed following the same strategy proposed by Garret and co-workers [27]. Briefly, the average
chemical shift difference (Ad.,) of each backbone and side chain amide signals were calculated using

the Equation 5.1.

2
AN \ A&2H

Noppg = |2 (5.1)

ASH and ASN are the differences in the 'H and '*N chemical shifts, respectively.

132



5. SOLUTION STRUCTURE AND DYNAMICS OF OMCF

5.4 References

1. Kim BC, Leang C, Ding YHR, Glaven RH, Coppi MV & Lovley DR (2005) OmcF, a putative
c-type monoheme outer membrane cytochrome required for the expression of other outer membrane
cytochromes in Geobacter sulfurreducens. J Bacteriol 187, 4505-4513.

2. Pokkuluri PR, Londer YY, Wood SJ, Duke NE, Morgado L, Salgueiro CA & Schiffer M (2009)
Outer membrane cytochrome ¢, OmcF, from Geobacter sulfurreducens: high structural similarity to an
algal cytochrome c¢. Proteins 74, 266-270.

3. Lukat P, Hoffmann M & Einsle O (2008) Crystal packing of the cs-type cytochrome OmcF from
Geobacter sulfurreducens is mediated by an N-terminal Strep-tag IlI. Acta Crystallogr D Biol
Crystallogr 64, 919-926.

4. Moss GP (1988) Nomenclature of tetrapyrroles. Recommendations 1986 IUPAC-IUB Joint
Commission on Biochemical Nomenclature (JCBN). Eur J Biochem 178, 277-328.

5. Moore GR & Pettigrew GW (1990) Cytochromes ¢ : evolutionary, structural and
physicochemical aspects. Springer-Verlag, Berlin.

6. Keller RM & Wuthrich K (1978) Assignment of the heme ¢ resonances in the 360 MHz H NMR
spectra of cytochrome c¢. Biochim Biophys Acta 533, 195-208.

7. Turner DL (1993) Evaluation of *C and '"H Fermi contact shifts in horse cytochrome c. The
origin of the anti-Curie effect. Eur J Biochem 211, 563-568.

8. Turner DL, Brennan L, Chamberlin SG, Louro RO & Xavier AV (1998) Determination of
solution structures of paramagnetic proteins by NMR. Eur Biophys J 27, 367-375.

9. Guntert P, Braun W & Wuthrich K (1991) Efficient computation of three-dimensional protein
structures in solution from nuclear magnetic resonance data using the program DIANA and the
supporting programs CALIBA, HABAS and GLOMSA. J Mol Biol 217, 517-530.

10. Kaur R & Bren KL (2013) Redox state dependence of axial ligand dynamics in Nitrosomonas
europaea cytochrome cssy. J Phys Chem B 117, 15720-15728.

1. Zhong L, Wen X, Rabinowitz TM, Russell BS, Karan EF & Bren KL (2004) Heme axial
methionine fluxionality in Hydrogenobacter thermophilus cytochrome css;. Proc Natl Acad Sci USA
101, 8637-8642.

12. Koradi R, Billeter M & Wuthrich K (1996) MOLMOL.: a program for display and analysis of
macromolecular structures. J Mol Graph 14, 51-55, 29-32.

13. Dantas JM, Silva ESM, Salgueiro CA & Bruix M (2015) Backbone, side chain and heme
resonance assignments of cytochrome OmcF from Geobacter sulfurreducens. Biomol NMR Assign 9,
365-368.

14. Shen Y & Bax A (2013) Protein backbone and sidechain torsion angles predicted from NMR
chemical shifts using artificial neural networks. J Biomo! NMR 56, 227-241.

133



5. SOLUTION STRUCTURE AND DYNAMICS OF OMCF

15. Zhang F & Bruschweiler R (2002) Contact model for the prediction of NMR N-H order
parameters in globular proteins. J Am Chem Soc 124, 12654-12655.

16. Ming D & Bruschweiler R (2004) Prediction of methyl-side chain dynamics in proteins. J
Biomol NMR 29, 363-368.

17. Campos AP, Aguiar AP, Hervas M, Regalla M, Navarro JA, Ortega JM, Xavier AV, De La
Rosa MA & Teixeira M (1993) Cytochrome cs from Monoraphidium braunii. A cytochrome with an
unusual heme axial coordination. Eur J Biochem 216, 329-341.

18. Aklujkar M, Coppi MV, Leang C, Kim BC, Chavan MA, Perpetua LA, Giloteaux L, Liu A &
Holmes DE (2013) Proteins involved in electron transfer to Fe(Ill) and Mn(IV) oxides by Geobacter
sulfurreducens and Geobacter uraniireducens. Microbiology 159, 515-535.

19. Kim BC, Postier BL, Didonato RJ, Chaudhuri SK, Nevin KP & Lovley DR (2008) Insights into
genes involved in electricity generation in Geobacter sulfurreducens via whole genome microarray
analysis of the OmcF-deficient mutant. Bioelectrochemistry 73, 70-75.

20. Morgado L, Bruix M, Orshonsky V, Londer YY, Duke NE, Yang X, Pokkuluri PR, Schiffer M
& Salgueiro CA (2008) Structural insights into the modulation of the redox properties of two Geobacter
sulfurreducens homologous triheme cytochromes. Biochim Biophys Acta 1777, 1157-1165.

21. Morgado L, Bruix M, Pessanha M, Londer YY & Salgueiro CA (2010) Thermodynamic
characterization of a triheme cytochrome family from Geobacter sulfurreducens reveals mechanistic
and functional diversity. Biophys J 99, 293-301.

22. Wishart DS, Bigam CG, Yao J, Abildgaard F, Dyson HJ, Oldfield E, Markley JL & Sykes BD
(1995) 'H, *C and "N chemical shift referencing in biomolecular NMR. J Biomol NMR 6, 135-140.

23. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC & Ferrin TE
(2004) UCSF Chimera-a visualization system for exploratory research and analysis. J Comput Chem 25,
1605-1612.

24, Doreleijers JF, da Silva AWS, Krieger E, Nabuurs SB, Spronk CAEM, Stevens TJ, Vranken
WF, Vriend G & Vuister GW (2012) CING: an integrated residue-based structure validation program
suite. J Biomol NMR 54, 267-283.

25. Cole R & Loria JP (2003) FAST-Modelfree: a program for rapid automated analysis of solution
NMR spin-relaxation data. J Biomol NMR 26, 203-213.

26. Lipari G & Szabo A (1982) Model-free approach to the interpretation of nuclear magnetic
resonance relaxation in macromolecules. 2. Analysis of experimental results. J Am Chem Soc 104, 4559—
4570.

27. Garrett DS, Seok YJ, Peterkofsky A, Clore GM & Gronenborn AM (1997) Identification by
NMR of the binding surface for the histidine-containing phosphocarrier protein HPr on the N-terminal
domain of enzyme | of the Escherichia coli phosphotransferase system. Biochemistry 36, 4393-4398.

134



6

BIOCHEMICAL AND STRUCTURAL CHARACTERIZATION
OF PccH!

! Partially reproduced from Dantas JM, Tomaz DM, Morgado L, Salgueiro CA (2013) Functional
characterization of PccH, a key cytochrome for electron transfer from electrodes to the bacterium
Geobacter sulfurreducens, FEBS Lett 587, 2662-2668 (doi: 10.1016/j.febslet.2013.07.003) and Dantas
IM, Campelo LM, Duke NE, Salgueiro CA, Pokkuluri PR (2015) The structure of PccH from Geobacter
sulfurreducens - a novel low reduction potential monoheme cytochrome essential for accepting electrons
from an electrode, FEBS J 282, 2215-2231 (doi: 10.1111/febs.13269), in accordance with the Editors’

Copyright Policy.



6. CHARACTERIZATION OF CYTOCHROME PccH

6. Biochemical and structural characterization 0f PCCH.........ccccoooiiiiiiiiiiie e, 137
6.1 Results and diSCUSSION ......cccuieriieriieiiieeieeie ettt ettt ettt ettt et eete et e e et e saaesaeeens 138
6.1.1 Purification of cytochrome PccH and PccH mutants ...........cceevevveviiiiinieeiieeniieienns 138
6.1.2 Spectroscopic CharaCteriZAtION .........cc.eevierierieeieeteerieerteeete et et eeeesae et e saeeseeeeneeeane 140
6.1.3 Specific assignment of PccH heme axial ligands ..........ccccoceveiieiiniiinniiee, 145
6.1.4 Temperature dependence of PccH heme methyl signals...........ccceevevveeiiiiiiieecninennen. 146
6.1.5 CIYStal SLIUCLUIE ...vvveiiiieieieie et ettt e et e e e e e steestaesnbessbeeseesseesssessseenseensaeseens 147
6.1.6 RedoX BONI CONTET ......ueiiiiiiiiiiiiee ettt 149
6.1.7 Analysis of PccH protein sequence and comparison with other cytochromes............ 155
6.1.8 Functional clues for PCCH .......oooiiiiiiiie e 159
6.2 CONCIUSIONS ...ttt ettt ettt ettt et e et e bt e s bt e e ateeabe e beebeesseesntesnteenseenseesseessnesnsenns 161
6.3 Materials and MEthOAS. .......co.eiriiiiiieee ettt 164
6.3.1 Molecular mass determination and heme quantification............ccccceeeveeiveciresieeneenienns 164
6.3.2 Circular dichroiSm analYSIS .......cciverierierieiieirierreeseeseesteereeseesseessreseresssesseesseesseens 164
6.3.3 Redox titrations followed by UV-visible SpECtroSCOPY.......cccereeuererieneneenierieneenens 165
6.3.4 NMR samples preparation and eXPErimeEntS..........c.ecveerveerreereesvesiveesveerseesseeseessenens 165
6.4 RETEICIICES ...ttt et e b e bt st et et e bt e sbeesaeesateeas 167

136



6. CHARACTERIZATION OF CYTOCHROME PccH

6. Biochemical and structural characterization of PccH

Comparative microarray analysis of gene transcript abundance in current-consuming Versus current-
producing G. sulfurreducens biofilms showed that electrode-dependent fumarate reduction was
independent of major OM cytochromes required for electron transfer out of the cell [1]. Instead, the
fumarate reduction was dependent upon a monoheme c-type cytochrome (GSU3274) designated PccH
[1]. Deletion of gene pccH completely inhibited electron transfer from electrodes but had no influence
on electron transfer to electrodes, suggesting different routes for electron transfer into and out of the cell
in G. sulfurreducens [1]. Apparently, none of these other genes encoded OM redox-active proteins.
Therefore, to date only cytochrome PccH was unequivocally identified as crucial for G. sulfurreducens
cells to be able to accept electrons from electrodes. PccH was proposed to serve as an intermediary in

electron transfer between the outer cell surface and the inner membrane on G. sulfurreducens cells [1].

This cytochrome has a polypeptide chain length of 129 amino acids that contains a typical heme-

binding CXXCH sequence close to the N-terminus (Fig 6.1).

10 20 30 40 50 60
GEVTYRKDIKPIFDVREAGEEGADAAPEYHAFKAEKEKWLAKGQGMRMDTYSHLIFYTAWPDTGA

70 80 90 100 110 120
LMRRLDDGKNSKDAKPGNMYRHLGATEEERQRNLAVFKAWVGVWNLKKWPDITKEELNAITVTY

Fig 6.1 Amino acid sequence of mature cytochrome PccH. The c-type heme binding motif (CXXCH sequence)
is indicated with gray boxes.

In this Chapter will be addressed the biochemical and structural characterization of cytochrome
PccH. This cytochrome was heterologously produced, isolated and characterized by complementary
biophysical techniques, including CD, UV-visible and NMR spectroscopies. The preliminary
characterization of PccH included the evaluation of protein stability, determination of secondary
structure elements and heme spin-state, as well as the identification of the heme axial ligands by NMR
and site-directed mutagenesis. The X-ray crystal structure of cytochrome PccH is also reported.
Structural information for this cytochrome is important in interpreting the physicochemical data, such
as thermodynamic and kinetic properties, becoming essential for determining the electron transport

events and molecular mechanisms involved in G. sulfurreducens current-consuming biofilms [1].
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6.1 Results and discussion

The analysis of the amino acid sequence of PccH (Fig 6.1) indicates that the histidine present in the
heme binding motif (His?") is the natural candidate for the heme proximal ligand. However, up to four
methionine residues (Met*®, Met*, Met®” and Met**) can putatively bind the PccH heme group at the
distal position. To identify the sixth ligand of PccH heme group, each methionine was replaced by
alanine by Site-Directed mutagenesis. These mutants were designated PccHM46A, PccHM48A,
PccHM67A and PccHM84A.

6.1.1 Purification of cytochrome PccH and PccH mutants

After the construction of the expression vectors and the confirmation of the PccH and PccH mutants
gene sequences by DNA sequencing, all proteins were expressed and purified by cation exchange
chromatography and molecular exclusion chromatography (see Chapter 2). Since the elution profiles for
the proteins were similar, the results obtained are illustrated below only for the wild-type cytochrome

(Fig 6.2).

The only difference between the wild-type and mutated proteins is the substitution of residue
methionine by alanine. Both residues have non-ionizable side chains and for this reason, the isoelectric
point is maintained in all proteins. The isoelectric point determined for PccH was 8.84 (see section 2.4).
Therefore, PccH is a considerably basic protein that strongly binds to the cation exchange column at pH
8. After application of the NaCl gradient, the major peak fractions were eluted at approximately 180
mM NaCl (Fig 6.2A) and then pooled together before loading in the XK 16/70 molecular exclusion
column packed with Superdex 75, with molecular weight range between 3 and 70 kDa.

The elution profile of the molecular exclusion chromatogram for PccH is indicated in Fig 6.2B. The
molecular weight of PccH and mutants is approximately 15.4 kDa (see section 2.4) and proteins were

eluted at approximately 70 mL of the elution buffer (Fig 6.2 B).

The purity of the proteins and the presence of heme groups were evaluated by SDS-PAGE stained
with Coomassie brilliant blue and TMBZ, respectively. As depicted in Fig 6.2 C and D, one intense

band was obtained in the region of the expected molecular weight (~15 kDa).
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Fig 6.2 Purification of cytochrome PccH. (A) Elution profile for the cation exchange chromatography using a
column equilibrated with 10 mM Tris-HCI, pH 8 and eluted at a flow rate of 1 mL/min. Primary and second y-
axis, report the variation of absorbance at 280 nm (solid line) and the NaCl gradient profile (dashed line),
respectively. (B) Elution profile for the molecular exclusion chromatography using a column equilibrated with 100
mM sodium phosphate buffer, pH 8. The inset shows an expanded view of the chromatogram. (C) and (D)
correspond to SDS-PAGE analysis of pure cytochrome (lanes 1 and 2). The gels were stained with Coomassie
Brilliant blue and TMBZ, respectively. Lane M corresponds to the molecular weight markers (NZY Colour Protein
Marker II). The numbers on the left refer to the molecular weight of the markers in kDa.

The molecular weight of PccH was confirmed by MALDI-TOF-MS (Fig 6.3). The peak of the pure
cytochrome in the mass spectrum corresponds to a molecular mass of 15452.05 Da (£0.02%), which is
in excellent agreement with the predicted MW for mature PccH (15452.91 Da, resulting from 14836.91
Da from the apo-protein plus 616 Da of one heme group [2]). The similarity between the predicted and
experimental values also indicates that PccH contains one heme group, which was further confirmed by

the pyridine hemochrome assay.
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Fig 6.3 MALDI-TOF mass spectrum of PccH. A matrix solution of sinapinic acid in 70:30 water/acetonitrile
with 0.1% TFA (final concentration) was used. The measurements were performed in triplicates in positive ion
mode using ProteoMassTM cytochrome ¢ (MW 12361.96 Da) as internal calibration.

Protein yields were determined by UV-visible spectroscopy using the PccH molar extinction
coefficient of the o band (552 nm) characteristic of the protein reduced form (55> = 32.5 mM"'cm™)
determined in this Thesis (see section 6.1.2). The protein yields for PccH, PccHM46A, PccHM48A,
PccHM67A and PccHMB84A were 4.70, 11.70, 1.26, 8.61 and 0.03 mg per liter of cell culture,

respectively.

6.1.2 Spectroscopic characterization

CD, UV-visible and NMR spectroscopies were used to probe the protein stability, secondary
structural elements, heme spin-state and the nature of the heme axial ligands of cytochrome PccH. The
far-UV CD spectrum obtained for cytochrome PccH is indicated in Fig 6.4. In the native state, the
spectrum is typical of a folded protein with high a-helix content, featuring intense negative bands at 208
nm and 220 nm (Fig 6.4 A, solid line). An additional negative band at 233 nm in the CD spectrum is
attributed to aromatic residues [3], for which the five tryptophan residues of PccH (Fig 6.4) contribute

the most. To monitor the thermal stability of the protein, a characterization of the temperature-induced
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unfolding followed by far-UV CD spectroscopy was also carried out (Fig 6.4 B). Increasing the
temperature resulted in a progressive a-helix to random coil transition with loss of the folded spectral
features (Fig 6.4 A, dotted line). The value of midpoint thermal unfolding (Tm) was 78 = 1 °C (Fig 6.4
B). At the end of the thermal denaturation a notable protein precipitation was observed, suggesting the

occurrence of nonreversible modifications at high temperature.
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Fig 6.4 Spectroscopic characterization of PccH by circular dichroism. (A) Far UV-CD spectra of PccH in the

native (N, solid line) and after incubation at 95°C (U, dotted line). (B) Thermal unfolding of cytochrome PccH.
The solid line corresponds to the sigmoidal fitting of the data, from which T, was determined.

