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Abstract

ABSTRACT

Geobacter species show an impressive respiratory versatility and can sustain their
growth by using insoluble extracellular compounds as terminal electron acceptors. The
genome of Geobacter sulfurreducens has been completely sequenced and it revealed an
unprecedented number of putative c-type cytochromes, 73 of which with more than one
heme binding site. Although numerous electron transfer proteins have been identified, the
electron transfer pathways that allow G. sulfurreducens to obtain energy are still far from
being understood.

Five homologous triheme cytochromes (PpcA-E) were identified in G. sulfurreducens
periplasm and gene knockout studies revealed their involvement in Fe(lll) and U(VI)
extracellular reduction. This thesis focuses on the characterization of these proteins, with
special emphasis on PpcA, the most abundant in G. sulfurreducens’ periplasm.

PpcA, PpcB, PpcD and PpcE were thermodynamically characterized in detail using
Nuclear Magnetic Resonance and ultraviolet-visible spectroscopy. The results obtained
showed that PpcA and PpcD were able to perform e /H" energy transduction in addition to
their role in the electron transfer pathways. No evidence for coupling of e /H" transfer was
observed for PpcB and PpcE. The functional implications of these results are discussed.

PpcA solution structure in the fully reduced state was determined using NMR
spectroscopy and the redox-Bohr center responsible for controlling the e /H" transfer was
identified, as well as the putative interacting regions between PpcA and its redox partners.

In order to elucidate the physiologic function of PpcA individual key residues and
understand its functional mechanism, a family of mutants covering the entire protein was
prepared using site-directed mutagenesis. The results obtained revealed how proper tuning
of the reduction potentials of the heme groups is fundamental to achieve concerted e /H*

transfer.

Keywords: Geobacter, electron transfer, multiheme cytochromes, NMR, protein

structure, site-directed mutagenesis
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Resumo

REsSuMO

As bactérias do género Geobacter apresentam uma versatilidade respiratéria
impressionante. Estas conseguem crescer usando compostos extracelulares insollveis como
aceitadores finais de electrdes. O genoma de Geobacter sulfurreducens foi sequenciado e
possui um ndmero nunca antes observado de possiveis citocromos do tipo ¢, 73 dos quais
contendo mais do que um local de ligagdo para grupos hemo. Apesar de inUmeras proteinas
de transferéncia electronica terem sido identificadas, pouco se sabe sobre os caminhos de
transferéncia electrénica que permitem a esta bactéria obter energia para o seu crescimento.

Cinco citocromos trihémicos homoélogos (PpcA-E) foram identificados no periplasma de
G. sulfurreducens e estudos de crescimento com delecdo dos genes que os codificam
revelaram o seu envolvimento na reducdo extracelular de Fe(lll) e U(VI). Esta tese tem
como objectivo a caracterizacdo destas proteinas, com especial relevo no citocromo PpcA, o
mais abundante no periplasma de G. sulfurreducens.

Os citocromos PpcA, PpcB, PpcD and PpcE foram caracterizados termodinamicamente
pela utilizacdo de espectroscopias de Ressonancia Magnética Nuclear e ultravioleta-visivel.
Os resultados obtidos mostram que os citocromos PpcA e PpcD tém as propriedades
necessarias para efectuar transducdo de energia e /H" para além do seu papel nos caminhos
de transferéncia electrénica. No entanto, ndo foram encontradas evidéncias para a
transferéncia acoplada e /H" para os citocromos PpcB e PpcE. As implicacbes funcionais
destes resultados séo discutidas.

A estrutura do citocromo PpcA em solu¢do no estado reduzido foi determinada por
espectroscopia de RMN e o centro redox-Bohr responsavel pelo controlo da transferéncia
acoplada e/H™ foi identificado, assim como as possiveis regifes de interaccido entre o PpcA e
0S seus parceiros redox.

Com o objectivo de elucidar a funcédo fisiolégica de residuos individuais no citocromo
PpcA e compreender o seu mecanismo funcional, uma familia de proteinas mutadas em
diversos residuos em toda a proteina foi preparada por mutagénese dirigida. Os resultados
obtidos revelaram que a regulagdo precisa dos potenciais de redugdo dos grupos hemo é

essencial para que ocorra transferéncia acoplada de e /H™.

Palavras chave: Geobacter, transferéncia de electrbes, citocromos multihémicos,

Resonéancia Magnética Nuclear, estrutura de proteinas, mutagénese dirigida
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Dissimilatory metal reduction is the process by which microorganisms couple the
oxidation of organic matter with the reduction of metal ions for other purposes than its
assimilation into cellular components. These processes play important roles in the
biogeochemical cycles of metals as iron, manganese, uranium and chromium [1].

Geobacter species show an impressive respiratory versatility. These bacteria are able to
sustain their growth by using extracellular compounds, as Fe(III), U(VI) or Mn(IV) oxides, as
terminal electron acceptors, in addition to the more frequent respiratory processes, which
use both soluble electron donors (e.g. acetate) and acceptors (e.g. fumarate) [1,2]. Some of
these compounds are toxic or radioactive, making this organism a potential target for
bioremediation and biotechnological applications.

Based on these skills and the fact that these bacteria are highly enriched in subsurface
environments, several bioremediation applications towards the decontamination of different
environments have been developed [2-4]. This includes the reduction of soluble U(VI) to
insoluble U(IV) for the immobilization of uranium in contaminated ground waters [5,6] and
the anaerobic benzene degradation in petroleum-contaminated aquifers [7]. These strategies
rely on the stimulation of Geobacter growth by addition of an electron donor to the
groundwater [4].