The heme spin-state and the nature of the heme axial ligands of cytochrome PccH were probed by
UV-visible spectroscopy. The optical absorption spectrum of PccH as purified has maxima at 525, 411,

352 and 280 nm (Fig 6.5). Upon reduction, the protein shows the Soret, 3 and a bands at 417, 523 and
552 nm, respectively (Fig 6.5).
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Fig 6.5 UV-visible spectral features of cytochrome PccH as purified (solid line) and in the reduced state
(dashed line). A more concentrated PccH sample was used to probe the region of 695 nm band (see inset), which
is indicative of an axial methionine coordinated to the ferric heme.

This spectral pattern is typical of low spin hexacoordinated hemes [4]. The band at 695 nm observed
in the UV—visible spectrum (see inset in Fig 6.5) is indicative of His—Met axial coordination [4] in the
oxidized form. The molar extinction coefficients of the UV-visible absorption bands are summarized in
Table 6.1.

Table 6.1 UV-visible absorption bands and molar extinction coefficient of cytochrome PccH.

Bands in the electronic Molar extinction
absorption spectra (nm) coefficient (mM'em™)
Oxidized Soret 411 134.2
Others 280 58.7
352 31.5
525 13.0
Reduced Soret 417 193.3
B-band 523 19.4
a-band 552 32.5

The proper folding of PccH and the heme spin-state were also corroborated by the well-dispersed

and narrow signals observed in the 1D 'H NMR spectra of the protein in the reduced and oxidized states
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(Fig 6.6). The line widths of the NMR signals (<10 Hz and <60 Hz in the reduced and oxidized states,

respectively) are typical of a monomeric protein in solution [5].

The NMR spectral regions are quite distinct for cytochromes containing high- or low spin hemes. In
the oxidized state, the 1D "H NMR spectra of high-spin cytochromes shows extremely broad signals
above 40 ppm, which typically correspond to the heme methyl substituents. In contrast, in low-spin
cytochromes, the methyl signals are mainly found in the region 8—35 ppm. Similarly, in the reduced
form, 1D 'H NMR spectra in both cases are also quite distinct [6]. The reduced NMR spectra of high-
spin cytochromes show wider spectral regions (typically from 15 up to 30 ppm) compared to low-spin

ones (typically from 5 to 11 ppm).

In the case of PccH, the 1D 'H NMR signals cover the regions 3 to 30 ppm and 5 to 12 ppm in the
oxidized and reduced forms, respectively and, hence, are typical of a low-spin cytochrome (Fig 6.6).
Thus, from the NMR studies it can be concluded that PccH is diamagnetic when reduced (Fe(Il), S = 0)
and paramagnetic when oxidized (Fe(IlI), S = 1/2). The reduced 1D "H NMR spectrum of a low-spin
cytochrome is also very helpful in identification of the heme axial ligands, particularly in the case of a
methionine residue. On the contrary, the signals correspondent to the aliphatic aCH and BCH; groups
of an axial histidine are typically shifted to low-field region in the oxidized spectra and in this case, is

not possible to distinguish that signals in the 1D 'H NMR spectrum.

As mentioned in the Chapter 5, the typical pattern of heme axial methionine signals includes a three-
proton intensity peak at approximately 3 ppm, and up to four resolved one-proton intensity peaks in the
low-frequency region of the spectrum [4]. Such pattern is clearly observed in the reduced spectrum of
cytochrome PccH indicating that the heme group is axially coordinated by a methionine (see upper
spectrum in Fig 6.6), as similarly observed for the monoheme cytochrome OmcF described in the

Chapter 5.

The side chain signals of the heme axial methionine are also expected to be observed in the upfield
region of the oxidized 1D 'H NMR spectrum. However, due to their proximity to the unpaired electron
of the heme iron, the signals are extremely broad to be detected. The only exception is for the three-
proton intensity eCHs group, which despite its broadness is still observed, in the oxidized spectrum in
the region 9 to 25 ppm, as reported in the BMRB (http://www.bmrb.wisc.edu/) for c-type cytochromes
with His—Met axial coordination. Therefore, the signal with three-proton intensity at -11.48 ppm in the
oxidized spectrum of PccH can be tentatively assigned to axial methionine eCHj; group (see bottom

spectrum in Fig 6.6).
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Fig 6.6 1D 'H NMR spectra of the reduced (upper) and oxidized (lower) PccH obtained at 298K and pH 7.
Signals correspondent to the heme axial methionine eCH3 protons are indicated in each spectrum. The signals of
the heme methyls are labeled in the oxidized spectrum. The inset (a) shows a diagram of a heme c. The spectral
regions containing the typical signals for the heme axial methionine in the wild-type cytochrome are compared
with those for PccH mutants in insets (b) and (c).

To further confirm this, a 2D 'H, 'H EXSY NMR spectrum was acquired for a partially oxidized
PccH sample. In this spectrum, the signal between the eCH3 proton signal at 3.06 ppm, with proton
signal at 11.48 ppm further confirms that the latter can be assigned to an axial methionine eCHj; group

(Fig 6.7).

The 1D 'H NMR spectra acquired in both oxidized and reduced PccH mutants were compared to
those obtained for the wild-type cytochrome. With exception of mutant PccHM84A, in all other mutants
the typical signal of the methionine ¢CHj3 proton is clearly observed (see insets (b) and (c) in Fig 6.6)
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showing that Met* binds axially to PccH heme group. Therefore, the heme binding motif CXXCH is
placed at N-terminus region and the sixth ligand, provided by a methionine residue, about 40 residues

further on towards the C-terminus constitute a typical feature of the class I cytochromes [4].
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Fig 6.7 Portion of a 2D 'H, '"H EXSY NMR spectrum of cytochrome PccH (298K and pH 7) obtained for a
partially oxidized sample. Cross peaks connecting the signals of the axial methionine eCHj3 protons in the reduced
and oxidized forms are indicated. The correspondent regions in the 1D "H NMR spectra of fully reduced (PccH™?),
fully oxidized (PccH*) and partial oxidized (PccH™) PccH samples are indicated.

6.1.3 Specific assignment of PccH heme axial ligands

The combined used of 2D 'H, *C HMQC, 2D 'H, '"H TOCSY and 2D 'H, 'H NOESY NMR spectra
acquired in the oxidized form of several mono- and multiheme c-type cytochromes are reported in the
literature and established typical regions for heme methyl, heme propionate and axial His fCH, and

a.CH groups in the 2D 'H, *C HMQC [7]. Therefore, this methodology was used to assign these signals
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for the monoheme cytochrome PccH (Fig 6.8). The assignment of the heme substituents was crucial to

perform the temperature- and pH- dependence studies, presented in the sections below.
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Fig 6.8 2D 'H, 3C HMQC NMR spectrum of cytochrome PccH in the oxidized state (298K and pH 7). Labels
relate with the heme methyl signals according to [IUPAC-IUB nomenclature [8] and with oCH and BCH; signals
of heme axial histidine (H21). The peaks of the protons connected to the same carbon atom (CH, groups) are
linked by a straight line.

6.1.4 Temperature dependence of PccH heme methyl signals

The heme spin-state in solution was studied by analyzing the temperature dependence of the heme
methyl proton chemical shifts of oxidized PccH in range 290-309 K. As can be observed in Fig 6.9, two
of the heme methyls (18'CH; and 7'CH3) are more downfield shifted (25.7 and 23.0 ppm, respectively,
at 303 K) compared to the other two (2'CH3 at 18.5 ppm and 12'CH; at 15.6 ppm). Each pair of heme
methyls is in diametrically opposed pyrrole rings of the porphyrin and therefore the chemical shifts
pattern results from an asymmetry in the distribution of the delocalized unpaired electron on the
molecular orbitals of the porphyrin [9]. However, in the case of PccH, the NMR spectra did not reflect
a very strong asymmetry in the distribution of the delocalized unpaired electron (e.g. compared to the
chemical shift pattern of the same heme methyls in the horse heart cytochrome). The chemical shift of
the first pair of signals in the latter cytochrome at 303 K are observed at 34.6 ppm (18'CH3) and 31.8
ppm (7'CH3), whereas those of the second pair are observed at 10.1 ppm (12'CH3) and 7.1 ppm (2'CH3)

[9].
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The dependence of the PccH heme methyl proton chemical shifts with the temperature shows that
for all methyls the shifts decrease with increasing temperature, therefore indicating a Curie law behavior,
a feature that is observed in low-spin hemes. Nonetheless, the signals of heme methyls 2'CH; and
12'CHj3 show an increase of the chemical shifts at above 290 K, whereas a small curvature is observed
for the chemical shift of heme methyls 18'CH; and 7'CHs. This suggests some high-spin character,
possibly caused by weakening of the Met-Fe bond. Therefore, the chemical shift dependence of the
heme methyls with temperature indicates that the heme is in the low-spin state in the oxidized form,

which is compatible with the PccH X-ray structure (section 6.1.5).
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Fig 6.9 Temperature dependence of the four PccH heme methyl 'H signals.

6.1.5 Crystal structure

The crystal structure of cytochrome PccH was determined in the oxidized state by the collaborative
group from the Argonne National Laboratory, Argonne, Illinois, USA. Crystallization and structure

determination details are presented in [10].

The final refined structure of PccH contains residues 1-74 and 78—129 with a heme (protophorphyrin
IX) covalently bound to Cys'” and Cys® via thioether bonds. In addition to 177 water molecules, the
final model included three Zn ions. Other unexplained peaks in the difference electron density map were

modeled as a cacodylate ion, phosphate ion and acetate ion. The quality of electron density in the region
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of residues 75-77 was very poor and multiple attempts to build these residues were not successful. The

final coordinates and structure factor data were deposited in the PDB under accession code 4RLR.

As is typical for cytochromes, the secondary structure of PccH is composed mostly of helical
segments connected by turns and loops. The structural fold of PccH can be described as forming two
lobes: one N-lobe approximately consisting of residues 1-63 and 125-129, as well as one C-lobe
approximately consisting of residues 64—124. The heme is sandwiched in a cleft between the two lobes
(Fig 6.10). This is unique for PccH because monoheme cytochromes in general form one globular
domain with the polypeptide chain wrapping around the heme with helices, turns and loops, with the
heme being the central part of the hydrophobic core. An approximately 10-residue segment, residues
72-81, extends away from the rest of the protein. Residues 75—77 within this segment are not visible in
the electron density map. Typically, in monoheme cytochromes, the heme forms an essential and central
part of the hydrophobic core of the protein. This is interesting because PccH contains many hydrophobic
residues; in the structure, the two protein lobes have their own hydrophobic cores and the heme forms a
bridge between the two lobes. Residues Tyr’, Ile’, Ile'?, Phe'?, Ala'®, Ala®, Ala%, Tyr*, Phe*?, Trp¥,
Leu®, Met*, Met*®, Tyr’!, Leu™, Ile%, Phe*®, Val'?’ and Tyr129 form hydrophobic interactions in the N-
terminal lobe, whereas residues Ala*’, Met®’, Leu’, Leu®, Tyr85, Leu”, Phe'%?, Val'%, Trpmg, Leu''!,

Leu'* and Ile'® form hydrophobic interactions in the C-terminal lobe.

The hydrophobic residues that interact with the heme in the interface are Phe'®, Tyr*’, Phe*, Leu®,
Met*®, Met*® and Tyr’’ from the N-lobe and Ala®, Leu®®, Leu’”, Leu® and Phe'* from the C-lobe. The

% form the

heme group is attached through thioether bonds to Cys'” and Cys*, whereas His*' and Me
fifth and sixth axial ligands, respectively (Fig 6.10). Therefore, the heme Fe ion is hexacoordinated and
low-spin. The heme porphyrin ring is not planar, the distortion is similar to the cytochrome Cs-like
protein, OmcF from G. sulfurreducens reported previously [11] and less distorted compared to the
multiheme cytochromes from G. sulfurreducens [12, 13]. The axial methionine residue Met* has an S
configuration. The crystal structure of cytochrome PccH confirms the preliminary data that have been

presented in the previous sections of this Chapter.
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Fig 6.10 Crystal structure of cytochrome PccH from G. sulfurreducens (PDB ID 4RLR). The N-lobe (residues
1-63 and 125-129) and C-lobe (residues 64—124) are colored gold and blue, respectively. The heme is colored
gray and the side chains of the axial ligands (His?*' and Met®) are shown in stick representation with atom type
colors. Figure was produced using the program PyMOL [14].

6.1.6 Redox-Bohr center

Redox titrations of PccH followed by UV-visible spectroscopy were performed at pH 4, 5, 6, 7, 8
and 9. The redox titration curves for pH 6 and 8 are represented in Fig 6.11. No hysteresis was observed,
as the reductive and oxidative curves are superimposable, indicating that the redox process is fully

reversible.

The reduction potential values obtained were +54 =5 mV (pH 4), +42 £ 5 mV (pH 5), +1 £ 5 mV
(pH 6), -24 £ 5 mV (pH 7), -35 £ 5 mV (pH 8) and -40 = 5 mV (pH 9) versus NHE (Fig 6.12). The
decrease in the reduction potential values with pH leads to a progressive stabilization of the oxidized

form.
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Fig 6.11 Redox titrations followed by visible spectroscopy for PccH at pH 8 (circles) and pH 6 (squares).
The open and filled symbols represent the data points in oxidative and reductive titrations, respectively. The
continuous lines indicate the results of the fits to the Nernst curves for one-electron reduction with -35 £ 5 mV
(pH 8) and +1 £ 5 mV (pH 6). As an example, the inset illustrates the a-band region of the visible spectra acquired
in the redox titration at pH 8.

As previously described for cytochrome OmcF (see Chapter 5), the influence of the pH on the heme
reduction potential (redox-Bohr effect) can be explained in a pure electrostatic basis since the
progressive deprotonation of an acid/base group near the heme is expected to lower its affinity for
electrons with the concomitant decrease of the reduction potential values. Also, on a pure electrostatic
basis, the pKreq value of the protonatable group responsible for the redox-Bohr effect is expected to be
higher compared to its value in the fully oxidized protein (pKox). The pH dependence of the reduction
potential in the pH range 4 to 9 was used to determine the pKeq (6.6) and pKoyx (5.0) values of PccH (Fig
6.12).

Indeed, PccH shows significant redox-Bohr effect in the physiological pH range of growth of G.
sulfurreducens. The variation in reduction potential with pH clearly exceeds the experimental error and
the decrease in the reduction potential with pH indicates that the oxidized form of PccH is stabilized
more at higher pH values. The pH dependence of the reduction potential also suggests that

protonation/deprotonation events occur near the heme group within this pH range.
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Fig 6.12 Effect of the pH on the heme reduction potential values of cytochrome PccH. (A) pH dependence of
the reduction potential (Ey) of cytochrome PccH. Data points are represented by triangles. The solid line is the
result of the fit to the Nernst equation for the transfer of one electron coupled to one proton according to the model
and equation indicated in panel B [15]. Ep (57 mV) and Ep (-36 mV) correspond to the reduction potential values
of cytochrome PccH in the protonated and deprotonated forms, respectively. pKox (5.0) and pKreq (6.6) are the pKa
values of the fully oxidized and fully reduced protein, respectively.

The methyl substituents at the periphery of the heme can be used to monitor such changes occurring
in the heme vicinity. In addition, the heme propionate substituents (Pi3 and/or Pi7) are potential
candidates for the redox-Bohr center(s) via protonation/deprotonation of their carboxylic groups, as
shown for several mono- and multiheme cytochromes [16-21]. Therefore, the 2D 'H, *C HMQC
chemical shift pH dependences of the four heme methyls and propionate groups in pH range 5—8 were
measured (Fig 6.13). From the analysis, the chemical shifts of the P;;'CH, protons are the most affected,

indicating that these signals are sensing a protonation in its close vicinity.
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dobs, Oa, and Op are the observed, protonated, and deprotonated chemical shifts, respectively.

An examination of the structure of PccH provided clues for the origin of redox-Bohr effect in this
protein (Fig 6.14). The propionate P;; forms salt bridge with Arg®, which very likely lowers the pK, of
the carboxylate group of this propionic acid. By contrast, the propionate Py7 is found within hydrogen

bonding distance (2.6 A) to negatively charged Asp®.
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Fig 6.14 Polar interactions involving the heme propionates including a zinc ion. The propionates are labeled
in accordance with [UPAC nomenclature [8].

In solution and in the absence of Zn*', the negative charge present on Asp® is likely to increase the
pKa of the propionic acid Pi7, pushing it into the pH 68 region. The side chain conformation of Asp®
is restricted in the structure of PccH. Asp® OD2 is 3.5 A from CD1 of Tyr’’ with a close to linear
geometry at the aromatic hydrogen (C-H~O) and may be regarded as a weak hydrogen bond. In addition,
the side chain conformation of Asp® is sterically constrained by the side chains of Tyr*, Phe’® and Ala®
and therefore could not assume a side chain conformation (rotamer), which will place the carboxylate
group away from the propionic acid. This suggests that the propionic acid A (Pi7) of the heme could be
responsible for the observed redox-Bohr effect of PccH. The pKa values calculated from the measured
pH dependence of the 'H chemical shifts of propionate 17'CH, protons in pH range 5-8 also reinforces
this hypothesis (Fig 6.13, solid lines). pKa values of 6.2 and 6.5 were obtained, which are significantly
higher than those of free carboxylic acids (pKa ~ 3—4), and correlates well with the fact that propionate
Py7 is partially shielded from the solvent by the structural environment described above. The propionate
Py7 ionizes with a pKj similar to the transition pK, for the heme reduction potential and therefore is most

likely the candidate responsible for the redox-Bohr effect observed in PccH.

Most of the class I cytochromes have reduction potentials in the range of +150 to +350 mV [22]. The
factors responsible for the modulation of cytochrome ¢ reduction potentials over a large range has been
a subject of considerable research [23, 24] and yet it is difficult to identify one major determining factor
for large differences among closely related structural homologs. For a monoheme cytochrome, PccH

has the lowest reduction potential observed to date (-24 mV at pH 7). Positive reduction potentials, such
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as +240 mV in the case of horse heart cytochrome ¢, have been attributed to the heme being largely
buried in the protein core. The solvent accessible surface area of the heme in PccH calculated by
SURFACE [25] is 112 A% For comparison, the heme exposures of various other bacterial monoheme
cytochromes are presented in Table 6.2. Clearly, the surface exposure of the heme in PccH is much
higher, which could be one of the factors contributing to the lower reduction potential observed for the

heme in this protein.

Table 6.2 Heme accessibility and reduction potential for representative bacterial class I c-type cytochromes.
The values reported for G. sulfurreducens cytochrome PccH were obtained in the present study.

Protein PDB ID Heme surface area exposed Reduction potential
(A% (mV)

Geobacter sulfurreducens cyt PccH 4RLR 112 —24
Pseudomonas aeruginosa cyt Css; 451C 37 +276 [26]
Chlorobaculum tepidum cyt Css4 4J20 37 +148 [27]
Desulfovibrio vulgaris cyt Css3 2DVH 44 +37 [28]
Arthrospira maxima cyt Ce IF1F 42 +314 [29]
Paracoccus denitrificans cyt ¢, 1COT 37 +250 [30]
Azotobacter vinelandii cyt ¢s 1CC5 58 +312 [31]

The electrostatic surface of PccH as calculated by GRASP [32] is shown in Fig 6.15. There are no
significant positively or negatively charged regions on the surface of PccH. Therefore, it is not clear

how the electrostatic potential of the protein affects the reduction potential of the heme in PccH.

Fig 6.15 Electrostatic potential displayed on surface representation of PccH. The left panel is approximately
in the same orientation as in Fig 6.10. The view in the right panel is that following a rotation of about 180° around
a vertical axis.
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6.1.7 Analysis of PccH protein sequence and comparison with other cytochromes

Using the amino acid sequence of the mature PccH, we searched the non-redundant amino acid data
base of NCBI using the basic local alignment search tool (BLAST) [33]. This cytochrome shows the
highest homology with putative monoheme cytochrome ¢ family proteins isolated from the following
bacteria: Pelobacter propionicus (70%, sequence identity), Thioalkalivibrio nitratireducens (54%),
Thioalkalivibrio sulfidophilus (51%), Leptothrix cholodnii (51%), Rhodoferax ferrireducens (49%), and
Polaromonas sp. (47%). The sequence alignment of these proteins is depicted in Fig 6.16. For all
cytochromes, the heme binding motif CXXCH is placed at the N-terminus region, a typical feature of
cytochrome C class I members [4]. Ambler’s class I cytochromes include the subclasses of monoheme
cytochromes C,, Cs, Cs, Css1/552, Css3, Css4 [34, 35]. More recently, Stelter and co-authors [36] proposed a

new subclass of class I cytochromes for c-type cytochromes from the bacteria of Bacteroidetes phylum.

1 10 20 30 40 50 60
Gs PccH GEVTYRKDIKPI FDVRAGmGADAAPEYHAFKAEKEKWLAKGQGMRMDTYSHL IFYTAWPDTGALMRR
Pp YP_900515.1 (70%) QETTWRKDVKPLFDARAAESDVSAPEHDAFKEKKQRWLANGQGMRMNSYSHLIYYTAWPGTGALMRR
Tn YP_007216771.1  (54%) EEVTYIEHVQPLFEAQAGEGVNA-PYVGDFDQDEDHYVEMGIGPRMDSYADLIMFVVYPDTGALMRR

Ts YP_002512332.1 (51%) NEVTYREHIRPLWENNAQEGATA-PYRGEFREDRARYERENKGPRMDTYADLVYFIAWPSTGALMRR
Lc YP_001792017.1  (51%) ADVTYRNDIRPLIKAQDEEGDTA-PTLAEFKLAEERYKKEKLGPRTDTYADLVQLISWPDTGALMRR

Rf YP_521339.1 (49%) ADVTYRADVQPILKAQDDEGAEA—PTLKEFDLAKEKYTKEKSGPRLSTYETLLQLIAYPDSGAFMRR
P YP_546929.1 (47%) QEVTYRTDIAPLWKSRVAEGAQS—PERADFLLDEKGYAEKSQGPRMDSYERLIAFISWPDTGAFMRR
70 80 90 100 110 120
Gs PccH LDDGKNS-KDAKPGNMYRHLGATEEERQRNLAVFKAWVG---VWNLKKW ------ PDITKEELNAITVTY
Pp YP_900515.1 LDDGRNL-KGGKAGNMYQFLGATEAERQKNLAVFKAWVG-»-TWVVKRW ------ PDVTKDELNGIRVKY
Tn YP_007216771.1 LDDGSSH-PEGKPGNMYEHLGADGDERQRNLAVFKAWVG-DDAWNLERW ------ GDITKQQLDRLELAY
Ts YP_002512332.1 LDDGGNTfANGKPGNMYQYLGGSEEERQKNLALFRAWVGGDEAWTMKRS ffffff GEISKEELERFKLAY
Lc YP_001792017.1 LDDGSNT fADKKPGNYKHLGETEAERAKNLE ITKTWVGGPGAWNLNRWEKRGEVPAITKEQLDMLKVKY
Rf YP_521339.1 LDDGSGS -ADKKPGNYKHLGETDGQRAANLKV ITKAWVG - EGGWNPNRWTARGDVPAITKEQLDKLQLKY
P YP_546929.1 LDDGSSQYAGGKSGNMYQYLGSTDAERAANLKLLKGWVG-DGAWNLNRWNKRGDVPMVSKEQLDKIQLKY

Fig 6.16 Sequence alignment of the top six hits returned for the amino acid sequence of the mature PccH
using the basic local alignment search tool (BLAST). Pp, Pelobacter propionicus; Tn, Thioalkalivibrio
nitratireducens; Ts, Thioalkalivibrio sulfidophilus; Lc, Leptothrix cholodnii; Rf, Rhodoferax ferrireducens; P,
Polaromonas sp.. The sequence accession codes and the percentage identity with PccH are indicated. The
conserved residues in the proteins are boxed: heme binding residues (green) and other residues (light green).

Representative sequences from the cytochromes above mentioned were used together with the top
six hits returned for the BLAST search with PccH sequence to produce the dendrogram presented in Fig

6.17.
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Fig 6.17 Amino acid sequence comparison of G. sulfurreducens PccH cytochrome ¢ with prokaryotic c-type
monoheme cytochromes (accession number in parenthesis): Agrobacterium tumefaciens (P00081);
Aphanizomenon flos-aquae (P00116); Arthrospira maxima (P00118); Azotobacter vinelandii (AAC45922);
Bordetella pertussis (Q7VVZ0); Bradyrhizobium japonicum (Q89SL2); Burkholderia dolosa (ZP_00982883);
Campylobacter jejuni (NP_282300); Colwellia psychrerythraea (YP_270114); Dechloromonas aromatica
(AAZ45778); Desulfovibrio vulgaris (YP_012252); Flavobacteroides bacterium 1 (ZP_01105921);
Flavobacteroides bacterium 2 (ZP_01105294); G. sulfurreducens PccH (GSU3274); G. sulfurreducens OmcF
(NP_953478); Halothiobacillus neapolitanus (P25938); Helicobacter pylori (WP _000756023); ldiomarina
baltica (ZP_01041945); Legionella pneumophila (YP_096733); Leptolyngbya boryana (P00117); L. cholodnii
(YP_001792017); Microcystis aeruginosa (P00112); Paracoccus denitrificans (P00096); Pasteurella multocida
(NC _002663); P. propionicus (YP_900515); Photobacterium sp. (ZP_01162384); Polaromonas sp. (YP_546929);
Polaromonas naphthalenivorans (ZP_01020507); Pseudomonas fluorescens (YP_351250); Rhodothermus
marinus (ACA83734); Rhodopseudomonas viridis (M59302); Robiginitalea biformata 1 (ZP_01120248);
Robiginitalea biformata (ZP_01119795); R. ferrireducens (YP_521339); Rubrivivax gelatinosus (ZP_00243317);
Synechococcus sp. (P00115); Thermus thermophilus (M93437); T. nitratireducens (YP_007216771); T.
sulfidiphilus (YP_002512332); Vibrio cholerae 1 (NP_229825); Vibrio cholerae 2 (NP_231872); Wolinella
succinogenes (NP_906926); Yersinia pestis (CAC89905). The Ambler’s class 1 monoheme cytochromes
subclasses c», cs, Ce, Cs51/552, Cs53, Cs54 are labeled. The two unlabeled groups correspond to the c-type cytochromes
from the bacteria of Bacteroidetes phylum and G. sulfurreducens PccH cytochrome (highlighted in red) and top
six hits returned for the BLAST search with PccH (see Fig 6.14).

From this analysis, a separate group is formed by PccH and its most homologous sequences (Figs

6.16 and 6.17) suggesting that they are representatives of a new subclass within the class I cytochromes.
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Further structural evidence discussed below emphasizes this proposal. The proteins of PccH family
contain the largest monoheme cytochromes observed to date with around 129 amino acids. For
comparison, the mitochondrial cytochromes have ~104 amino acids whereas the other subclasses of
class I cytochromes are even smaller (~80 amino acids). PccH is structurally quite different from any of
the other class I cytochromes. A Dali search [37] with PccH structure did not reveal any meaningful
structural homologs in the PDB. The Dali search returned non-heme containing proteins with very low
Z-scores. For example, the top hit with a Z-score of 2.4 (rmsd 4.1 A for 70 residues aligned) was a
helical protein from Bordetella bacteriophage (PDB ID: 4DWL). Structural alignment with secondary
structure matching [38] also did not reveal any significant structural homologs; cytochrome Css4 from
Cholorobaculum tepidum (PDB ID: 4J20) is the top hit in this search with Z-score of 2.7 (rmsd 3.8 A
for 69 residues aligned) and 50% of sequence identity. The most striking feature of the heme binding
site in PccH is that the methionine axial ligand comes from a very different part of the protein structure
as compared to other monoheme cytochromes. This is illustrated by using the overlap of PccH and the

C. tepidum cytochrome Css4 (PDB ID: 4J20) in Fig 6.18.

Fig 6.18 Comparison between PccH and Chlorobaculum tepidum cytochrome csss (PDB ID: 4J20) structures.
(A) A cartoon view of the overlap of both cytochromes. The proteins were manually overlapped using their heme
porphyrin ring atoms. For clarity purposes, only heme from PccH is shown. Ca ribbon of PccH is in green and that
of cytochrome Css4 is in pink. The side chains of cysteines, histidines and methionines are shown in pink for
cytochrome Css4; heme and side chains for PccH are shown in atom type colors. Respective N and C termini are
indicated. (B) A closer view of the heme binding residues to illustrate the difference in the positions of the axial
methionine residues between the two cytochromes. Note that the cysteine and histidine side chains overlap quite
well, whereas the methionine side chains binding the heme originate from different parts in each of the two proteins
(the Ca position of the methionine in each case is pointed by an arrow).
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When the hemes are aligned in these proteins, the heme binding cysteine residues and the axial
histidine residues align quite well (left side of the heme in Fig 6.18A), whereas the methionine side
chains do not overlap even though the sulfur atoms of the methionine binding the heme iron do align
well. It is worth noting that upon overlapping the two proteins using only heme porphyrin ring atoms,
the N-terminal helices up until the heme binding motif (cysteines and histidines) of the two proteins
overlap well. Beyond the axial histidine, the two structures differ greatly. The Ca of the axial methionine
in case of PccH comes from below the plane of the histidine ring, whereas the same for axial methionine
in case of C. tepidum cytochrome Css4 comes from above the plane of the histidine ring (indicated by
arrows in Fig 6.18B). The Ca of axial methionine in PccH and that in horse heart cytochrome ¢ are
separated by 5.3 A. The axial methionine side chain points toward the surface of the protein in case of
PccH whereas to the best of our knowledge, it points to the interior of the protein in all other monoheme

cytochromes.

The structure of PccH is unique among all the monoheme cytochromes of class I known to date [34,
35]. For comparison, a gallery of structures of bacterial monoheme c-type cytochrome representatives
from each of the subclasses is shown in Fig 6.19. There are a significant number of amino acids strictly
conserved in the PccH family of cytochromes (Fig 6.16). Thirty-four of 129 residues (29%) including
the two cysteines and the axial ligands histidine and methionine residues are conserved. Therefore, it
seems likely that the structural fold of this family of cytochromes will be conserved. We propose that
PccH together with the cytochromes with similar sequences from other species (Fig 6.16) forms a new

subclass within the class I cytochromes.
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Geobacter sulfurreducens
cytochrome PccH
PDB ID: 4RLR

Pseudomonas aeruginosa Chlorobaculum tepidum Desulfovibrio vulgaris
cytochrome ¢ss, cytochrome cssy Cytochrome css3

PDB ID: 451C PDB ID: 4120 PDB ID: 2DVH

Arthrospira maxima Paracoccus denitrificans Azotobacter vinelandii
cytochrome cg cytochrome ¢, cytochrome cs
PDB ID: 1FIF PDB ID: 1COT PDB ID: 1CC5

Fig 6.19 A gallery of representative bacterial class I monoheme cytochromes including PccH shown as Ca
cartoons. The heme orientation is approximately the same in each case with the respective N- and C-termini
labeled; the helical regions are shown in green, B-strands in orange and loops in light brown.

6.1.8 Functional clues for PccH

An examination of the immediate neighbors of PccH in the genome of G. sulfurreducens did not

reveal any obvious clues regarding a more detailed functional information for this cytochrome. Bacterial

localization prediction tool PSORTB (http://www.psort.org/psortb) suggests that PccH is located at the

periplasm of G. sulfurreducens; therefore, this cytochrome could not be involved in the first step of
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accepting electrons from the electrode. This it is very likely involved in the downstream electron
transport events in the periplasm. However, it is not clear what the interacting partners of this
cytochrome may be. Because the transcripts of both PccH and a periplasmic triheme cytochrome, PpcD,
have a higher expression in G. sulfurreducens growing on an electrode [1], we have examined the
potential for interaction between these two cytochromes using NMR spectroscopy. The heme methyl
signals have been assigned for both PccH and PpcD and can therefore be used to map the potential
interaction sites between the two proteins [39]. Fig 6.20 illustrates the region of the 1D 'H NMR spectra
containing the heme methyl signals of PpcD in the presence of increasing amounts of PccH. Analysis
clearly shows that the heme methyl signals of both proteins are unperturbed both in terms of chemical
shift and line broadening, indicating that these proteins do not interact under the experimental conditions

tested.

181CH; 7ICH; 121CH; 21CH;

)

26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11

5 'H (ppm)

Fig 6.20 Expansions of the low-field region of 1D '"H NMR spectra obtained for cytochrome PpcD in the
oxidized form (lower spectrum) in the presence of increasing amounts of PccH at 298 K, pH 7, 100 mM final
ionic strength. The molar ratio of [PccH]/[PpcD] is indicated on the left side of each spectrum. The dashed lines
indicate the heme methyl signals of PpcD in the following order from left to right: 2'CH;!, 18'CH3!, 12!CH3/,
18!CH5™Y, 12!CH5™, 7!CH;™, 7'CH5"Y, 12!'CH;'Y, 2!CH3"Y, 7'CH;™. The heme methyl 7'CHj' and 18'CH;™, whose
signals appear in crowded regions at chemical shift of approximately 4 and -1 ppm, respectively are not indicated.
The 1D 'H NMR spectrum of free PccH is indicated in the top of the figure and the arrows indicate the heme
methyl signals of this cytochrome throughout the titration of PpcD.
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To further confirm the absence of interaction between the two cytochromes, the chemical shift
perturbations on the backbone NH signals of PpcD with increasing amounts of PccH were also
monitored by recording a series of two-dimensional 2D "H,"” N HSQC spectra (Fig 6.21). As for the
heme methyl signals, no perturbation on the NH backbone signals of PpcD was observed in presence of
PccH, further confirming that the two proteins are not direct physiological redox partners in the electron

transfer chain from graphite electrodes (poised at -300 mV versus NHE) to the terminal electron acceptor

fumarate.
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Fig 6.21 Overlay of the 2D 'H,">N HSQC spectra of '*N-enriched PpcD (0.5 mM, pH 7, 100 mM final ionic
strength) in the presence of PccH in a 1:1 molar ratio. The contours of the signals in the PpcD and PpcD:PccH
spectra are shown in black and orange, respectively.

6.2 Conclusions

The discovery that G. sulfurreducens cells can accept electrons directly from electrodes for the
reduction of terminal electron acceptors, led to the investigation of a wide-range of applications. This

work reports the first biochemical characterization of the cytochrome PccH, a key protein in this process.

The data obtained by CD spectroscopy suggested that cytochrome PccH has a high helical content.
In addition, UV-visible and NMR spectroscopy studies showed the presence of a hexacoordinated low-
spin Fe ion axially bound to His and Met residues. These axial ligands were assigned to His*' and Met**.
The crystal structure of PccH determined at a resolution of 2.0 A, confirms this information and shows

that the heme cofactor is wedged between two lobes formed by the protein chain. The unique structure
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of PccH, taken together with the sequence phylogenetic analysis, suggests that this cytochrome forms a

new subclass of class I monoheme c-type cytochromes.

The cytochrome PccH was previously suggested to function as an intermediary in electron transfer
between the outer cell surface and the inner membrane. Gene knockout studies revealed that the absence
of PccH inhibited the capacity of G. sulfurreducens cells to accept electrons from electrodes. Also,
microarray analysis revealed that pccH was the gene showing the highest transcript abundance when G.
sulfurreducens cells use a graphite cathode (poised at -293 mV versus NHE) as the sole electron donor
to reduce fumarate (+30 mV versus NHE) to succinate [1] (Fig 6.22).
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Fig 6.22 Schematic representation of possible electron transfer pathways that involve PccH in G.
sulfurreducens cells grown using graphite cathode (poised at -293 mV vs NHE) as a sole electron donor and
fumarate (E° = 30 mV vs NHE) as terminal electron acceptor [1]. The dashed arrows indicate possible electron
flow from/to still unknown redox partners of PccH (E° = - 24 mV vs NHE). Adapted from [40].