Geobacter species are also being used to harvest electricity from aquatic sediments and
waste organic matter by growing with electrodes as electron acceptors in microbial fuel cells
[8-11]. This characteristic of Geobacter as “The microbe electric” was highlighted as one of

the 50 best inventions of 2009 by the Time Magazine.

1.1 The bacterium Geobacter sulfurreducens

The bacterium Geobacter sulfurreducens (G. sulfurreducens) PCA was described for the
first time in 1994 after being isolated from surface sediments of hydrocarbon-contaminated
ditch near Norman, Oklahoma, USA [12]. This was the first bacterium described that couples
the oxidation of acetate or hydrogen to the reduction of Fe(IIl). Phylogenetic analysis of its
16S rRNA placed G. sulfurreducens in the subgroup of 5-proteobacteria [12].

The genome of G. sulfurreducens has been sequenced and it revealed an unprecedented
number of 111 putative c-type cytochromes, 73 of which with more than one heme binding
site [13]. G. sulfurreducens is the microorganism with the largest number of c-type
cytochrome genes [14]. The co-existence of such a large number of multiheme cytochromes
might help the organism to efficiently use a diverse range of respiratory pathways and
highlights their involvement in a broad range of essential cellular functions.

In the last years, G. sulfurreducens DL1 (wild-type strain maintained for many transfers
in laboratory) has been used as a model for the study of Geobacteraceae because a genetic
system was developed for this bacterium [15]. This system allows the mutagenesis of the

chromosome by gene replacement, to introduce foreign DNA by electroporation and to



Structural and functional studies of PpcA

express proteins from extrachromossomal elements. These advances enabled to study the

effect of the deletion of some genes, as well as their expression in trans.

1.2 Extracellular electron transfer

Many of the terminal electron acceptors that can be used by G. sulfurreducens are
insoluble and, thus, unable to diffuse inside the cells. Therefore, reduction of these acceptors
cannot occur in the periplasm as for soluble acceptors, and requires electron transfer across
the outer membrane [16,17].

To assist electron transfer to the cell exterior, the spatial disposition of the redox
components in G. sulfurreducens cells differs from that of the majority of other
microorganisms. In fact, in addition to the usual location in the inner membrane and
periplasmic space, multiheme cytochromes have been identified in G. sulfurreducens’ outer
membrane [18].

Although numerous electron transfer proteins have been identified in G. sulfurreducens,
the electron transfer pathways that allow this microorganism to obtain energy are still far
from being understood. It is essential to obtain a detailed characterization of G.
sulfurreducens electron transfer proteins before understanding these electron transfer
mechanisms and delineate their physiological roles. Insights into electricity production
mechanisms can arise from the elucidation of the cellular strategies that allow energy
production from the reduction of natural extracellular terminal acceptors [9]. This is of major

interest for the design of improved biotechnological applications.

1.3 Gene knockout and proteomic studies in G. sulfurreducens

Several studies have been made in order to identify the proteins involved in the
different reduction pathways used by G. sulfurreducens. Proteomic analysis under different
growth conditions and gene deletion studies were performed, with special focus on c-type
cytochromes since these proteins may play an important role in electron transfer to

extracellular electron acceptors. The results of these studies are summarized in Table 1.1.

Table 1.1 - Summary of gene knockout and proteomic studies on G.
sulfurreducens c-type cytochromes.

Predicted Predicted
Protein number rect i i
GSU number) of heme cellular Gene knockout and proteomic studies
( localization
groups
PpcB 3 Periplasm Detected in both Fe(III) citrate and Fe(III) oxide
(GSU0364) cultures, but more abundant in Fe(III) citrate [19].

Double deletion mutant with PpcC has U(VI) reduction
affected [20].

PpcC 3 Periplasm Double deletion mutant with PpcB has U(VI) reduction
(GSU0365) affected [20].
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Table 1.1 (cont.) — Summary of gene knockout and proteomic studies on G.
sulfurreducens c-type cytochromes.

Predicted
Protein number
of heme
groups

Predicted
cellular
localization

Gene knockout and proteomic studies

(GSU number)