The thermodynamic studies performed in the present work are relevant for the understanding of the
electron transfer mechanism from graphite cathodes to G. sulfurreducens cells. The reduction potential
values of PccH determined in the physiological pH range for G. sulfurreducens growth show that this
periplasmic cytochrome is thermodynamically suitable to bridge the electron transfer from biocathodes
to more electro-positive electron acceptors, such as fumarate. Since outer membrane cytochromes are
abundant in G. sulfurreducens cells, it is conceivable that a yet unknown cell-surface associated redox
component accepts electrons from the biocathode, which are then transferred to more electro-positive
electron acceptors within the periplasm, such as PccH, to cytoplasmic-associated redox components and,

finally, to the terminal electron acceptor fumarate. The observation that the current-consuming capacity

162



6. CHARACTERIZATION OF CYTOCHROME PccH

of G. sulfurreducens cells increased over time with the repeated addition of fumarate, suggests that
energy might be conserved to support growth from direct electron transfer from electrodes [41]. The
redox-Bohr effect observed in the pH range 6 to 8 indicates that PccH can also couple proton to electron
transfer in the G. sulfurreducens physiological pH range and may be involved in these energy-
conserving mechanisms. To the best of our knowledge, PccH is the first c-type monoheme cytochrome
showing a negative reduction potential value (-24 mV versus NHE, pH 7) within the physiological pH
range of growth for G. sulfurreducens. This feature permits the protein to be redox active at the typically

negative working potential ranges encountered by this bacterium [42-44].
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6.3 Materials and methods
6.3.1 Molecular mass determination and heme quantification

The molecular mass of cytochrome PccH was determined by matrix-assisted laser
desorption—ionization time-of-flight mass spectrometry (MALDI-TOF-MS) using a Voyager-DETM
PRO Biospectrometry workstation equipped with a nitrogen laser radiating at 337 nm from Applied
Biosystems (Foster City, United States). A matrix solution of sinapinic acid in 70:30 water/acetonitrile
with 0.1% TFA (final concentration) was used. The measurements were performed in triplicates in
positive ion mode using ProteoMassTM cytochrome ¢ MALDI-MS from Sigma-Aldrich (MW 12361.96

Da) as internal calibration.

The quantification of the c-type hemes present in PccH was obtained by the pyridine hemochrome
method, as described by Berry and Trumpower [45]. Purified protein (5 uM final concentration) was
initially incubated with 50 mM NaOH and 20% v/v pyridine in aqueous solution at room temperature
for 15 min. Two separated aliquots of the resulting solution were then prepared by adding the reductant
sodium dithionite (pyridine ferrohemochrome form) and the oxidant potassium ferricyanide (pyridine
ferrihemochrome form). UV-visible spectra of both pyridine hemochrome forms were recorded between
350-700 nm and the heme content was determined using the difference absorption coefficient of 21.84
mM"em™ at 550 nm for the pyridine ferrohemochrome and the pyridine ferrihemochrome spectrum

[45].

6.3.2 Circular dichroism analysis

The protein PccH (0.2 mg/mL prepared in 20 mM NaCl at pH 7) was analyzed by circular dichroism
(CD) spectroscopy and its spectra were recorded at 25°C in the far UV region using a JASCO J-810
spectropolarimeter with a Peltier-thermostated cell support using a 0.1 cm path-length cell quartz. The
conformational stability of PccH was assessed by performing temperature denaturation, monitored by
far-UV CD at 220 nm, which reports on the stability of the secondary structural elements. For thermal-
induced denaturation, a heating rate of 3°C.min™' was used, and temperature was increased from 25°C to
95°C. The fraction of unfolded protein (fy) was monitored by CD spectroscopy and calculated with the
expression fy = (0n-0)/(6n-0u), With Oy corresponding to the ellipticity at 220 nm of the protein in the
native folded state, 6 the ellipticity at a defined temperature, and 0y the ellipticity at 220 nm of the
completely unfolded state.

CD spectroscopy measures the difference in absorption between left (L) and right (R) handed
circularly polarized light in chiral molecules. The two polarizations are differently absorbed, and the
difference in absorption is detected, yielding the CD spectrum. This is an established biophysical method

probing the secondary structure (o-helices, B-sheets or turns) of peptides, proteins and nucleic acids

164



6. CHARACTERIZATION OF CYTOCHROME PccH

which have distinct CD bands in the far UV (~200-260 nm) and near UV (~300-400 nm) regions [46].
Additionally, the protein secondary structure is sensitive to its environment (e.g. temperature, pH)
circular dichroism can be used to observe how secondary structure changes with environmental

conditions or on interaction with other molecules.

6.3.3 Redox titrations followed by UV-visible spectroscopy

Redox titrations of PccH were followed by visible spectroscopy at 15 °C inside an anaerobic LABstar
glove box (MBraun) kept at <I ppm oxygen, with argon circulation, as previously described [47]. The
solution potentials were measured using a combined Pt/Ag/AgCl electrode, calibrated with two
quinhydrone saturated solutions at different pH values. The visible spectra were recorded in Evolution
300 (Thermo Scientific) spectrophotometer. To check for hysteresis, each redox titration was performed
in both reductive and oxidative directions, using sodium dithionite and potassium ferricyanide solutions
as reductant and oxidant, respectively. Each UV-visible spectrum is correlated with a measured electric
potential after each addition of reductant or oxidant agent. The reduced fraction of the proteins was
determined by integrating the area of the a band at 552 nm, connecting the flanking isobestic points to
subtract the optical contribution of the redox mediators. The measured solution potentials were corrected
to NHE. The experiments were performed at least two times, and the reduction potentials (relative to

NHE) were found to be reproducible within = 5 mV.

The redox titrations of PccH samples with 30 uM protein concentration were prepared in the pH
range 4-9 using sodium acetate, sodium phosphate and Tris—HCI buffer solution adjusted with NaCl to
a final ionic strength of 100 mM. To ensure a good equilibrium between the redox centers and the
working electrode, a mixture of the following redox mediators (~2 uM final concentration) was added
to the protein solution: p-benzoquinone, tetramethyl 1,4-phenylenediamine, 1,2-naphtoquinone-4-
sulfonic acid, 1,2-naphtoquinone, trimethylhydroquinone, phenazine methosulphate, phenazine
ethosulphate, methylene blue, indigo tetrasulphonate, indigo trisulphonate, and indigo disulphonate.
These mediators cover the potential range of +280 to -120 mV versus NHE, in the first and second case,

respectively.

6.3.4 NMR samples preparation and experiments

Cytochrome PccH samples with ~140 uM for 1D NMR studies and 2 mM for 2D NMR studies were
prepared in 45 mM phosphate buffer pH 7 with NaCl (100 mM final ionic strength) in 92% H»>0/8%
H,0 or in 2H,0 (99.9%). To prepare the samples in “H,O, the protein was previously lyophilized twice
and then resuspended in the phosphate buffer. NMR spectra were obtained before and after the

lyophilization to confirm that the protein integrity was not affected. Reduction of the samples was
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achieved by first flushing out the air from the oxidized sample with argon and then by adding sodium
dithionite in small aliquots from a degassed 2 M stock solution to the NMR tube with a gas-tight syringe
through the rubber septum. NMR spectra were obtained before the addition of sodium dithionite and
after its removal by ultrafiltration methods (Amicon Ultra) to confirm that the protein integrity was not

affected.

For NMR interaction studies, '°N PpcD and natural abundance PccH samples (2 mM and 0.5 mM
concentration, respectively) were prepared in 45 mM phosphate buffer, pH 7, with NaCl (100 mM final
ionic strength), in 92% H>0/8% “H,0 and in “H,O (99.9%), respectively.

All the NMR experiments were acquired in a Avance III 600 spectrometer equipped with a triple-
resonance cryoprobe at 298 K. "H and '"N chemical shifts were calibrated using the water signal as
internal reference and through indirect referencing, respectively. Spectra were processed using
TOPSPIN (Bruker BioSpin, Karlsruhe, Germany) and analyzed with SPARKY (T. D. Goddard and D.
G. Kneller, SPARKY 3, University of California, San Francisco).

For 1D 'H NMR spectra, a total of 64k data points was collected to cover a sweep width of 42 kHz.
The following set of 2D NMR experiments was acquired: fully oxidized protein: 2D 'H, *C HMQC;
2D 'H, '"H TOCSY (45 ms, mixing-time) and 2D 'H, '"H NOESY (80 ms); sample with a mixture of
reduced and oxidized protein: 2D 'H, "H EXSY (25 ms). 2D NMR spectra were acquired with a sweep
with of 26 kHz in 'H dimension and 45 kHz in "*C dimension.

To measure the impact of PccH on the chemical shifts of PpcD signals, a series of 1D '"H NMR and
2D 'H, "N HSQC NMR spectra in the presence of increasing amounts of PccH were acquired. The last
spectra were acquired with a sweep width of 11 kHz in F, and 22 kHz in F;. 1D '"H NMR spectra were
acquired by collecting 16k data points with 128 scans.

The temperature dependence of heme methyl signals of PccH was probed by acquiring a series of
1D '"H NMR spectra in the range 290-309 K. 1D '"H NMR spectra were acquired with 32k data points
for a sweep width of 41667 Hz with 64 scans per increment. Analysis of the temperature dependence

of heme signals by NMR can be used to study the cytochrome heme spin-states in solution.

The effect of pH on the chemical shifts of the PccH heme propionates and heme methyl groups were
evaluated by a series of 2D 'H, "H NOESY spectra acquired in pH range 5-9. The spectra were collected
with a mixing-time of 80 ms and a sweep width of 26 kHz in both dimensions. The pH dependence of
NMR signals can be used to search for protonation centers and to describe proton association-

dissociation equilibriums.
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1 Partially reproduced from Dantas JM, Salgueiro CA, Bruix M (2015) Backbone, side chain and heme
resonance assignments of the triheme cytochrome PpcD from Geobacter sulfurreducens, Biomol NMR
Assign9,211-214 (doi: 10.1007/s12104-014-9576-9), in accordance with the Editors’ Copyright Policy.
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7. Future perspectives

This Chapter describes the work that were also developed during the time course of this Thesis, but
still not completely concluded. The future focus of the research group will be the functional and
structural characterization of OM cytochromes. In this context, genes encoding some OM cytochromes
that are involved in EET, in particular those clearly affecting G. sulfurreducens growth in presence of
extracellular iron compounds (OmcE, OmcS and OmaB) were cloned (see Table 1.1). In addition, the
NMR signal fingerprints of periplasmic cytochromes PpcB, PpcD and PpcE in the reduced form were
also obtained and can now be explored to assist to their solution structure determination and to probe
interface interacting regions with periplasmic components of OM cytochromes. Overall, it is expected

that these studies will pave the way to further understand the EET mechanisms in G. sulfurreducens.

7.1 Periplasmic triheme cytochromes

The NMR backbone and side chain assignment of PpcA were previously determined in oxidized and
reduced states [1-3]. This assignment was used to assist the protein solution structure in both redox states
[2, 3] and to probe interaction regions with putative redox partners (Chapters 3 and 4). Under the scope
of this Thesis, with exception of PpcC, NMR fingerprints were also obtained for the other members of
the PpcA-family in the oxidized state (see Chapter 3) and in the reduced state (this Chapter). This
assignment can be used to explore the folding, aggregation, dynamic and stability of these proteins.
Moreover, it can be also used to probe their pH- and redox-linked conformational changes, as well as to
assist the solution structure determination and the mapping of interacting interface regions with redox

partners.

7.1.1 Backbone NMR signals assignment in the reduced state

2D 'H,"" N HSQC and the series of 3D NMR experiments (3D CBCANH, 3D CBCA(CO)NH, 3D
HNCA, 3D HNCACO) were acquired for PpcB, PpcD and PpcE in the reduced state at pH values that
warrant the fully protonation of the redox-Bohr center (see Table 1.4). This is an important issue to
allow the appropriate mapping of the redox-linked conformational changes since it excludes any
contributions due to different protonation levels of the redox-Bohr center. The assigned signals of PpcB,

PpcD and PpcE are indicated in Figure 7.1, except for the two fist residues.
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Fig 7.1 2D 'H,"SN HSQC spectra of reduced PpcB (1.0 mM, pH 6.5, 600 MHz), PpcD (2.0 mM, pH 7.1, 800
MHz) and PpcE (0.7 mM, pH 6.5, 600 MHz), acquired in 45 mM sodium phosphate buffer with NaCl to 100
mM ionic strength, 298 K. Black and gray labels represent 'H-'>N connectivities for backbone and side-chains
groups, respectively.

11 10 9 8 7

The full list of the chemical shift of the assigned signals is provided in Tables A.6-8 in the Appendix

and the assignment percentage is shown in Table 7.1.
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Table 7.1 Percentage of NH backbone signal assignment of PpcB, PpcD and PpcE in reduced state.

Backbone assignment (%)

Protein I5SN THN BCa 3CB
PpcB 99 99 97 95
PpcD 99 99 100 98
PpcE 98 98 97 97

Comparing the 2D 'H,'"N HSQC NMR spectra obtained for the reduced and oxidized samples (cf.
Figs 7.1 and 3.1, respectively), the NH signals appear in different spectral regions, which illustrates the
effect of the spin state of the heme groups in the protein signals. Additionally, the signals of the axial
histidines are observed in the reduced state, but are not observed in the oxidized state, due to the

excessive line broadening caused by heme unpaired electrons.

7.1.2  Solution structure determination of PpcD in the reduced state

The detailed thermodynamic characterization of the periplasmic PpcA-family cytochromes showed
that PpcA and PpcD have an important redox-Bohr effect that might implicate these proteins in the e
/H" coupling mechanisms to sustain cellular growth [4]. This functional mechanism requires control of
both the redox state and the protonation state. The comparative analysis of the solution structure obtained
for PpcA in the oxidized and reduced state provided insights in to redox-linked conformational changes,
as well as on the pH-linked conformational rearrangements observed in the vicinity of the redox-Bohr
center [2, 3]. Such studies established the structural basis for the differences observed in the redox-Bohr
center pKa values (see Table 1.4), providing insights into the e/H" coupling molecular mechanisms
driven by PpcA in G. sulfurreducens. Compared to PpcA, PpcD has a similar dependence for the pKa
values of the redox-Bohr center (Table 1.4). However, the proposed functional mechanisms for the two
proteins differ considerably [4]. Indeed, the route for the electrons from the fully reduced to the fully
oxidized protein involved quite different microstates. For PpcA is Pon— P1iv — P1a— Pi34, whereas for
PpcD is Poy — P14 — Pi3s (see Fig. 1.6). In order to collect structural information that might explain
these functional differences it is necessary to compare the structure of PpcD in the reduced and oxidized
states. In contrast with the oxidized state ([5], see also Fig 1.5), the structure of PpcD is not available
for the reduced state. Therefore, during the time course of this Thesis the assignment of PpcD backbone
signals was extended to the side chains to assist its solution structure determination in the reduced state

(for PpcD amino acid sequence details see Fig 3.1, Chapter 3).
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The side chains of Asn'', Asn", Trp*’ and the six axial histidines (His'®, His*!, His**, His*, His®
and His”’) were assigned (Fig 7.1), as well as the aliphatic protons such as 'Ho, "HB, 'Hy, 'HS and 'He
and the aliphatic carbons *Cy, *C8 and "*Ce. These signals were assigned based on 2D 'H,"*C HSQC,
3D HCC(H)-TOCSY, 3D HC(C)H-TOCSY, as well as 2D 'H, 'H COSY, 2D 'H, '"H TOCSY and 2D
'H, '"H NOESY NMR spectra.

Compared to those ring-current effects produced by the amino acid aromatic side chains in non-
heme proteins, produced by the three hemes in PpcD are much stronger. Therefore, the chemical shifts
of the nuclei located in the proximities of heme groups differ significantly from equivalent residues in
non-heme proteins. The more affected nuclei are those of axial histidines. In fact, the ring proton signal
(Hd)) is strongly up-field to the 1.60—0.60 ppm range. This contrasts clearly with the typical positions
found for this signal in non-heme proteins (around 7—8 ppm). Also, the signals correspondent to HB of
heme axial histidines are typically up-field shifted by at least 2 ppm compared to a non-heme bound
histidines. The effect of the ring-current shifts is also extended to the nitrogen atoms (N9:) of the axial
histidine side chains, which appear in very characteristic positions (160—170 ppm) in the 2D 'H,"*N
HSQC spectrum (Fig 7.1).

The chemical shifts of other nuclei located in the neighborhoods of the heme groups are also
significantly affected, as it is the case of the Asn'' H&,; (0.79 ppm), Lys* HN (5.55 ppm), Gly*’ Ha
(1.50 and -0.84 ppm), Gly*® HN (3.77 ppm), Lys* Hy (-0.82 and -1.65 ppm); Gly* Ha (2.51 and 1.16
ppm) and Pro® H§ (-0.70 ppm). Therefore, because of the strong heme ring-current effects, the observed
chemical shifts of the nuclei located in the proximities of the heme group(s) are differently affected,
depending upon their relative orientation to the closest heme(s). The total extent of the assignment for
the 'H, '*C and "N, excluding carboxyl, amino and hydroxyl groups, is 91, 99 and 99 %, respectively.
The 'H, "*C and '*N chemical shifts have been deposit in the BMRB (http://www.bmrm.wisc.edu) under

the accession number 19985.

The solution structure of PpcD in the reduced form is under final refinement and its current status

in represented Fig 7.2.
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Fig 7.2 Status for the solution structure of PpcD in the reduced state. (A) Overlay of the 20 lowest energy
NMR structures of cytochrome PpcD at pH 7 and 298 K. Superimposition was performed using all atoms. The
peptide chain and the hemes are color-coded gray and red, respectively. (B) Ribbon diagram of PpcD solution
structure. Figures were produced using MOLMOL [6].