MacA 2 Periplasm Deletion mutant reduction of U(VI) is affected [20].
(GSU0466) Deletion mutant growth on Fe(III) citrate is impaired,
by affecting OmcB expression [21].
More abundant during growth with Fe(III) oxides vs.
Fe(III) citrate as electron acceptor [19].
PpcA 3 Periplasm Deletion mutant U(VI) and AQDS reduction is affected
(GSU0612) when acetate is electron donor [22].
Deletion mutant Fe(III) oxides reduction is affected
[20].
Detected in both Fe(IIl) citrate and Fe(III) oxide
cultures [19].
GSU0616 8 Periplasm Deletion mutant has increased Fe(III) and U(VI)
reducing activity [20].
OmcE 4 Outer Deletion mutant growth in Fe(III) and Mn(IV) oxides is
(GSU0618) membrane affected [18]; power production is affected but adapts
with time [23].
More abundant during growth with Fe(III) citrate vs.
fumarate as electron acceptor [24].
Deletion mutant reduction of U(VI) is affected [20].
No impact on current production [25].
PpcD 3 Periplasm More abundant during growth with Fe(III) oxides vs.
(GSU1024) Fe(IIl) citrate as electron acceptor [19].
GSU1334 7 Outer Reduction of U(VI) and Fe(III) oxides is affected [20].
membrane More abundant during growth with Fe(III) oxides vs.
Fe(III) citrate as electron acceptor [19].
PpcE 3 Periplasm Found only in cultures with Fe(III) citrate [19].
(GSU1760)
PgcA 3 Periplasm More abundant during growth with Fe(III) oxides vs.
(GSU1761) Fe(IIl) citrate as electron acceptor [19].
Increased expression in strains adapted to growth in
Fe(III) oxides [26].
OmcZz 7 Outer Severely inhibited current production and biofilm
(GSU2076) membrane formation [25].
OmcF 1 Outer Deletion mutant growth on Fe(Ill) citrate is impaired,
(GSU2432) membrane by affecting OmcB expression [27].
Deletion mutant reduction of U(VI) is affected [20].
Deletion mutant decreased current production [28].
OmcS 6 Outer Deletion mutant growth in Fe(III) and Mn(IV) oxides is
(GSU2504) membrane affected [18].
Deletion mutant has no impact on current production
[25].
Localized along the pili [29].
OmcC 12 Outer Deletion mutant has no effect on Fe(III) [30] and U(VI)
(GSU2731) membrane reduction [20].
OmcB 12 Outer Deletion mutant grows poorly in Fe(III) citrate and
(GSU2737) membrane doesn’t grow in Fe(III) oxide [30] but there is no effect
on reduction of electrodes and current production
[23,25] or on U(VI) reduction [20].
More abundant during growth with Fe(III) citrate vs.
fumarate as electron acceptor [24].
Affected by deletion of omcF [27], omcG and omcH
genes [31].
GSU3332 2 Outer Reduction of U(VI) and Fe(III) oxides is affected in the
membrane deletion mutant [20]
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From the results presented in Table 1.1 is possible to verify that c-type cytochromes
can be involved not only in electron transfer but also in transcriptional and post-
transcriptional regulation or processing in G. sulfurreducens [27,31]. It was also shown that
deletion of individual genes for outer surface c-type cytochromes only partially inhibited
humic substance or anthraquinone-2,6-disulfonate (AQDS, model compound for humics)
reduction and suggested that there are multiple routes for transfer of electrons to these
acceptors [32].

Based on all these studies, a model for electron transfer to Fe(III) oxides in G.

sulfurreducens has been proposed (Figure 1.1) [9,17,29].

Fe(III)
oxides

Fe(1I) Fe(1l)

Fe(I11)
oxides

External Environment
QAR

IIIIDIDIDINIIND)
// Outer membrane

CLLLLLLLLLLLLLL LK
BOODBEOOOOBEN00

(¢ ¢ ( (¢ (e (
Periplasm @

periplasmic
¢; cytochrome @ @

family (PpcA-E)

Y Ppilin

Cytoplasm

Figure 1.1 - Mechanism for extracellular electron transfer by G.
sulfurreducens. Potential route for electron transfer to Fe(III) oxides based on previous
models [9,17] and subsequent findings [26,29,33,34] (Table 1.1). The small white hexagons
represent heme groups. MQH, is menaquinol and MQ is menaquinone.

Besides, the several cytochromes associated with the inner membrane, the periplasm
and the outer membrane, it was shown that G. sulfurreducens forms pili when growing in
Fe(III) oxides, and that these are essential for the contact with the oxides and for electron
transfer [16]. Initial studies showed that pili were highly conductive and could serve as
biological nanowires, working as the electrical connection between the cell and the surface of
Fe(III) oxides [16]. However, more recent studies revealed that the hexaheme cytochrome
OmcS was localized along the pili when G. sulfurreducens grows in Fe(III) oxides [29]. This

suggests that pili may play a structural role by supporting c-type cytochromes along the way
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to the surface of iron oxides [33,34]. It was proposed that cytochromes can also play a role
in electron storage when an electron acceptor is not available [35]. However, the precise
functions of these proteins are not yet elucidated and only a few components of the
respiratory chain have been individually characterized so far.

The cytochrome OmcS has a molecular weight of 47 kDa, six heme groups and was
purified from a strain that overproduces this protein [36]. Nuclear Magnetic Resonance
(NMR) together with UV-visible spectroscopic studies allowed determining that all the heme
groups are bis-histidinyl hexacoordinated and low spin in both fully oxidized and reduced
states. The redox behavior of OmcS was studied by redox titrations followed by UV-visible
[36]. It was observed that the six redox centers are not equivalent and the redox curve
spans over a large range of reduction potentials from -360 mV to -40 mV. The midpoint
reduction potential at pH 7 was -212 mV. Reduced OmcS was able to transfer electrons in
vitro to different substrates as Fe(III) and Mn(IV) oxides and humic substances [36].

More related to electron transfer to electrodes, the cytochromes OmcF and OmcZ have
also been characterized.

OmcF is a monoheme cytochrome with sequence similarity to soluble cg cytochromes of
photosynthetic algae and cyanobacteria [37]. OmcF crystal structure was determined and
was superimposable with a root mean square deviation (rmsd) of 1.1 A to the structure of
the cytochrome c¢ from the green alga Monoraphidium braunii. However the function of
these two proteins is probably different, since their biochemical properties are very distinct.
OmcF has an isoelectric point (pI) of 7.8 while M. braunii cytochrome has a pl of 4.2, and
their reduction potentials at pH 7 are +180 mV and +357 mV, respectively [37].

OmcZ was shown be present in two forms in G. sulfurreducens: a large one (OmcZ,)
and a small one (OmcZs) that is a cleaved product from the first. OmcZs is most probably
the extracellular and active form [38]. OmcZs has eight heme groups, seven bound to the
typical heme binding motif CXXCH (where X represents any amino acid) and one with the
unusual binding motif CX;4CH. A similar motif (CX;5CH) was identified in an octaheme protein
from Wolinella succinogenes [39]. Redox titrations revealed that OmcZs functional working
potential range is between -420 mV and -60 mV with a midpoint reduction potential of -220
mV. In vitro, OmcZgs was able to transfer electrons to Fe(III) citrate, U(VI), Cr(VI), Au(III),
Mn(IV) oxides, and AQDS, but not Fe(III) oxide [38].

1.4 Periplasmic cytochromes

In addition to the outer membrane cytochromes, an unusual periplasmic pool of five
homologous triheme cytochromes (also known as c¢; cytochromes) was identified in G.
sulfurreducens [40]. This family is considered essential in the bacterium electron transfer
pathways since soluble periplasmic cytochromes are crucial for shuttling electrons from the

cytoplasmic compartment to the outer membrane [9].
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The five cytochromes are small proteins with approximately 10 kDa and a pI > 9, due to
the high content in lysine residues. The cytochromes are designated PpcA, PpcB, PpcC, PpcD,
and PpcE (Gscy;) and share a 77%, 62%, 57%, and 65% amino acid sequence identity with
PpcA, respectively [40].

Using the PpcA amino acid sequence, the non-redundant amino acid database of NCBI
using the Basic Local Alignment Search Tool (BLAST) [41] was searched and in addition to
these five cytochromes c¢;, 18 other cytochromes were found: five in Geobacter
metallireducens, four in Geobacter uraniireducens, three in Geobacter bemidjiensis, two in
Anaeromyxobacter dehalogenans and Geobacter lovieyi, and one in Desulfuromonas
acetoxidans strain 5071 (D. acetoxidans) and in Pelobacter propionicus. A sequence
alignment of these proteins is depicted in Figure 1.2 and shows that of the 21 highly
conserved residues, only nine are not cysteine or histidine residues directly involved in heme

binding.
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Structural and functional studies of PpcA

The crystal structures of the five G. sulfurreducens c; cytochromes have been
determined, showing that they have a high level of structural homology as depicted in Figure
1.3 [40,42,43].

Figure 1.3 - Crystal structures of the five c¢; cytochromes from G.
sulfurreducens. PpcA is represented in gray with the deoxycholate acid molecule used for
crystallization in black (PDB 10S6 [40]), PpcB in green (PDB 3BXU [43]), PpcC in blue (PDB
3H33), PpcD in orange (PDB 3H4N) and PpcE in cyan (PDB 3H34) [42]. PpcB and PpcD
displayed two molecules in the crystal asymmetric unit (monomers A and B) and monomer A
is represented. The molecules are all in the same orientation.

The spatial arrangements of the hemes in cytochromes c¢; are superimposable with
those of the structurally homologous tetraheme cytochromes c3, with the sole difference
being lack of heme II and the corresponding polypeptide segment. For this reason, the three
heme groups in cytochromes ¢; have been numbered as I, III, and IV [44].

The three heme groups form the protein core and are covalently linked to the cysteine
residues of the CXXCH binding motifs (Figure 1.2). All the hemes are axially coordinated by
two histidine residues and are low-spin both in the reduced (Fe(II), S = 0) and in the
oxidized (Fe(III), S = 2) forms. The heme core structures are similar, with hemes I and III
roughly parallel to each other and both nearly perpendicular to heme 1V [40,42,43].

A two-strand B-sheet at the N-terminal is conserved in all the structures, and is followed
by different helical regions in the different proteins [40,42,43]. The most conserved region is
the positively charged surface around heme IV and the lowest similarity is found near heme I
[42].

The only other ¢; cytochrome with structural information available is the one isolated
from D. acetoxidans (Dac;). The structure of this cytochrome has been studied by X-ray in
its oxidized form [45], and by NMR in both redox states [46,47]. The overall fold of the

polypeptide is similar to the G. sulfurreducens cytochromes; however, the heme core
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rearrangement is somehow different, especially in the iron to iron distance between hemes I
and IV (19.3 A in Dac, compared to an average of 18.3 A in the other proteins) [42].

The best studied G. sulfurreducens c; cytochrome is PpcA. In addition to the gene
knockout and proteomic studies already described, the thermodynamic properties of the
heme groups have been determined [48]. The results obtained showed that the heme groups
of PpcA have negative reduction potentials that are modulated by heme-heme interactions
and interactions with protonated groups (redox-Bohr effect). Taken together, the
thermodynamic parameters obtained for PpcA showed that this protein is designed to
present a preferential electron transfer pathway at physiologic pH coupled with proton
transfer [48].

It had been previously showed that for growth in the presence of extracellular Fe(III)
oxides, G. sulfurreducens needs additional e /H" coupling mechanisms in comparison to
those used in fumarate respiration [49]. The authors suggested that the most likely
mechanism for additional membrane potential generation is the coupling of electron transfer
to the periplasmic cytochromes involved in the Fe(III) reduction with proton translocation, so
that additional membrane potential can be generated for ATP production.