7.2 Outer membrane cytochromes

To fully understand the EET pathways in G. sulfurreducens, namely those involved in iron reduction,
it will be crucial to focus on OM cytochromes, namely OmcE, OmcS and OmaB. In general, OM
cytochromes from G. sulfurreducens are still very poorly characterized. In fact, with exception of OmcF
(Chapter 5) there is no structural data for any other OM cytochrome. Also in terms of functional
properties only OmcF, and partially OmcS, were characterized to date. Expression vectors carrying the

gene sequence encoding for OmcE, OmcS and OmaB proteins were constructed. OmcE (26 kDa) and
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OmcS (47 kDa) are tetraheme and hexaheme c-type cytochromes, respectively that are predicted to be
located at the exterior of the bacterium OM. OmaB is a component of a trans-outer membrane protein
complex that was proposed to connect the periplasm to the cell exterior. This membrane complex is
composed by three proteins (OmaB-OmbB-OmcB). OmcB is a dodecaheme cytochrome € located in
the exterior of the OM, OmbB is in the outer membrane and OmaB is a periplasmic octaheme

cytochrome c [7].

7.2.1 Transmembrane helices and signal peptide prediction

Genomic DNA from G. sulfurreducens was provided by Prof. D.R. Lovley (University of
Massachusetts, Amherst). Sequence data for omcE, omcS and omaB genes (GenBank accession number
AAR33949, AAR35877 and AAR36110, respectively) were obtained from Kyoto Encyclopedia of
Genes and Genomes Web site, under the accession number T00155. The automatic servers, TMHMM
(http://www.cbs.dtu.dk/servicess TMHMM/) and HMMTOP (http://www.enzim.hu/hmmtop/) were
used to predict transmembrane helices and the signal peptide cleavage site of the three proteins. The
omcE, omcS and omaB genes were cloned including only the gene sequence encoding for the soluble
regions of the proteins. For OmcE, OmcS and OmaB, the predicted soluble residues started at Lys*’,
His?’ and Asp**, respectively (Table 7.2).

Table 7.2 Amino acid sequences of OmcE, OmcS and OmaB proteins. The predicted sequence of
transmembrane helices/signal peptide is underlined and the sequence of a c-type heme binding motifs are indicated
in red boldface.

Protein Amino acid sequence

OmcE MRSEVKIGLALTALLVAVTAAGAASIKNTKHDLSSGSTGATFKATNTDQICVFCHTPHN
AQQDIPLWNRGNPTASTFTLYSSSSMNNVPVKQGFTADSISLFCMSCHDGATGLGGAVH
NDPNGAAIAMVGGNDLITGEANLGTDLSNDHPVNFEVTPAGIAADGNLGALDTGTNPPT
MKTGDVTNGLPLFKSARGATTLECGSCHKVHDNTDAPFLRTTMAGSKLCLGCHKK

OmcS MKKGMKVSLSVAAAALLMSAPAAFAFHSGGVAECEGCHTMHNSLGGAVMNSATAQF
TTGPMLLQGATQSSSCLNCHQHAGDTGPSSYHISTAEADMPAGTAPLOQMTPGGDFGWV
KKTYTWNVRGLNTSEGERKGHNIVAGDYNYVADTTLTTAPGGTYPANQLHCSSCHDPH
GKYRRFVDGSIATTGLPIKNSGSYQNSNDPTAWGAVGAYRILGGTGYQPKSLSGSYAFA
NQVPAAVAPSTYNRTEATTQTRVAYGQGMSEWCANCHTDIHNSAYPTNLRHPAGNGA
KFGATIAGLYNSYKKSGDLTGTQASAYLSLAPFEEGTADYTVLKGHAKIDDTALTGADA
TSNVNCLSCHRAHASGFDSMTRFNLAYEFTTIADASGNSIYGTDPNTSSLQGRSVNEMT
AAYYGRTADKFAPYQRALCNKCHAKD

OmaB MKKWFIALLLLTVSAFTVOMALADKMSHKEYATTPIGECNACHKGEGIAPNHDADWV
RGHRVVASRAGKNCADCHVQQFCLDCHQGGGIEADLSTRTFMRDY VPKSHRSNFLSIH
PTKALDNPQTCTRCHDQSYCNECHARFPKGSLRIKSHLMLGPNGQKYSFGLGEHAIEAR
RNLQSCQTCHPEGDVCIQCHSSGKTSPHPRNWNSIKNNYKDRAGSRVCTKCHLPGTY
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7.2.2 Construction of the expression vectors

The genes encoding OmcE and OmcS were cloned using restriction enzymes, whereas the
construction of the expression vector encoding for OmaB was cloned using the Gibson Assembly
method. In cloning method using restriction enzymes, the pair of primers was designed with the
restriction enzymes Notl and ECORI sequences and used to amplify the gene sequence encoding for each
protein. Then, both fragments and vectors were independently digested with the same restriction
enzymes and T4 DNA ligase was used to join cohesive ends, as well as, repair single stranded nicks in
each vector construction (Fig 7.2A). On the other hand, in the molecular cloning method using the
Gibson Assembly (Fig 7.2B), two pairs of primers were designed. One pair of primers was used to
amplify the sequence encoding for the protein from the genomic DNA and containing homology
sequences with the destined vector. The other pair of primers was used to amplify the vector, that
becomes linear and with the homology sequence regions in the 3’ and 5’ end. After these two PCR

cycles, the products were purified and mixed together with the Master Mix Assembly.

A B

Notl \
. . . —- fiss fass
Protein coding region Protein coding region

1. PCR for amplification of protein

\ coding region from genomic DNA
EcoRj 1. PCR for amplification of protein inchiding homology sequences.
coding region from genomic DNA Purification.
including restriction enzymes sequence.
Purification. g
Notl ¥ 2. PCR for amplification of the vector.
Vo — — Digestion of methylated DNA with
Dpnl. Purification.
EcoRl L N
2. Digestion of the fragment and vector
with the same restriction enzymes. [
v Purification. N\
Naotl
— PET22b+ -~ PET22b+
EcoRI -’\"Kl)ﬁ‘
ppeC
\ EcoRI
pVA4203 3. Addition of DNA fragment and
. PpeC vector to Gibson Assembly Master
Mix. Incubation at 50°C for 1h.
v
4. Transformation in E. coli DH5u
- Lo cells. Colony PCR and DNA
3. Ligation and transformation in E. L_L"“ oo I_ 3 N n Hl
coli DHSq cells. Colony PCR and sequencing for selection and

: : : confirmation.
DNA sequencing for selection and ‘

confirmation,

Fig 7.2 Overview of the two molecular cloning methods using to clone the soluble regions of OmcE, OmcS
and OmaB proteins. (A) Cloning with restriction enzymes. The restriction enzymes Notl and EcoRI are
represented in blue and orange, respectively. The vector pVA203, containing the encoding sequence for PpcC are
indicated in green. (B) Gibson Assembly. The homology regions between the DNA fragments and the cloning
vector are indicated in magenta. Genomic DNA and the protein coding region are in black and gray, respectively.
Primers used to amplify the fragment and vector are in gray/magenta and black, respectively.
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The Gibson Assembly cloning method allows insertion of one or more DNA fragments into virtually
any position of the linearized vector and does not rely on the presence of restriction sites within a
sequence to be synthesized or cloned. Furthermore, the Gibson Assembly method is faster compared to

the cloning with restriction enzymes.

The melting temperatures (Tm) were calculated from thermo scientific web tool
(https://www.thermofisher.com/). The primers used for the cloning of the expression vectors encoding
for the three proteins are in Table 7.3. Primers were designed to amplify the fragments of omcE and
omcS using the G. sulfurreducens genomic DNA as template and including the sequence of the
restriction enzymes Notl/EcoRI. Both fragments were cloned into the vector ppcC-pVA203. For cloning
of omaB two pair of primers were designed to amplify i) omaB fragment and with homology sequences

for their assembly into the cloning vector pET22b+, and ii) vector pET22b+.

Table 7.3 DNA templates and primers used to clone the genes encoding for OmcE, OmcS and OmaB. The
temperatures of melting (Tm) for each primer were calculated from thermo scientific web tool
(https://www.thermofisher.com/). Restriction enzymes Notl and EcoRI sequences are highlighted in blue and
orange, respectively. The homology sequences between the DNA fragments and the cloning vector are highlighted
in magenta.

o DNA
Gene Sequence Tm (°C) template
omcE fw 5’CGGGAGCCGGCGGCCGCCAAGAATACCAAG 87 Genomic
Rv 5°CCACCCTTTTCCCGGA CCCCCTACTTCTTGTGGC 85
omcS fw S5S’GTTCGCGGCCGCCTCCGGCGGCGTTG 91 Genomic
Rv 5°GGCGGACCCCGGCGGAATCACA CAGATTGTGGC 90
omaB fw 5'CAGCCGGCGATGGCCGTCCAGATGGCACTG 89 Genomic
Rv 5’CGGGCTTTGTTAGCAGCCGGTTAGTACGTACCAGGAAGGTG 83
fw  5’CCGGCTGCTAACAAAGCCCGAAAGG 77 pET22b+

Rv  5’GGCCATCGCCGGCTGGGC 80

For the cloning method using restriction enzymes, the digested vector and plasmids (Invitrogen) were
purified using E-gel Electrophoresis System (Invitrogen) and NZYMiniprep kit (NZYTech),
respectively. Phusion High-Fidelity DNA polymerase (Finnzymes) was used for amplification from
genomic DNA and Taq DNA polymerase (VWR) for colony PCR. For the Gibson Assembly cloning
method, the vector was incubated with the restriction endonuclease, Dpnl, for 1h at 37°C, to digest the
methylated DNA. The reaction was then stopped after incubation period of 20 min at 80°C. Both PCR
products were purified using the wizard PCR Preps DNA purification system (Promega). Both fragment
and vector were mixed together with the Assembly Mater Mix containing T5 exonuclease (New England
BioLabs), Phusion High-Fidelity DNA polymerase (Finnzymes) and T4 DNA ligase (Fermentas), and
then incubated 1h at 50°C.
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The electrophoretic result after amplification of the gene sequences of omcE (621 bp), omcS (1222
bp), omaB (680 bp) and for the vector pET22b+ (5403 bp) are depicted in Fig 7.3. A negative control

was also performed.

Fig 7.3 Gel electrophoresis of PCR products in 0.8% agarose gel in TAE (Tris-acetate-EDTA) buffer. A)
lane M: 100 bp DNA ladders (New England BioLabs), lane 1: negative control, lane 2: amplification result of
omcE gene sequence (621 bp). B) lane M: 1000 bp DNA ladders (New England BioLabs), lane 1: amplification
result of omcS gene sequence (1222 bp), lane 2: negative control. C) Lane M: 1000 bp DNA ladders (New England
BioLabs), lane 1: amplification result of pET22b+ (5403 bp), lane 2: amplification result of omaB gene sequence
(680 bp).

After both cloning methods, the constructed vectors were transformed in E. coli DH5a competent
cells and plated for selection in LB medium supplemented with ampicillin (100 pg/mL). The resulting
colonies were screened by colony PCR, and those with a PCR product of the correct size were grown in
liquid LB supplemented with ampicillin for plasmid extraction and sequencing. In Table 7.4, the
quantity of each expression vector containing the correct gene sequence of the three membrane proteins

is shown. The production of these three proteins is planning to be carried out in the Laboratory.

Table 7.4 Quantity of each expression vector containing the gene sequence encoding for OmcE, OmcS and
OmaB, measured in the NanoDrop.

Expression vector Quantity (ng/pL)
omcE-pVA203 223.6
omcS-pVA203 227.1
omaB-pET22b+ 53.7
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7.3 Materials and methods
7.3.1 NMR samples preparation and experiments

Samples (1-2 mM) were prepared in 45 sodium phosphate buffer with NaCl, 100 mM ionic strength,
at pH 6.5 (PpcB and PpcE) and 7.1 (PpcD). All NMR samples were prepared in 92%H,0/ 8%°H>O. The
pH of the samples was adjusted by the addition of small amounts of NaO?H or HCI and checked with
a glass micro electrode. The pH values were not corrected for isotope effects. Protein samples for
solution structure determination were prepared with 0.04% sodium azide to avoid bacterial growth. To
observe proteins in the reduced state, the NMR tubes were sealed with a gas-tight serum cap and the air
was flushed out form the sample. The samples were reduced directly in the NMR tube with gaseous
hydrogen in the presence of catalytic amounts of hydrogenase from Desulfovibrio vulgaris

(Hildenborough), as previously described [4, 8].

The NMR experiments were acquired on Bruker Avance III 600 and 800 spectrometers, equipped
with a triple-resonance cryoprobe (TCI). 'H chemical shifts are reported in parts per million (ppm)
calibrated using the water signal as internal reference and the N and "*C chemical shifts calibrated
through indirect referencing [9]. Before and after all 2D and 3D experiments, 1D '"H NMR spectra were
acquired to verify the protein integrity. The pH of the samples was measured before and after each set
of NMR experiments to confirm that pH of the solution is maintained. Spectra were processed using
TOPSPIN software (Bruker Biospin, Karlsruhe, Germany) and analyzed with program Sparky (T. D.
Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco).

NMR acquisition parameters and experiments acquired for the backbone assignment of PpcB, PpcD

and PpcE proteins are summarized in Table 7.5.
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Table 7.5 NMR experiments and acquisition details for the PpcB, PpcD and PpcE backbone resonance
assignment in the reduced state, at 298 K. The NMR experiments acquired in Bruker Avance I1I 600 (PpcB and
PpcE) or 800 (PpcD) spectrometers are indicated. ‘ns’ stands for the number of scans.

Protein NMR Complex points Spectral width (Hz) Frequency offset (Hz) ns
Experiments 'H BN B¢ 'H N 13C 'H I5SN 13C
PpcB 2D 'H,'>N HSQC 2048 128 - 7212 4257 - 2789 8149 - 8
2D 'H,'>N HSQC 2048 128 - 7212 2068 - 2789 7115 - 8
2D 'H,3C HSQC 2048 - 256 7212 - 10564 2789 - 6036 8
3D HNCA 2048 40 128 7212 2068 5282 2789 7115 7847 16
3D HN(CO)CA 2048 40 128 7212 2068 5282 2789 7115 7847 16
3D CBCANH 2048 40 128 7212 2068 10564 2789 7115 6036 24
3D CBCA(CONH 2048 40 128 7212 2068 10564 2789 7115 6036 16
PpcD 2D 'H,’’N HSQC 2048 128 - 9615 6487 - 3801 10945 - 8
2D 'H,’’N HSQC 2048 128 - 9615 2838 - 3801 9567 - 8
2D 'H,'*C HSQC 2048 - 256 9615 - 16095 3801 - 7646 8
3D HNCA 2048 26 100 9615 2838 7042 3801 9567 10463 8
3D HN(CO)CA 2048 26 100 9615 2838 7042 3801 9567 10463 8
3D CBCANH 2048 26 128 9615 2838 14084 3801 9567 8047 16
3D CBCA(CO)NH 2048 26 128 9615 2838 14084 3801 9567 8047 16
PpcE 2D 'H,'>N HSQC 2048 128 - 7212 4866 - 2809 8149 - 8
2D 'H,'>N HSQC 2048 128 - 7212 2311 - 2809 7054 - 8
2D 'H,3C HSQC 2048 - 256 8418 - 12073 2809 - 5734 8
3D HNCA 2048 40 128 8418 2189 5282 2809 7054 7847 16
3D HN(CO)CA 2048 40 128 8418 2189 5282 2809 7054 7847 16
3D CBCANH 2048 40 128 8418 2189 12073 2809 7054 5734 24

3D CBCA(CONH 2048 40 128 8418 2189 12073 2809 7054 5734 24

For backbone and side chain assignments of PpcD the following spectra were acquired: (i) 3D
HCC(H)-TOCSY and 3D HC(C)H-TOCSY, acquired for the '*C, '*N labeled PpcD sample, and (ii) 2D
'H, '"H COSY, 2D 'H, '"H TOCSY (60 ms) and 2D 'H, 'H NOESY (50 ms) for the unlabeled one. The
3D experiments were acquired with 2048 (F3) x 64 (F») x 128 (F,) data points for a sweep width of
9615 (‘H) Hz and 14084 Hz ("*C) with 8 scans per increment. The 2D experiments were acquired with
2048 (F2) x 512 (F)) data points for a sweep width of 11161 Hz with 80, 40 and 64 scans per increment
for the 2D 'H, 'H COSY, 2D 'H, '"H TOCSY and 2D 'H, 'H NOESY, respectively.
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8. Conclusions

The work developed in this Thesis contributed to the structural and functional characterization of
several electron transfer components that participate in G. sulfurreducens extracellular electron transfer
pathways. The important outcomes associated with the biochemical characterization of G.

sulfurreducens cytochromes, including those addressed in this Thesis, are indicated in Fig 8.1.

PpcA-AH,QDS PpeA-MacA
NMR interaction NMR interaction
NMR fingerprints
of OmcF

MR fingerprinty  OmeF solution
of PpeD structure

I | [
; | i | | |

2014 2015 2016 2017

Preliminary biochemical PpcA-AQDS
characterization of PecH NMR interaction

PecH crystal
structure

Fig 8.1 Time line of the important outcomes associated with the biochemical characterization of electron
transfer components of G. sulfurreducens. This time line includes the outcomes obtained before and during the
time course of this Thesis. The contributions obtained from the work developed in this Thesis are highlighted in
green.

The backbone and heme NMR resonance assignment of the proteins studied in this work established
the foundations to obtain high-resolution structures in solution, search for putative redox partners, map
the redox- and pH-linked conformational changes, as well as to study the protein dynamics, which
constitute important steps toward the rationalization of the G. sulfurreducens respiratory chains. The
results obtained from the NMR interaction studies were also supported by molecular docking

calculations.