Since PpcA is known to be involved in Fe(IIl) reduction pathways, it was proposed that
in the presence of extracellular electron acceptors PpcA might contribute to the H*
electrochemical potential gradient across the periplasmic membrane that drives ATP
synthesis [48]. These results contrast with the ones obtained for the triheme cytochrome
Dac,;, which seems to be designed to work as simple electron transfer protein in the

physiologic pH range [50].

1.5 Solution structures of multiheme proteins

Despite the cellular localization and phenotype associated to some G. sulfurreducens
multiheme cytochromes are already known, no structural information in solution is available
for any of these proteins. This relates with the traditional difficulties in obtaining isotopic
labeled recombinant multiheme cytochromes with the correct fold and post-translational
modification of the heme groups in a cost-effective manner [51-53].

Important contributions for the solution structure determination of multiheme
cytochromes have been made by the research groups of Prof. Antonio Xavier [54-58], Prof.
Ivano Bertini [46,47] and Prof. Hideo Akutsu [59]. Although the proteins’ molecular weights
are appropriate for structural studies in solution, only a few structures have been determined
for multiheme proteins. Indeed, reports of solution structures are still limited to five
tetraheme cytochromes c3; [54-59] and to one triheme cytochrome [46,47]. In total, ten
solution structures have been reported, five for fully reduced proteins [46,54,56-58] and
three for fully oxidized [47,54,55,58]. This clearly contrasts with the large number of
structures determined by X-ray crystallography [60].

The smaller number of solution structures obtained in the oxidized form is undoubtedly
associated with the inherent complexity of their NMR spectra (Figure 1.4).
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Figure 1.4 - 1D-'H NMR spectra of reduced and oxidized triheme cytochrome
PpcA obtained at 25 °C. The typical regions of the heme substituents are indicated.

Indeed, in the oxidized form, the paramagnetic effect of the iron unpaired electrons,
causes the spread of the signals of the heme cofactors (Figure 1.4), as well as those of the
amino acid residues located in their neighborhoods, all over large NMR spectral widths [61].
Additionally, these resonances are generally broader, which makes the complete assignment
of the heme and polypeptide resonances a laborious and very time consuming task.

On the other hand, for diamagnetic multiheme proteins, as it is the case of the reduced
PpcA, the assignment of the heme substituents is facilitated since they are dominated by the
porphyrin ring-current shifts and, therefore, appear in well defined regions of the 'H NMR
spectra (Figure 1.4). The only exception is observed for the heme propionate protons as they
are structurally more variable.

An efficient expression system to produce multiheme c-type cytochromes, using
Escherichia coli (E. coli) as host, was recently described and successfully applied to the
expression of multiheme cytochromes containing up to 12 heme groups [62,63]. This was
overcome by using a /ac promoter in the expression plasmid and co-expressing the
cytochrome ¢ maturation gene cluster on a separate plasmid [63].

This system was also used to achieve cost-effective labeling of multiheme cytochromes
using an experimental labeling methodology that is based on two major aspects: (i) use of a

two-step culture growth procedure, where cell growth in rich media was followed by transfer
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to minimal media containing !°N-labeled ammonium chloride, and (ii) incorporation of the

heme precursor 5-aminolevulinic acid in minimal culture media [64].

1.6 Thesis outline

In order to contribute to the studies of the electron transfer chains of G. sulfurreducens,
the work developed on this thesis focused on the study of the periplasmic triheme
cytochrome family, with special emphasis on PpcA, the most abundant in G. sulfurreducens.

The thermodynamic characterization of cytochromes PpcA, PpcB, PpcD and PpcE by
NMR and UV-visible spectroscopy is described on Chapter 3. Chapter 4 is dedicated to
structural studies of PpcA in solution. The assignment of the resonances of the protein and
its co-factors is described, and the solution structure in the reduced state is presented. The
physiological role of key amino acids in PpcA is discussed in Chapter 5. Finally, on Chapter 6,

ongoing studies are presented.
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2. EXPERIMENTAL PROCEDURES

2.1 Protein expression and purification

2.1.1 Plasmids

All the molecular biology experiments were done by the collaborative group from the
Argonne National Laboratory, Argonne, Illinois, USA.

The DNA sequence for mature PpcA was previously cloned in plasmid pCK32, a pUC
derivative containing the /ac promoter and the OmpA leader sequence [1]. Vector pVA203
[2], a pCK32 derivative, was used to clone PpcB, PpcD and PpcE mature sequences [3,4].
Plasmid pEC86 that contains the cytochrome ¢ maturation gene cluster ccmABCDEFGH [5],
was a kind gift from Dr. Thény-Meyer (Zlrich, Switzerland). The QuikChange Site-Directed

Mutagenesis kit (Stratagene) was used to prepare the PpcA mutants.

2.1.2 Heterologous expression

Competents cells of E. coli strain BL21 (DE3) containing plasmid pEC86 were
transformed with each of the plasmids, and grown overnight at 37 °C in 2xYT solid
medium [6] supplemented with 34 ug/mL of chloramphenicol (CLO, for pEC86 selection) and
100 pg/mL of ampicillin (AMP, for expression plasmid selection). Isolated colonies were used

for growth in liquid media for protein overexpression.