Humic substances constitute a significant fraction of natural organic matter in terrestrial and aquatic
environments and can act as terminal electron acceptors in anaerobic microbial respiration. G.
sulfurreducens has a remarkable respiratory versatility and can utilize the humic substance analog
anthraquinone-2,6-disulfonate (AQDS) as a terminal electron acceptor or its reduced form (AH,QDS)
as an electron donor. Using stopped-flow measurements we were able to demonstrate that PpcA, PpcB,
PpcD and PpcE electron transfer proceeds in both directions at a similar rate but its extent is

thermodynamically controlled, being more favorable in the case of the reduction of the cytochrome by
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the quinone. Such behavior might confer selective advantage to G. sulfurreducens, which can utilize the
humic substances in any redox state available in the environment for its metabolic needs. The molecular
interaction between the cytochromes PpcA, PpcB, PpcD and PpcE, with AQDS were probed by NMR
chemical shift perturbation experiments in the oxidized state. Although the high sequence identity
shared between this family of cytochromes, the charge distribution in these proteins surface is slightly
different, particularly in the case of PpcE holding the positively charged residues equally distributed in
the heme I and IV faces. Indeed, the results showed that only the region of heme IV, containing several
positively charged lysines, is involved in the interaction between PpcA, PpcB and PpcD, with AQDS.
On the other hand, the results demonstrate that the regions of heme I and heme IV are equally affected
by the presence of AQDS. In addition, this study was also carried out for the PpcA in the reduced state
and AH,QDS, the reduced form of AQDS, showing that this molecule also interacts with reduced PpcA
in the same region of the oxidized PpcA. These redox partners form reversible complexes with low
binding affinity allowing a rapid and selective electron transfer, required for an efficient electron transfer

reaction.

Besides the study of protein-ligand interaction complexes, the molecular interaction between the
diheme cytochrome MacA and the triheme cytochrome PpcA, previously studied by electrochemical
experiments, was also investigated in this work using NMR chemical shift perturbation experiments.
These experiments allowed mapping the specific interacting regions of the redox complex, including
MacA high-potential heme and a cleft defined by hemes I and IV of PpcA. The complex between these
two proteins has a low binding affinity, is reversible and supported by electrostatic interactions, which

are crucial for rapid protein—protein recognition and electron transfer.

Moreover, the solution structure of cytochrome OmcF was determined in the reduced state and
constitutes the first solution structure of an outer membrane cytochrome from G. sulfurreducens. The
most dynamic regions analyzed by '°N relaxation parameters obtained for the backbone NH signals were
identified. The analysis of the chemical shift variation of the backbone and side chain NH signals with
pH allowed mapping of the pH-linked conformational changes caused by protonation/deprotonation of

the redox-Bohr center.

In addition to the study of these proteins involved in electron transfer pathways towards extracellular
terminal acceptors, the recent discovery that the periplasmic cytochrome PccH is crucial for the electron
accepting mechanism from electrodes aroused our interest. Complementary biophysical techniques
including CD, UV-visible and NMR spectroscopy were used to characterize PccH. This preliminary
biochemical characterization anticipated the information about the number of heme groups, its axial
coordination and the amino acids that are involved in the heme axial coordination. The protein stability
was evaluated and the secondary structural elements were probed by circular dichroism. The determined
structure of PccH is unique among the monoheme cytochromes described to date. The structural fold of

PccH can be described as forming two lobes with the heme sandwiched in a cleft between the two lobes.
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8. CONCLUSIONS

The PccH crystal structure determined confirmed all preliminary results and taken together with the
sequence phylogenetic analysis, it was proposed that this cytochrome is the first representative of a new
subclass of class I monoheme c-type cytochromes. The low solvent exposure of the heme group in PccH
might explain its unusual reduction potential values (-35 to +1 mV in the physiological pH range), which
may enable the protein to be redox active at the typically negative potential ranges encountered by G.
sulfurreducens. Because PccH is predicted to be located in the periplasm, it could not be involved in the
first step of accepting electrons from the electrode but is very likely involved in the downstream electron
transport events in the periplasm. Indeed, the reduction potential values of PccH show that the
cytochrome is thermodynamically suitable to bridge the electron transfer from biocathodes to more

electro-positive electron acceptors, such as fumarate.
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A. Appendix

A.1  Supplementary Figures
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Fig A.1 2D 'H,">N HSQC spectra of oxidized PpcB (1.0 mM, pH 5.5), PpcD (1.0 mM, pH 5.9) and PpcE (0.7
mM, pH 6.5). All samples were prepared in 45 mM sodium phosphate buffer, 100 mM ionic strength. The
experiments were acquired in a Bruker Avance 600 at 298K. Black labels represent 'H-'’N connectivities for
protein backbone.
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A.2  Supplementary Tables

A.2.1 NMR assignment of PpcB, PpcD and PpcE proteins in the oxidized state

Table A.1 Backbone assignment (*°N, 'HN, *Ca and 3CB) of PpcB from G. sulfurreducens in the oxidized
state (1.0 mM, 45 mM sodium phosphate buffer pH 5.5, 100 mM ionic strength, 298 K, Bruker Avance I1I
600). The abbreviations RN and RT indicate residue number and residue type, respectively.

Backbone chemical shift (ppm) of oxidized PpcB

RN RT N !'HN BCo BCp 5N 'HN  Ce BCp
1 A - - - - 37 K | 1194 7821 5672 318
2 D - - 5879 4301 38 I | 1281 9504 61.57 39.64
3 T | 1142 9413 6257 7188 39 E | 1317 9388 5844 2925
4 M 125 1049 557 3676 40 G | 1132 8974 4515 -

5 T | 1182 8776 6199 7089 41 F 121 7.642 6146 37.97
6 F 128 9868 5626 3971 42 G - - 4334 -

7 T | 1204 8888 6255 69.78 43 K 121 738  59.04 3224
8 A | 1258 9506 525 2416 44 E | 1176 8913 6155 2924
9 K | 1249 9824 5907 3176 45 M | 1185 8214 59.68 3329

10 N | 1146 9.626 5382 3582 46 A | 1206 7.673 5522 1577
11 G | 1128 9449 4742 - 47 H | 1179 1194 60.86 24.97
12 N 131 1047 5619 3962 48 G | 1121 857 4493 -
13V | 1223 1066 622 3691 49 K | 1246 9016 59.13 326
14 T | 1258 9853 6368 6985 50 S | 1088 7.5 6031 61.75
15 F | 1272 9752 5587 4398 51 C - - 53 3885
16 D | 1311 1173 5548 4161 52 K | 1214 7435 61.65 3438
17  H | 1358 1205 7663 2701 53 G | 1039 8993 4735 -
18 K | 1255 124 6237 3426 54 C | 1191 5878 5744 27.88
19 K | 1241 1134 6123 338 55 H | 1185 9781 60.19 17.29
200 H | 1186 1236 8403 2009 56 E | 1189 9.888 60.44 30.68
21 Q 120.5 10.33 58.1 28.15 57 E 121.4 8.509 59.75 30.07
22 T | 1133 8529 6531 6979 58 M | 1152 9351 578 3288
23 1 | 1192 7982 6316 395 50 K | 1152 8243 5749 29.22
24V | 1216 7914 5877 3057 60 K | 1189 868 5624 3825
25 P . - 6402 3151 61 G | 1047 7183 4064 -
26 D | 1172 6734 5218 413 62 P - - 6349 33.96
27 C | 1233 7066 5535 3242 63 T | 1123 8873 6233 7122
28 A 117.7 8.325 5448 19.6 64 K 123.6 7.99 5495 33.15
29V | 1199 7472 6605 3122 65 C | 1167 6793 56 3427
30 C | 1118 657 5549 371 66 G | 1034 8522 4579 -
31 H | 1185 1194 8449 2754 67 E | 1158 7.046 5673 304
2 G 114 1039 4748 - 68 C 113 6615 5746 3934
33 K | 1233 948 5935 3375 69 H | 1212 1167 8095 2331
34 T | 1135 9282 5974 7146 70 K | 1281 1057 5672 34.94
35 P - - 6559 - 71 K | 13001 9.5 59.07 3421
36 G | 1097 9794 4684 -
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Table A.2 Backbone assignment (°N, 'HN, *Ca and *Cp) of PpcD from G. sulfurreducens in the oxidized
state (1.0 mM, 45 mM sodium phosphate buffer pH 5.9, 100 mM ionic strength, 298 K, Bruker Avance III
600). The abbreviations RN and RT indicate residue number and residue type, respectively.

Backbone chemical shift (ppm) of oxidized PpcD

RN RT N 'HN “Co BCp 5N N Ce  BCp
1 H - - - - 37 G 101.90 7.19 4232 -

2 D 123.60 8.93 55.30 42.71 38 G - - 44.78 -

3 K 122.10 9.11 59.74 35.89 39 K 118.60 8.43 57.01 32.47
4 \% 132.60 10.53 64.12 33.18 40 1 129.90 10.20 61.60 -

5 v 129.00 10.85 61.35 35.70 41 A 133.60 9.14 5427 18.04
6 A" 127.60 9.16 62.85 32.23 42 G 106.70 841 44.65 -

7 L 131.60 9.65 53.17 - 43 M 117.40 6.67 5533 28.92
8 E 124.80 8.47 57.24 30.26 44 G 111.70 597 43.14 -

9 A 124.20 9.54 5248 24.49 45 K 119.90 724 58.75 31.87
10 K 125.30 10.16 59.38 32.07 46 D 118.50 8.70 59.22 40.77
11 N 114.80 10.38 54.28 36.38 47 A\ 121.80 8.78 61.98 30.25
12 G 113.30 9.81 47.76 - 48 A 120.30 8.12 5499 16.08
13 N 13140 1047 56.15 3948 49 H 121.40 1243 6248 24.67
14 A" 122.70 1036 61.63 36.15 50 K 120.10 9.07 59.89 33.57
15 T 125.80 9.72 6428 69.19 51 T 114.70 7.86 65.06 67.39
16 F 127.60 9.69 5847 40.39 52 C 118.80 6.55 5395 3451
17 D 129.50 10.28 5433 43.88 53 T 111.30 6.79 67.09 67.84
18 H 130.80 12.54 8541 1740 54 G 105.20 7.00 47.87 -

19 K 12530 1147 61.92 3243 55 C 119.50 621 57.44 28.50
20 K 118.00 9.14 57.76  33.12 56 H 118.30 994 60.04 13.09
21 H 11740 11.05 80.08 18.26 57 K 120.00 10.05 6046 33.18
22 A 128.20 922 5466 19.81 58 E 121.00 8.44 59.69 29.92
23 G 112.00 10.40 46.12 - 59 M 113.90 922 57.07 33.52
24 \% 111.00 7.15 60.55 32.33 60 G 108.80 8.33 46.66 -

25 K 125.70 8.41 58.42 31.51 61 K 118.60 822 55.02 37.32
26 G 115.40 8.82 4483 - 62 G 104.10 6.88 40.07 -

27 E 121.60 8.78 57.51 28.57 63 P - - 63.03 33.92
28 C 119.40 8.45 56.96 31.69 64 T 111.10 8.83 62.08 71.19
29 K 115.40 8.17 5756 31.17 65 K 123.80 790 54.60 33.17
30 A 122.30 8.06 5437 17.74 66 C 115.90 642 5522 32.62
31 C 108.90 696 54.05 40.63 67 G 103.00 831 45.69 -

32 H 116.50 10.85 9131 14.22 68 E 115.80 699 56.74 3047
33 E 121.90 10.62 60.01 30.95 69 C 113.60 6.69 57.66 39.89
34 T 107.90 9.21 59.54 72.79 70 H 121.00 11.68 79.81 23.67
35 E 118.30 928 5847 28.81 71 K 128.40 1048 56.63 34.46
36 A 117.10 7.35 51.47 18.35 72 K 130.00 9.14 59.03 34.23
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Table A.3 Backbone assignment (*°N, 'HN, 3Ca and 3CB) of PpcE from G. sulfurreducens in the oxidized
state (0.7 mM, 45 mM sodium phosphate buffer pH 6.5, 100 mM ionic strength, 298 K, Bruker Avance III
600). The abbreviations RN and RT indicate residue number and residue type, respectively.

Backbone chemical shift (ppm) of oxidized PpcE

RN RT N 'HN BCog BCBp RN RT BN 'HN BcCa BCp
1 A - - - - 36 G 110.90 9.50 48.34 -
2 D ; - 5943 4228 37 K | 11970 775 5626 31.54
3V | 12310 974 6336 3573 38 1 | 12910 984 6159 39.83
4 I | 12880 1051 6147 4249 39 R | 13030 925 5862 29.65
5 L | 12940 881 5335 43.66 40 N | 11570 867 5287 3673
6 F | 12660 987 5464 3936 41 F | 11940 729 6137 38.07
7 P ; ~ 6316 31.50 2 G - - 4317 -
8 S 117.40 9.31 59.46 67.98 43 K 120.90 7.33 59.14 31.73
9 K 130.20 9.38 59.29 31.62 44 D 118.80 8.69 59.28 40.64
10 N | 11750 946 54.63 3805 45 Y | 12120 851 6150 38.86
11 G |11200 961 4713 - 46 A | 12170 807 5475 15.49
12 A | 13270 1045 5560 20.66 47 H | 12070 1219 62.84 23.54
13V | 12410 1050 62.13 3724 48 K | 12090 922 5997 3351
14 T | 12660 983 6406 68.96 49 T | 11210 78 6398 6761
15 F | 12750 1012 54.65 42.06 50 C | 11950 606 5404 35.05
16 T 124.60 11.29 61.92 68.48 51 K 114.10 5.89 60.35 33.04
17 H 133.90 11.12 80.59 25.07 52 G 103.40 6.76 47.75 -
18 K | 12570 1328 6329 3424 53 C | 11930 661 57.58 27.05
19 R | 12330 1129 61.56 3139 54  H | 11810 10.16 59.89 1636
200 H | 11680 12.87 83.81 2025 55 B | 12010 994 6041 30.65
21 S | 11700 1022 6142 6291 56 V| 12000 862 6610 32.07
22 E | 12060 843 5820 29.84 57 R | 11720 922 5732 303l
23 F | 11350 7.60 5720 38.80 58 G | 109.10 838 4686 -
24 Vv 126.60 8.13 61.96 29.82 59 A 122.70 8.81 52.40 23.09
25 R 120.80 7.57 58.80 29.70 60 G 104.60 7.19 40.58 -
26 E | 11570 736 5461 3045 61 P - - - -
27 C | 12380 729 5592 3153 62 T - - 6189 69.91
28 R | 11660 870 5732 29.65 63 K | 12210 680 5528 33.13
29 S | 11660 7.63 6193 - 64 C | 11810 666 5571 35.14
30 C | 11330 761 5532 38.90 65 K | 11460 849 5740 3137
31 H | 12200 1187 79.62 2581 66 L | 11520 673 5450 4125
32 E 126.90 11.12 60.12 31.23 67 C 114.90 6.73 56.52 37.44
33 K 119.60 9.94 56.71 33.67 68 H 122.60 11.47 7940 22.16
34 T | 11650 874 6176 70.58 69 T | 11620 974 64.09 70.99
35 P - - 6635 30.80 70 G | 11810 1034 4782 -
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Table A.4 Percentage of the backbone assignment of PpcB, PpcD and PpcE in oxidized state. All backbone
NH resonances were assigned except the Ala!, Asp?, Gly** and Cys’!, in the case of PpcB; His', Gly3®, for PpcD;
and for PpcE Ala!, Asp?, Gly*? and Thr® (Fig A.1 and Tables A.1-A.3).

Backbone assignment (%)

Protein I5SN THN 3Cq, 3Cp
PpcB 96 96 99 97
PpcD 99 99 99 95
PpcE 95 95 97 95

197



A. APPENDIX

A.2.2 NMR assignment of the OmcF, PpcB, PpcD and PpcE proteins in the reduced
state

Table A.5 Assignment of 'H, 13C and >N signals of OmcF from G. sulfurreducens in the reduced state (2.0
mM, 45 mM sodium phosphate buffer pH 5.0, 100 mM ionic strength, 298 K, Bruker Avance I1I 800). The
abbreviations RN and RT indicate residue number and residue type, respectively. The chemical shifts were
deposited in the Biological Magnetic Resonance Data Bank (BMRB, http://www.bmrb.wisc.edu) under accession
number 25455.