2.1.2.1 Unlabeled proteins

Cells were aerobically grown at 30 °C up to an ODgqo of 1.5-1.8 at a shaking speed of
200 rpm in 2xYT medium supplemented with CLO and AMP in the same concentration. At this
point, protein expression was induced with isopropyl -D-1-thiogalactopyranoside (IPTG) at a
final concentration of 10 uM for PpcA, PpcB and PpcD, and 200 uM for PpcE, and cultures
allowed to grow overnight at 30 °C at a shaking speed of 180 rpm [1,7].

2.1.2.2 '°N labeled proteins

The protocol for isotopic labeling of multiheme cytochromes was developed in our
laboratory [8], and the initial steps of growth were the same as for unlabeled samples.
However, after reaching an ODggo of 1.5-1.8, cells were harvested and washed twice, by
centrifuge/resuspension cycles, with 250 mL per liter of culture of a salt solution containing
240 mM Na,HPO,4, 110 mM KH,PO4 and 43 mM NaCl [8]. Cells were resuspended in minimal
medium (in a ratio of 250 mL of minimal medium for each liter of 2xYT medium) containing
48 mM Na,HPO4, 22 mM KH,PO, and 8.6 mM NaCl, 20 mg/L biotin, 2 mM MgS0,.7H,0, 0.1
mM CaCl,, 5 uM MnCl,.4H,0, 10 uM FeS04.7H,0, 20 mg/L vitamin By, 1 mM of the heme
precursor §-aminolevulinic acid, and 1 g/L ®>NH4CI and 4 g/L glucose as nitrogen and carbon

sources, respectively [8].

21



Structural and functional studies of PpcA

Cells were incubated at 37 °C for 1h at 200 rpm for recovery and clearance of unlabeled
metabolites [9]. After 1h, protein expression was induced with 0.8 mM IPTG and cells were

allowed to grow overnight at 30 °C and 180 rpm [8].

2.1.3 Protein purification

Proteins were purified as previously described [1,8,10]. Cultures were harvested by
centrifugation at 6400 g for 20 min and resuspended in 30 mL of lysis buffer (100 mM Tris-
HCI, pH 8.0, 0.5 mM EDTA, 20% sucrose) per liter of cell culture, containing 0.5 mg/mL
lysozyme. The cell suspension was incubated at room temperature for 15 min; 30 mL of cold
water were added and incubated on ice for 15 min with gentle shaking. The supernatant
constituting the periplasmic fraction was recovered by centrifugation at 15000 g at 4 °C for
20 min. The periplasmic fraction was ultracentrifugated at 150000 g for 90 min at 4 °C to
remove any precipitate and dialyzed twice against 10 mM Tris-HCI (pH 8.5). The supernatant
was loaled onto two 5 mL Econo-Pac HighS cartridges (BioRad) connected together and
equilibrated with 10 mM Tris-HCI (pH 8.5), and eluted with a NaCl gradient (0-300 mM) in 10
mM Tris-HCI (pH 8.5). Red colored fractions were pooled together and concentrated to 1 mL
for injection into a XK 16/70 column (GE Healthcare) packed with Superdex™ 75 (GE
Healthcare) previously equilibrated with 100 mM sodium phosphate pH 8.1. Protein was
eluted at a flow rate of 1 mL/min. Protein purity was evaluated by Coomassie stained SDS-
PAGE.

Purified proteins were concentrated and the buffer was exchanged to 20 mM NaCl by
ultrafiltration methods. Protein concentration was determined with the absorbance of the
a-band of the reduced forms using the specific absorption coefficient of 97.5 mM*cm™
determined for PpcA [11,12].

2.2 NMR spectroscopy

2.2.1 Sample preparation

For NMR studies the proteins were lyophilized twice with D,O (99% atom) and then
resuspended in the final buffer for each experiment. 1D-'H NMR spectra were recorded
before and after protein lyophilization to check proteins’ integrity. The pH of the samples was
adjusted by the addition of small amounts of NaOD or DCl 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.
2.2.1.1 Oxidized samples

Oxidized 70 pM samples of PpcA PpcB and PpcD were prepared in 80mM phosphate
buffer with NaCl (final ionic strength of 250mM) in 99% D,0O. Oxidized 0.4 mM samples of
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15N labeled PpcA were prepared in 45 mM phosphate buffer with NaCl (final ionic strength of
100mM) in 92% H,0/8% D,0.

2.2.1.2 Reduced samples

For heme core solution structure studies, 140 uM samples of PpcA, PpcB, PpcD and PpcE
were prepared in 80mM phosphate buffer with NaCl (final ionic strength of 250mM) in 99%
D,0 [4,7].

For the determination of PpcA solution structure, samples were prepared in 45 mM
sodium phosphate buffer (100 mM ionic strength) pH 7.1 [13]. '°N labeled samples were
prepared in 92% H,0/8% D,0 and unlabeled samples prepared in 92% H,0/8% D,0 or in
99% D,O0. Final protein concentration was about 1 mM.

In order to avoid oxidation of the samples, 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 [4,7].

2.2.1.3 Samples for redox titrations

For NMR redox titrations, proteins were prepared in a concentration of 70 uM in 80mM
phosphate buffer with NaCl (final ionic strength of 250mM) in 99% D,0 and reduced as
described in the previous section. 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 [4,7].