RN RT Atom Chemical shift (ppm) RN RT Atom Chemical shift (ppm)
20 SER | HA 4.67 29 GLU | H 7.87
HB3 4.30 HA 4.15
CA 60.06 HB2 2.08
CB 62.01 HB3 2.19
21 GLY |H 8.83 HG2 2.33
HA2 3.97 HG3 2.30
CA 43.83 CA 59.47
N 109.86 CB 29.28
22 GLY | H 8.45 CG 36.84
HA2 4.03 N 124.71
HA3 4.04 30 LEU |H 8.18
CA 45.32 HA 4.20
N 109.16 HB2 1.48
23 SER | H 8.59 HB3 2.18
HA 4.53 HDI 1.06
HB2 3.96 HD2 1.05
HB3 3.99 HG 1.83
CA 58.86 CA 58.17
CB 64.20 CB 43.17
N 116.38 CD1 23.70
24 GLY | H 8.56 CD2 26.97
HA2 4.05 CG 26.86
HA3 3.99 N 121.19
CA 45.57 31 PHE | H 8.71
N 110.96 HA 4.25
25 ALA |H 8.12 HB2 2.95
HA 4.39 HDI 7.32
HB 1.41 HEl 6.81
CA 5247 HZ 6.68
CB 19.86 CA 62.13
N 123.98 CB 40.77
26 GLY |H 8.56 N 120.75
HA2 4.30 32 ALA | H 8.34
HA3 4.27 HA 4.11
CA 4481 HB 1.58
N 107.68 CA 55.21
27 GLY | H 8.94 CB 18.00
HA2 3.96 N 122.95
HA3 3.61 33 THR |H 7.87
CA 47.83 HA 3.97
N 107.27 HB 3.99
28 GLY |H 8.66 HG2 0.70
HA2 3.39 CA 66.25
HA3 2.23 CB 69.93
CA 46.90 CG2 20.73
N 108.96 N 111.89
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RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
34 HIS |H 8.24 40 PRO | HA 4.19
HA 5.22 HB2 1.78
HB2 3.46 HB3 1.99
HB3 3.55 HD2 2.57
HD2 7.12 HD3 2.69
HEI 8.06 HG2 1.67
CA 59.04 HG3 1.78
CB 34.11 CA 64.06
N 114.87 CB 30.15
35 CYS |H 8.51 CD 50.59
HA 5.65 CG 27.71
HB2 0.96 41 GLN | H 9.63
HB3 2.06 HA 3.83
CA 55.50 HB2 1.98
CB 37.36 HB3 2.26
N 117.91 HE21 7.46
36 ALA |H 7.23 HE22 6.79
HA 3.11 HG2 2.30
HB 1.46 HG3 2.34
CA 54.70 CA 57.06
CB 19.28 CB 27.06
N 119.56 CG 34.64
37 GLY |H 8.40 N 122.05
HA2 3.78 NE2 111.85
HA3 3.67 42 GLY |H 7.46
CA 46.60 HA2 243
N 105.35 HA3 1.76
38 CYS |H 6.21 CA 44.92
HA 4.56 N 104.40
HB2 0.62 43 GLY | H 7.13
HB3 1.69 HA2 3.70
CA 53.57 HA3 3.25
CB 36.61 CA 43.41
N 114.26 N 107.94
39 HIS |H 6.42 4  ASN | H 8.24
HA 3.50 HA 3.98
HB2 1.00 HB2 1.44
HB3 1.29 HB3 2.39
HDI 8.93 HD21 7.24
HD2 0.52 HD22 5.05
HEl 1.13 CA 53.13
CA 51.07 CB 37.83
CB 28.00 N 119.60
N 113.26 ND2 112.27
ND1 162.23 45 THR | H 8.29
HA 4.00
HB 433
HG2 0.90
CA 62.72
CB 68.31
CG2 22.64
N 115.23
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Table A.5 (cont.)

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
46 VAL |H 8.36 50 LYS |H 8.16
HA 425 HB2 2.24
HB 2.49 HB3 2.45
HGI 1.18 HD2 1.96
HG2 1.39 HD3 2.02
CA 64.99 HE2 3.32
CB 34.17 HE3 3.34
CGl1 21.32 HG2 1.82
CG2 21.91 HG3 1.92
N 123.54 CA 53.36
47 HIS H 7.69 CB 31.89
HA 5.68 CD 29.54
HB2 3.51 CE 42.76
HB3 3.57 CG 2425
HD2 7.69 N 122.86
HE1 8.60 51 THR | H 6.93
CA 50.82 HA 3.47
CB 31.01 HB 4.65
N 118.47 HG2 1.07
48 PRO | HA 4.66 CA 60.85
HB2 2.07 CB 68.98
HB3 240 CG2 22.47
HD2 3.68 N 109.48
HD3 3.84 52 LEU | H 8.24
HG2 2.06 HA 3.96
HG3 1.90 HB2 0.84
CA 65.10 HB3 1.31
CB 32.84 HDI -0.51
CD 51.29 HD2 -0.81
CG 27.21 HG 0.02
49 GLU |H 9.02 CA 54.02
HA 433 CB 40.13
HB2 2.07 CD1 21.50
HB3 2.17 CD2 25.57
HG2 2.32 CG 26.12
HG3 2.46 N 114.65
CA 57.63 53 ALA |H 6.89
CB 29.48 HA 4.03
CG 36.57 HB 1.35
N 114.66 CA 52.77
CB 19.14
N 120.76
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RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
54 ARG | H 7.78 58 GLU | H 8.71
HA 3.68 HA 3.78
HB2 1.90 HB2 2.01
HB3 2.00 HB3 2.09
HD2 3.23 HG2 2.90
HD3 3.26 HG3 2.85
HE 7.55 CA 60.55
HG2 1.44 CB 28.78
HG3 1.64 CG 38.37
CA 61.27 N 119.71
CB 30.96 59 ALA | H 7.54
CD 43.71 HA 4.30
CG 26.94 HB 1.65
N 124.74 CA 54.68
NE 84.71 CB 17.87
55 ALA | H 9.44 N 122.85
HA 4.09 60 ASN | H 7.40
HB 1.43 HA 5.10
CA 55.47 HB2 291
CB 18.27 HB3 331
N 117.66 HD21 7.54
56 ARG |H 7.00 HD22 7.74
HA 4.26 CA 52.63
HB2 1.89 CB 40.29
HD2 3.33 N 114.98
HD3 3.41 ND2 113.48
HE 7.17 61 GLY | H 7.85
HG2 1.77 HA2 4.29
HG3 1.86 HA3 3.76
CA 56.96 CA 46.09
CB 29.18 N 106.22
CDh 42.31 62 ILE H 8.27
CG 26.10 HA 422
N 115.58 HB 1.93
NE 84.25 HD1 0.79
57 ARG | H 8.51 HG12 1.01
HA 4.11 HG13 1.49
HB2 1.72 HG2 0.91
HB3 1.76 CA 60.42
HD2 2.95 CB 37.74
HD3 2.99 CD1 15.26
HG2 1.44 CGl 27.14
HG3 1.46 CG2 19.45
CA 60.48 N 123.56
CB 29.21
CD 42.29
CG 2491
N 117.99
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Table A.5 (cont.)

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
63 ARG |H 9.36 67 ASP | H 8.18
HA 3.31 HA 4.58
HB2 2.05 HB2 2.90
HB3 1.95 HB3 3.31
HD2 3.28 CA 57.37
HD3 7.39 CB 41.14
HE 1.49 N 120.69
HG2 1.61 68 VAL | H 8.06
HG3 57.82 HA 3.71
CA 33.46 HB 2.56
CB 43.31 HG1 1.20
CD 28.79 HG2 1.52
CG 125.94 CA 67.52
N 84.70 CB 31.66
64 ARG | NE 8.50 CGl 22.55
H 4.86 CG2 22.21
HA 4.86 N 121.45
HB 1.32 69 ALA | H 7.95
CA 59.78 HA 4.01
CB 73.18 HB 1.43
N 21.82 CA 55.46
H 111.03 CB 18.28
65 ARG | HA 8.61 N 119.51
HB2 3.46 70 ALA | H 8.06
HD2 2.17 HA 4.14
HD3 1.14 HB 1.51
HE 1.16 CA 54.12
HG2 67.52 CB 18.63
HG3 32.19 N 116.94
CA 21.95 71 TYR | H 8.22
CB 23.22 HA 3.70
CDh 119.58 HB2 2.99
66 ARG | CG 7.96 HB3 3.27
N 3.94 HDI 6.85
NE 1.87 HE1 6.36
H 1.90 CA 61.98
HA 3.25 CB 38.94
HB2 7.28 N 122.26
HB3 1.81 72 ILE H 7.09
HD2 1.69 HA 2.63
HD3 59.66 HB 1.53
HG2 29.54 HDI 0.70
HG3 43.48 HGI2 1.61
CA 28.71 HG13 1.19
CB 117.83 HG2 0.82
CD 84.66 CA 64.05
CB 37.14
CDl 13.83
CGl 25.10
CG2 16.84
N 106.03
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RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
73 ARG | H 6.78 78 GLY | H 7.99
HA 3.88 HA2 428
HB2 1.84 HA3 3.53
HB3 1.81 CA 44.81
HD2 3.11 N 107.90
HD3 3.25 79 MET | H 6.99
HE 6.94 HA 3.81
HG2 1.83 HB2 -3.01
CA 55.55 HB3 -0.51
CB 30.45 HE -2.86
CD 43.28 HG2 -3.32
CG 26.57 HG3 -1.25
N 114.62 CA 50.99
NE 87.06 CB 29.73
74 ASN | H 6.74 CE 15.18
HA 4.48 CG 27.02
HB2 231 N 121.86
HB3 2.37 80 PRO | HA 3.68
HD21 6.57 HB2 0.94
HD22 7.40 HB3 1.70
CA 51.33 HD2 2.73
CB 38.97 HD3 3.56
N 112.64 HG2 1.71
ND2 112.22 HG3 1.87
75 PRO | HA 2.74 CA 61.50
HB2 -0.27 CB 31.00
HB3 0.03 CD 51.63
HD2 2.50 CG 27.05
HD3 2.65 81 ALA | H 7.01
HG2 0.33 HA 3.42
HG3 0.48 HB 0.86
CA 62.17 CA 50.62
CB 32.30 CB 18.92
CD 47.61 N 117.90
CG 24.64 82 PHE | H 8.07
76 GLY | H 6.53 HA 4.36
HA2 4.03 HB2 2.23
HA3 3.87 HB3 243
CA 4436 HDI 6.77
N 102.71 HEl 7.06
77 PRO | HA 4.05 HZ 8.22
HB2 2.14 CA 56.82
HB3 2.12 CB 39.72
HD2 3.53 N 121.72
HD3 3.66 83 GLY |H 8.31
HG2 2.04 HA2 4.20
HG3 2.24 HA3 3.87
CA 63.39 CA 44.61
CB 31.82 N 111.42
CD 49.69
CG 28.01
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Table A.5 (cont.)

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
84 GLU |H 8.95 89 PRO | HA 4.05
HA 3.94 HB2 2.50
HB2 1.94 HB3 2.04
HB3 1.98 HD2 3.72
HG2 2.20 HD3 3.94
HG3 231 HG2 2.15
CA 59.31 HG3 2.15
CB 29.54 CA 67.21
CG 37.31 CB 32.17
N 120.37 CD 50.63
85 ALA | H 8.21 CG 27.67
HA 4.19 90 ALA | H 9.02
HB 1.39 HA 4.16
CA 53.89 HB 1.48
CB 18.23 CA 55.57
N 118.65 CB 18.47
8 MET | H 7.30 N 118.16
HA 4.43 91 ASP |H 7.21
HB2 2.11 HA 4.50
HB3 2.16 HB2 2.63
HE 2.26 HB3 2.75
HG2 2.59 CA 56.64
HG3 2.70 CB 41.04
CA 57.31 N 118.85
CB 34.47 92 ALA |H 8.30
CE 17.73 HA 3.88
CG 32.00 HB 1.46
N 116.03 CA 55.66
87 ILE |H 7.89 CB 17.96
HA 4.57 N 124.43
HB 1.47 93 LEU | H 7.67
HDI 0.14 HA 4.05
HGI12 1.19 HB2 1.67
HG13 0.76 HB3 1.88
HG2 0.72 HD1 0.96
CA 58.06 HD2 0.89
CB 39.87 HG 1.79
CD1 13.15 CA 58.23
CGl 26.92 CB 41.44
CG2 17.75 CD1 25.27
N 115.18 CD2 23.28
88 PRO | HA 5.05 CG 26.99
HB2 2.03 N 117.20
HB3 2.67
HD2 3.59
HD3 4.07
HG2 2.16
HG3 2.03
CA 62.60
CB 31.12
CD 51.38
CG 27.70
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Table A.5 (cont.)

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
94 LYS |H 7.43 98 TYR |H 8.15
HA 423 HA 4.09
HB2 1.75 HB2 3.09
HB3 2.18 HB3 3.19
HD2 1.75 HDI 6.67
HD3 1.89 HEI 6.16
HE2 3.03 CA 62.46
HE3 3.08 CB 38.45
HG2 1.63 N 120.93
HG3 1.91 99 VAL | H 8.94
CA 60.19 HA 3.46
CB 33.00 HB 2.64
CD 30.24 HG1 1.27
CE 42.74 HG2 1.66
CG 25.72 CA 66.37
N 118.85 CB 32.50
95 ILE |H 8.34 CGl 21.80
HA 3.92 CG2 24.79
HB 2.26 N 121.90
HDI 1.12 100 VAL | H 7.98
HGI2 1.64 HA 3.66
HG13 0.90 HB 2.08
HG2 1.57 HGI 0.97
CA 66.51 HG2 1.01
CB 38.52 CA 65.60
CDl 15.17 CB 31.54
CGl 29.20 CGl 21.01
CG2 19.71 CG2 22.32
N 120.49 N 116.82
9% GLY |H 8.81 101 ALA |H 7.73
HA2 4.05 HA 4.11
HA3 3.94 HB 1.31
CA 48.66 CA 54.19
N 108.03 CB 19.63
97 GLU | H 8.90 N 116.89
HA 4.04 102 SER | H 7.23
HB2 2.16 HA 3.78
HB3 2.36 HB2 1.64
HG2 2.50 HB3 2.29
HG3 2.52 CA 60.89
CA 59.66 CB 62.68
CB 29.63 N 109.52
CG 36.64 103 PHE |H 6.86
N 121.62 HA 5.36
HB2 2.78
HB3 2.85
HDI 7.06
HEI 6.50
HZ 6.53
CA 53.69
CB 38.52
N 111.87
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Table A.5 (cont.)

RN RT Atom  Chemical shift (ppm)
104 PRO | HA 4.58
HB2 2.11
HB3 2.17
HD2 3.45
HD3 3.76
HG2 1.88
HG3 1.91
CA 64.96
CB 32.52
CD 50.99
CG 26.71
HEME | 2'CH3 3.63
3'H 5.48
3°CH; 1.13
SH 10.08
7'CH; 4.05
8'H 6.16
8CHs 2.48
10H 9.38
12!CH; 3.12
13'CH,  4.18
4.45
132CH, 287
3.29
15H 9.58
17'"CH,  2.62
4.15
17°CH: 196
3.06
18'CH;  3.01
20H 9.32
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Table A.6 Backbone assignment (N, 'HN, *Ca and *CB) of PpcB from G. sulfurreducens in the reduced
state (1.0 mM, 45 mM sodium phosphate buffer pH 6.5, 100 mM ionic strength, 298 K in a Bruker Avance
I1I 600). The abbreviations RN and RT indicate residue number and residue type, respectively.

Backbone chemical shift (ppm) of reduced PpcB

ISN lHN 13C(l 13CB ISN lHN ISC(I ISCB
1 A - - - - 37 K 117.40 794 56.69 32.69
2 D - - 56.19 404 38 I 127.80  10.01 60.90 39.15
3 T 110.60 723  60.21 70.62 39 E 130.90 8.69  58.35 29.05
4 M 123.00 871 54.64 36.39 40 G 11330  9.12  45.33 -
5 T 117.60 843  61.58 70.43 41 F 121.30 8.00 62.36 39.07
6 F 128.80  9.68 56.12 40.02 42 G 114.00 576  44.55 -
7 T 120.10  9.01 62.25 69.49 43 K 122.60 892 59.25 3343
8 A 125.60  8.13  51.65 20.63 44 E 11470 798 59.34 28.07
9 K 12520 1024 5897 32.01 45 M 117.30  7.54  59.38 33.65
10 N 113.70 897  52.63 34.67 46 A 122.10 7.80 54.74 18.92
11 G 110.00 694 44.13 - 47 H 113.10 694 5347 2691
12 N 126.90 823  53.69 38.08 48 G 10930 6.72  43.71 -
13 v 121.60 856  60.69 34.97 49 K 123.50 859 59.00 32.78
14 T 125.60  9.22 6342 69.06 50 S 110.10 797  62.90 -
15 F 128.70 923  54.68 43.82 51 C 11090 6.64 57.82 36.98
16 D 12790 846 51.55 38.87 52 K 120.70 796  59.67 32.83
17 H 130.70 639  56.75 28.23 53 G 101.60 832  46.75 -
18 K 118.50 725 57.89 31.01 54 C 121.10 654  58.27 29.32
19 K 120.10  7.51 5850 31.17 55 H 117.60 528  55.07 27.35
20 H 116.80 6.46 6133 2631 56 E 116.60 796  59.12 29.78
21 Q 116.80  7.10 57.67 27.48 57 E 120.80  7.62  59.29 30.04
22 T 111.00 6.99 6434 69.33 58 M 11540 895 5741 3292
23 I 11990 7.13  63.53 39.11 59 K 11420 7.68 57.17 28.94
24 \'% 122.70  8.12 60.02 32.18 60 K 119.00 7.70 5590 37.65
25 P - - 6495 32.14 61 G 104.40 7.68 42.58 -
26 D 116.20  7.47 5335 4295 62 P - - 63.08 34.55
27 C 12320 850 5691 34.17 63 T 109.30 830 61.76 70.70
28 A 117.10 833 5337 18.92 64 K 124.10 840 55.69 33.83
29 v 119.80 7.82  66.56 32.34 65 C 118.00 875 5825 33.60
30 C 112.60 631 54.82 37.17 66 G 102.30  8.87 45.33 -
31 H 113.70 694 56.15 29.04 67 E 11640 7.71 57.09 30.71
32 G 109.70 798  45.87 - 68 C 11420 648 57.00 36.78
33 K 122.50 824 57.82 3294 69 H 11790  7.03 5485 26.06
34 T 11140 7.44 58.03 70.32 70 K 12420 732 5494 3346
35 P - - - - 71 K 12840 791 5797 33.34
36 G 109.80 4.03 43.94 -
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Table A.7 Assignment of 'H, 1*C and '*N signals of PpcD from G. sulfurreducens in the reduced state (2.0
mM, 45 mM sodium phosphate buffer pH 7.1, 100 mM ionic strength, 298 K, Bruker Avance III 800). The
abbreviations RN and RT indicate residue number and residue type, respectively. The chemical shifts were
deposited in the Biological Magnetic Resonance Data Bank (BMRB, http://www.bmrb.wisc.edu) under accession
number 19985.

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
1 HIS | CA 56.00 6 VAL | CA 62.19
CB 33.11 CB 31.79
HA 3.17 CGl1 20.99
HB2 1.45 CG2 21.00
HB3 2.39 HA 4.51
2 ASP | CA 52.21 HB 1.91
CB 40.99 HN 8.57
HA 3.75 N 126.26
HB2 1.99 QGl1 0.80
HB3 2.14 QG2 0.68
3 LYS | CA 56.18 7 LEU | CA 53.90
CB 33.21 CDl1 24.61
CD 28.33 CD2 26.77
CE 41.89 HA 4.80
CG 24.14 HB3 2.37
HA 3.40 HG 2.13
HB2 0.16 HN 9.70
HB3 0.56 N 132.66
HD2 1.18 QDI 1.55
HD3 1.26 QD2 1.69
HE2 2.77 8 GLU | CA 56.70
HG2 0.69 CB 29.80
HG3 0.74 CG 37.02
HN 5.16 HA 4.04
N 118.36 HB2 1.88
4 VAL | CA 61.82 HB3 1.95
CB 31.43 HG2 2.01
CGl1 21.25 HG3 2.30
HA 4.02 HN 8.58
HB 1.55 N 124.70
HN 8.33 9 ALA | CA 51.13
N 128.92 CB 20.83
QGl1 0.41 HA 4.73
5 VAL | CA 60.60 HN 7.98
CB 34.83 N 124.11
CGl1 21.72 QB 0.77
CG2 20.23
HA 421
HB 2.02
HN 9.02
N 128.43
QG1 1.16
QG2 0.56
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RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
10 LYS | CA 58.79 15 THR | CA 63.35
CB 31.80 CB 68.85
CD 29.18 CG 21.51
CE 42.01 HA 4.66
CG 24.70 HB 3.97
HA 3.87 HN 9.11
HB2 1.77 N 125.03
HB3 1.79 QG2 0.83
HD2 1.71 16 PHE | CA 56.97
HD3 1.75 CB 41.66
HE2 3.00 HA 4.29
HG2 1.48 HB2 2.69
HG3 1.52 HB3 2.92
HN 10.03 HN 9.26
N 124.91 N 128.98
11 ASN | CA 52.33 17 ASP | CA 50.55
CB 3441 CB 41.75
HA 4.13 HA 3.72
HB2 1.83 HB2 1.65
HB3 1.98 HB3 1.83
HD21 0.78 HN 7.08
HD22 5.33 N 125.45
HN 8.84 18 HIS |CA 61.47
N 113.53 CB 26.55
ND2 107.95 HA 1.30
12 GLY | CA 44.04 HB2 0.71
HA1 2.94 HB3 1.12
HA2 3.33 HD1 9.03
HN 6.80 HD2 091
N 109.79 HE1 1.50
13 ASN | CA 53.61 HN 6.31
CB 38.00 N 125.24
HA 4.33 ND1 164.61
HB2 2.29 19 LYS |CA 58.79
HB3 2.56 CB 30.25
HD21 6.84 CD 28.16
HD22 7.16 CE 40.48
HN 8.03 CG 23.97
N 126.96 HA 3.36
ND2 109.87 HB2 1.22
14 VAL | CA 60.59 HD2 1.30
CB 34.76 HD3 1.33
CGl1 21.34 HE2 2.64
CG2 18.41 HG2 0.86
HA 423 HG3 0.94
HB 2.17 HN 7.59
HN 8.55 N 118.03
N 122.45
QGl1 1.59
QG2 -0.94

209



A. APPENDIX

Table A.7 (cont.)

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
20 LYS | CA 55.09 25 LYS | CA 58.76
CB 31.11 CB 32.00
CD 28.35 CD 29.50
CE 42.00 CE 42.14
CG 2438 CG 24.84
HA 3.40 HA 4.19
HB2 0.30 HB2 2.01
HB3 0.55 HB3 2.04
HD2 1.29 HD2 1.83
HD3 1.45 HE2 3.07
HE2 2.78 HG2 1.49
HG2 0.72 HG3 1.64
HG3 0.84 HN 8.99
HN 5.54 N 125.85
N 114.74 26 GLY | CA 45.02
21 HIS CA 56.38 HA1 3.57
CB 27.55 HA2 4.19
HA 291 HN 8.94
HB2 0.49 N 115.24
HB3 2.16 27 GLU | CA 57.89
HD1 6.67 CB 28.41
HD2 0.98 CG 37.31
HE1 1.16 HA 4.04
HN 5.87 HB2 2.50
N 113.88 HB3 2.71
NDI 162.42 HG2 2.64
22 ALA | CA 53.41 HG3 2.68
CB 18.23 HN 8.98
HA 4.13 N 120.82
HN 6.37 28 CYS | CA 56.37
N 122.80 CB 33.83
QB 1.14 HA 5.43
23  GLY | CA 45.51 HB2 2.25
HAI 3.85 HB3 2.38
HA2 4.17 HN 8.55
HN 9.30 N 118.19
N 109.47 29 LYS |CA 56.68
24 VAL | CA 61.69 CB 30.54
CB 33.27 CD 28.78
CGl 22.79 CE 41.29
CG2 18.55 CG 25.35
HA 4.52 HA 4.24
HB 2.84 HB2 1.60
HN 6.77 HB3 1.84
N 112.47 HD2 1.49
Qa1 1.14 HE2 2.83
QG2 1.23 HE3 2.86
HG2 0.75
HG3 1.18
HN 7.57
N 112.98
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RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
30 ALA | CA 55.35 36 ALA | CA 51.79
CB 19.14 CB 19.05
HA 4.23 HA 4.18
HN 8.33 HN 7.29
N 123.25 N 117.90
QB 2.09 QB 1.07
31 CYS | CA 54.65 37 GLY | CA 42.23
CB 39.33 HALI -0.84
HA 4.48 HA2 1.50
HB2 0.87 HN 6.27
HB3 2.34 N 104.05
HN 6.38 38 GLY | CA 43.14
N 111.25 HA1 3.31
32 HIS |CA 53.75 HA2 3.89
CB 29.71 HN 3.77
HA 3.09 N 108.64
HB2 1.12 39 LYS |CA 55.97
HB3 1.37 CB 31.81
HDI 8.09 CD 27.97
HD2 0.70 CE 42.04
HEI 1.54 CG 2430
HN 6.92 HA 3.90
N 114.85 HB2 1.53
NDI 162.48 HD2 1.75
33 GLU | CA 58.30 HE2 3.09
CB 30.04 HG2 1.44
CG 36.39 HG3 1.48
HA 3.67 HN 7.63
HB2 1.64 N 114.78
HB3 1.69 40 ILE |CA 60.93
HG2 1.98 CB 38.58
HG3 2.02 CD1 11.80
HN 7.52 CGl 27.88
N 117.38 CG2 15.05
34 THR | CA 58.59 HA 3.40
CB 72.62 HB 0.94
CG 20.79 HGI2 -0.65
HA 4.34 HGI13 0.38
HB 4.13 HN 9.68
HN 7.01 N 129.37
N 105.55 QD1 -1.06
QG2 0.84 QG2 -0.43
35 GLU | CA 58.00 41 ALA | CA 53.98
CB 28.60 CB 17.82
CG 36.32 HA 3.83
HA 3.57 HN 8.43
HB2 1.95 N 133.23
HB3 2.02 QB 1.13
HG2 2.20
HG3 2.26
HN 8.95
N 117.15
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Table A.7 (cont.)

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
42  GLY | CA 44.82 47 TRP | CA 61.95
HAI 3.50 CB 30.95
HA2 3.76 HA 3.68
HN 8.35 HB2 3.17
N 107.06 HB3 3.19
43  MET | CA 56.30 HDI 7.01
CB 30.05 HEl 9.87
CE 18.02 HE3 7.54
CG 32.09 HH2 7.40
HA 3.87 HN 8.26
HB2 1.88 HZ2 7.56
HB3 2.01 HZ3 7.54
HG2 2.73 N 120.82
HG3 2.85 NEI 129.58
HN 6.98 48 ALA | CA 55.10
N 118.11 CB 19.38
QE 2.17 HA 4.37
4  GLY | CA 44.50 HN 8.63
HA1 4.52 N 122.73
HA2 4.51 QB 1.42
HN 7.65 49 HIS |CA 54.83
N 113.99 CB 26.17
45 LYS | CA 59.45 HA 2.79
CB 33.29 HB2 1.34
CD 29.32 HB3 1.47
CE 41.75 HN 7.39
CG 22.52 N 116.11
HA 2.56 50 LYS | CA 58.51
HB2 1.33 CB 32.64
HB3 1.75 CD 28.85
HD2 1.10 CE 41.82
HD3 1.14 CG 2431
HE2 2.18 HA 3.58
HE3 231 HB2 1.37
HG2 -1.65 HD2 1.25
HG3 -0.82 HD3 1.31
HN 9.00 HE2 2.62
N 121.95 HG2 0.88
46  ASP | CA 57.06 HG3 1.01
CB 39.60 HN 6.69
HA 3.42 N 117.70
HB2 2.24 51 THR | CA 66.50
HB3 2.27 CB 69.56
HN 7.78 CG 21.32
N 115.52 HA 3.55
HB 3.12
HN 7.99
N 116.14
QG2 1.25

212



Table A.7 (cont.)

A. APPENDIX

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
52 CYS | CA 58.43 58 GLU | CA 59.19
CB 35.21 CB 29.69
HA 4.25 CG 36.08
HB2 2.24 HA 3.88
HB3 291 HB2 2.06
HN 8.44 HB3 2.07
N 121.68 HG2 2.20
53 THR | CA 64.66 HG3 2.25
CB 66.19 HN 7.45
CG 23.40 N 120.44
HA 242 59 MET | CA 56.30
HB 3.52 CB 33.88
HN 6.22 CE 17.30
N 107.83 CG 32.19
QG2 0.68 HA 4.42
54 GLY | CA 46.85 HB2 297
HAI 3.23 HB3 3.35
HA2 3.63 HG2 227
HN 6.07 HN 8.74
N 103.44 N 114.24
55 CYS |CA 58.01 QE 2.49
CB 28.96 60 GLY | CA 45.97
HA 4.30 HA1 3.57
HB2 2.32 HA2 3.89
HB3 3.61 HN 7.67
HN 6.67 N 107.95
N 121.36 61 LYS | CA 54.98
56 HIS CA 55.38 CB 37.15
CB 27.67 CD 29.70
HA 3.60 CE 42.45
HB2 1.26 CG 24.72
HDI 9.36 HA 4.26
HD2 0.94 HB2 1.62
HEl 1.42 HB3 2.02
HN 5.94 HD2 1.93
N 116.97 HE2 3.16
ND1 164.67 HG2 1.48
57 LYS |CA 59.27 HG3 1.52
CB 32.07 HN 7.34
CD 29.07 N 118.81
CE 41.66 62 GLY | CA 42.12
CG 25.69 HALI 1.16
HA 3.54 HA2 2.52
HB2 1.47 HN 7.43
HB3 1.53 GLY | N 104.05
HD2 1.33
HE2 2.61
HG2 1.09
HG3 1.20
HN 7.91
N 117.68
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Table A.7 (cont.)

RN RT  Atom Chemical shift (ppm) RN RT  Atom Chemical shift (ppm)
63 PRO | CA 62.71 68 GLU | CA 57.07
CB 34.13 CB 30.65
CD 48.39 CG 37.72
CG 28.92 HA 4.05
HA 3.87 HB2 2.01
HB2 1.85 HB3 2.28
HB3 1.89 HG2 2.12
HD2 -0.70 HG3 2.21
HD3 243 HN 7.61
HG2 0.96 N 116.47
HG3 1.78 69 CYS | CA 56.75
64 THR | CA 61.51 CB 36.42
CB 70.65 HA 4.57
CG 21.65 HB2 1.36
HA 4.33 HB3 2.00
HB 3.99 HN 6.35
HN 8.17 N 114.38
N 108.44 70 HIS |CA 54.71
QG2 0.56 CB 25.68
65 LYS | CA 55.66 HA 2.53
CB 33.51 HB2 0.89
CD 28.96 HB3 1.11
CE 42.06 HDI 8.77
CG 25.12 HD2 0.60
HA 5.02 HEl 0.74
HB2 1.59 HN 6.78
HB3 2.00 N 117.43
HD2 1.63 ND1 165.91
HE2 2.90 71 LYS | CA 54.66
HG2 1.41 CB 33.05
HG3 1.47 CD 28.69
HN 8.34 CE 42.41
N 124.74 CG 24.23
66 CYS | CA 57.89 HA 4.17
CB 33.40 HB2 1.51
HA 4.81 HD2 1.42
HB2 2.61 HE2 2.79
HB3 2.72 HE3 2.83
HN 8.65 HG2 1.07
N 118.14 HN 7.15
67 GLY | CA 4523 N 124.62
HAI 3.41
HA2 3.87
HN 8.74
N 102.05
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RN RT Atom  Chemical shift (ppm) RN RT Atom  Chemical shift (ppm)
72 LYS CA 57.80 III HEME | 2'CH; 4.36
CB 33.25 3'H 6.49
CD 28.95 3°CH; 2.68
CE 42.05 SH 9.54
CG 24.71 7'CH; 3.76
HA 3.78 8'H 6.45
HB2 1.39 8CH; 2.80
HB3 1.51 10H 9.69
HD2 1.35 12!CH; 3.34
HE2 2.70 13! CH 2.90
HG2 1.08 4.06
HN 7.74 132 CH, 2.78
N 128.46 3.55
15H 9.21
I HEME | 2'CH; 3.17 17'CH, 3.10
3'H 6.01 4.19
32CH; 2.18 17°CH, 3.85
5H 9.67 -
7'CH; 3.37 18!CHs 3.71
8'H 5.33 20H 9.95
82CHj; 1.47
10H 7.94 IV HEME | 2'CH; 3.52
12'CH; 2.74 3'H 5.82
13! CH 2.42 3°CH; 1.94
3.68 SH 8.92
132 CH 3.19 7'CH; 2.82
4.47 8'H 6.12
15H 9.45 82CH; 1.34
17'CH, 3.90 10H 9.24
4.14 12'CH; 3.75
17°CH, 2.84 13! CH, 3.01
3.07 3.56
18!CHs 3.09 132 CH, 2.56
20H 8.72 4.16
15H 9.39
17'CH, 2.97
3.89
17°CH, 3.25
4.40
18!CHs 3.23
20H 9.31
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Table A.8 Backbone assignment (N, 'HN, *Ca and *CB) of PpcE from G. sulfurreducens in the reduced
state (0.7 mM, 45 mM sodium phosphate buffer pH 6.5, 100 mM ionic strength, 298 K in a Bruker Avance
I1I 600). The abbreviations RN and RT indicate residue number and residue type, respectively.

Backbone chemical shift (ppm) of reduced PpcE

RN RT BN 'HN BCa BCp RN RT BN 'THN BcCa BcCp

1 A - - - - 36 G 110.70  4.09 44.26 -

2 D - - 56.12  40.00 37 K 118.10 820 56.74 32.04
3 v 120.00 7.41 60.98 34.46 38 I 129.20 10.52 61.18 39.51
4 I 126.80 859 60.60 41.48 39 R 129.70 872  58.68 29.53
5 L 12850 828  53.11 43.36 40 N 11580 8.69 5286 36.89
6 F 127.40 975 5446 39.90 41 F 120.00 7.78  62.50 39.34
7 P - - 62.63 31.60 42 G 11430 585 4442 -

8 S 11450 812 5831 65.76 43 K 12280  9.03  59.39 32.93
9 K 128.10 9.87 58.64 32.26 44 D 116.40 7.86 5732 39.45
10 N 11590 7.78 5198 38.19 45 Y 120.10 803 6139 39.25
11 G 107.90 6.83  43.25 - 46 A 12290 831 5480 19.06
12 A 130.00 837 53.19 1942 47 H 116.50  7.58 5532 26.17
13 v 12250 853  60.68 36.10 48 K 11830 6.92  58.58 32.95
14 T 12580 924 63.64 68.76 49 T 11580 833  66.63 69.96
15 F 127.40  9.49 5433 4244 50 C 121.50  8.00 59.10 34.86
16 T 120.00 743  58.07 65.51 51 K 11430 6.17 58.71 31.67
17 H 127.40 587 59.04 27.28 52 G 100.50  6.01  46.83 -

18 K 11890 7.63 58.79 30.97 53 C 121.00 6.83 5811 29.06
19 R 11950 7.55 58.84 29.07 54 H 116.60 592 55.06 27.64
20 H 11440 694 5822 26.62 55 E 117.40 784 59.17 29.78
21 S 11330 7.01 61.09 62.40 56 v 11920 7.73  65.55 32.09
22 E 11990 697 57.87 29.44 57 R 11770 8.86  57.64 30.55
23 F 11420 698 57.65 38.89 58 G 108.00 7.70  46.32 -

24 v 127.80 851 64.02 31.77 59 A 12280 7.63 51.85 22.60
25 R 121.10 826  59.77 30.01 60 G 103.90 7.47  42.45 -

26 E 116.80 840 55.58 31.51 61 P - - 62.87 33.52
27 C 12450 8.63 57.39 33.39 62 T 110.50 884 61.40 69.41
28 R 11540 854 5632 29.19 63 K 12250 723 56.09 33.73
29 S 11690 8.06 63.01 63.72 64 C 119.80  8.64 58.02 34.62
30 C 11450 6.89  54.63 39.02 65 K 113.50  8.73  56.55 31.02
31 H 11880 7.09 54.08 27.14 66 L 11580 738 55.01 4223
32 E 12350 820 5841 30.00 67 C 115.00 6.59 57.01 35.69
33 K 118.00 7.86 55.07 32.67 68 H 11890 720 53.87 24.73
34 T 11480 738 60.58 70.11 69 T 11290 7.47 62.43 70.30
35 P - - 70 G 116.60 832  46.52 -
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