2.2.2 NMR Experiments

NMR experiments were acquired on a Bruker Avance 600 MHz spectrometer available at
Faculdade de Ciéncias e Tecnologia, Universidade Nova de Lisboa, on a Bruker Avance 800
MHz spectrometer available at Instituto de Quimica-Fisica “Rocasolano”, Consejo Superior de
Investigaciones Cientificas (Madrid, Spain), both equipped with triple-resonance cryoprobes,
or on a Bruker DRX-500 spectrometer equipped with a 5 mm inverse detection probe head
with internal By, gradient coils available at Instituto de Tecnologia Quimica e Bioldgica
(Oeiras, Portugal). Proton chemical shifts were calibrated using the water signal as internal
reference, and nitrogen and carbon chemical shifts were calibrated through indirect
referencing [14]. Spectra were processed using TOPSPIN (BrukerBiospin, Karlsruhe,
Germany) and analyzed with Sparky [15].

2.2.2.1 Heme core structure in the reduced state

A series of 2D-NOESY (Nuclear Overhauser Effect SpectroscopY) with 50 and 100 ms
mixing-time, TOCSY (TOtal Correlation SpectroscopY) with 45 ms mixing time, and COSY
(COrrelation SpectroscopY) NMR spectra were acquired on fully reduced unlabeled samples in
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D,0 at 15 °C to assist the heme proton resonance assignments. The spectra were recorded

with a spectral width of 14 parts per million (ppm) and 128 scans per increment.

2.2.2.2 Redox titrations

The oxidation patterns of the heme groups of PpcA, PpcB, PpcD, PpcE and PpcA mutants
were monitored by 2D-H-EXSY (EXchange SpectroscopY) on a Bruker AV-800 spectrometer
[7]. For each pH value, a series of experiments with the sample poised at several degrees of
oxidation were acquired 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 and a sweep width of 40 ppm (for PpcA and its mutants, PpcB and PpcE) or 50 ppm

(for PpcD), with 256 scans per increment.

2.2.2.3 Structural studies

For structural studies, spectra were acquired at 25 °C with different PpcA samples in the
reduced state. The following set of experiments was acquired: °N labeled sample: 2D-*H-1°N
Heteronuclear Single Quantum Correlation (HSQC), 3D-'H-!*>N-TOCSY (60 ms) and 3D-H-
15N-NOESY (80 ms); unlabeled sample in 92% H,0/8% D,0: 2D-'H-COSY, 2D-'H-TOCSY (60
ms) and 2D-'H-NOESY (50 ms); unlabeled sample in D,O: 2D-'H-COSY, 2D-'H-TOCSY (45
ms) and 2D-'H-NOESY (100 ms) [13]. Spectra were acquired with a sweep width of 14 ppm
and 80 ppm (2D) or 40 ppm (3D) in proton and nitrogen dimensions, respectively. 1D-'H
NMR spectra were obtained before and after each multidimensional spectrum to confirm

protein integrity and fully reduction.

2.2.3 Assignment strategy and methodology

2.2.3.1 Assignment of heme signals in the reduced state

The studied cytochromes have three hemes with bis-His axial coordination. Each heme
includes several proton-containing groups: four methyl groups, four meso protons, two
thioether protons, two thioether methyl and two propionate groups (Figure 2.1); which must

be unambiguously identified and assigned.
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Figure 2.1 - Diagram of heme c¢ numbered according to the IUPAC-IUB
nomenclature [16]. Dashed lines indicate the connectivities observed in NOESY spectra
and solid lines the connectivities observed in TOCSY spectra.

In the reduced state, these proteins are diamagnetic (S = 0) and the assignment of the
heme substituents is facilitated since they are dominated by the porphyrin ring-current shifts
and, therefore, appear in well defined regions of the NMR spectra (Figure 1.4 — Chapter 1).
These are 11 to 7 ppm for meso protons 5H, 10H, 15H, and 20H; 7 to 5 ppm for protons 3'H
and 8'H; 5 to 1 ppm for heme methyls 2!CH;, 7'CH5, 12'CH5, and 18'CH5; and 3 to —1.5
ppm for thioether methyls 32CH; and 82CH; [17-25]. The only exception is observed for the
heme propionate protons as they are structurally more variable.

The heme proton resonances in the reduced form were identified for all the proteins by
following the assignment strategy for heme protons described by Keller and Withrich [26]
for the horse heart ferrocytochrome, and applied later to multiheme ferrocytochromes by
Turner et al. [27]. Briefly, 2D-TOCSY spectra allow the identification of the thioether pairs
3'H and 3?CH;, and 82CH; and 8'H. In the NOESY spectra with shorter mixing time,
characteristic patterns can be observed: H20 protons are connected to two methyl groups,
H15 protons are not connected to any methyl or thioether groups, and H10 and H5 which are
connected to one methyl group and one thioether pair. This last ambiguity is overcome by
analyzing connectivities between 2!CH; and 3'H, and between 7!CH; and 8!H. H15 protons
are identified by connectivities to the methyl groups 12!CH;, and 18!CH; at longer mixing
times. The specific assignment of the individual hemes within the structure is made by

observing the interheme connectivities in longer mixing time NOESY spectra [27].

2.2.3.2 Ring-current shifts calculation

The heme substituent chemical shifts were calculated by correcting the heme proton
reference shifts (9.36 ppm for heme meso protons, 6.13 ppm for heme thioether methines,

3.48 ppm for heme methyls, and 2.12 ppm for heme thioether methyls) with the ring current
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shifts calculated from the crystal structures, following the procedure described by Turner et
al. [27] and Messias et al. [22].

2.2.3.3 Identification of heme oxidation profiles

In a triheme cytochrome, three consecutive reversible steps of one-electron transfer
convert the fully reduced state (stage 0, Sy) in the fully oxidized state (stage 3, Ss), and
therefore four different redox stages can be defined. At each stage, microstates are grouped
with the same number of oxidized hemes (Figure 2.2). Additionally, within each microstate,
the group responsible for the redox-Bohr effect may be protonated or deprotonated, leading
to a total of 16 microstates.
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Figure 2.2 - Electronic distribution scheme for a triheme cytochrome with a
proton-linked equilibrium, showing the 16 possible microstates. The three inner
circles represent the hemes, which can be reduced (black) or oxidized (white). The outer
circles with solid and dashed lines represent the protonated and deprotonated microstates,
respectively. The microstates are grouped according to the number of oxidized hemes in four
oxidation stages (Sp-3) connected by one electron step. Es (S = 1-3) is the macroscopic
reduction potential, i.e., the solution potential at which the sum of the microstate
populations in stage S equals the sum of the populations in stage S_;. Poy and P, represent
the reduced protonated and deprotonated microstates, respectively. Py and Py indicate the
protonated and deprotonated microstates, respectively, where i, j, and k represent the
heme(s) that are oxidized in that particular microstate. As an example, the transitions
between the fully reduced protonated and the corresponding protonated microstate in
oxidation stage S; are indicated with the corresponding microscopic reduction potentials.

When the interconversion between microstates within the same oxidation stage
(intramolecular electron exchange) is fast on the NMR time scale and the interconversion

between microstates belonging to different oxidation stages (intermolecular electron
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exchange) is slow, the individual heme NMR signals can be discriminated [28,29]. Under
these conditions, the distribution of paramagnetic shifts observed for each oxidation stage is
governed by the relative microscopic reduction potentials of the heme groups, and thus
provides information on the relative order of oxidation of the hemes. The substituents of
each heme have different chemical shifts in the four macroscopic oxidation stages, and since
these paramagnetic shifts are proportional to the degree of oxidation of that particular heme
group, they can be used to monitor the oxidation of each heme throughout a redox titration.
As the reoxidation of a multiheme protein proceeds, the heme methyl signals become much
shifted from the diamagnetic region of the spectra. Thus, these are the most adequate heme
substituents to monitor a reoxidation. This data can be obtained from 2D-EXSY NMR redox
titrations by following the positions of the heme methyl signals from their position in the fully

reduced protein to its final position in the fully oxidized protein (Figure 3.3 - Chapter 3) [28].

2.2.3.4 Assignment of protein backbone and side chain signals

After assigning the heme resonance signals, protein backbone and side chain
resonances were assigned following conventional strategies [30].

For >N labeled proteins the starting point is the 2D-!H->N-HSQC spectrum. This
spectrum is a fingerprint of the protein and shows correlations between the amide proton
(HN) and the nitrogen (N) for the backbone and side chains amide groups.

For !N labeled proteins, the 3D-'H-°N-TOCSY is used to identify the spin systems
according to the pattern of the proton resonances observed for each HN strip (Figure 2.3),
and sort them into classes of amino acids. Each cross-peak will represent a through-bond

spin-spin coupling connectivity.

residue i-1 residue i

Figure 2.3 - Connectivities observed in tridimensional spectra for '°N labeled
proteins. 3D-'H-1°N-TOCSY connectivities are represented in blue and 3D-!H-'°N-NOESY
connectivities in green.

The 3D-'H-!°N-NOESY is then used for sequential assignment by identifying the
connectivities between the HN' and the protons in residue i-1 (Figure 2.3), since NOE cross-
peaks originate from short through-space distances. The assignment is subsequently
transposed to the 2D spectra and the side chain protons specifically assigned using the 2D-
1H-COSY and 2D-'H-TOCSY spectra.
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2.2.4 N relaxation measurements

A series of 'H-1°N HSQC spectra were measured at 800 MHz and at 600 MHz to obtain
the N longitudinal (T;) and transverse (T,) relaxation times in the same conditions used for
structure calculations. For the determination of 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 to 130
ms. The intensities of the individual cross-peaks at each experiment were fitted to Equation
2.1 in order to obtain the values for the relaxation times (T) [31].

I=1lpe /" Equation 2.1

Heteronuclear >N{'H}NOE measurements provide information about the motion of
individual N-H bond vectors and were determined from the ratio of the intensities of the
cross-peaks obtained for HSQC experiments with and without saturation of proton
magnetization (Equation 2.2) [31].

at

I
NOE = =2t

unsat

Equation 2.2

Experiments were acquired with a recycling delay of 5 s.

The data from the different spectra were treated as peak heights.

2.2.5 pH titrations

1D-'H NMR spectra with a spectral width of 50 ppm were used to monitor the pH
dependence of heme methyl substituents of PpcA, PpcB and PpcD in the fully oxidized state
at 15 °C [4].

For PpcA, the effect of pH titration on the amide chemical shifts was determined by
analyzing a series of 2D-'H-'°>N-HSQC spectra acquired in the pH range 5.5 to 9.5 in the
reduced state. For studies in the reduced state, the pH was adjusted inside an anaerobic
chamber (MBraun LABstar) to avoid sample oxidation. The average chemical shift differences

(Ad,,4) of each backbone and side chain amide were calculated as

A8ZN

—= + AS8%H
AS _ |_25 +48 Equation 2.3
average 2

where A8H and ASN are the differences in the 'H and >N chemical shifts, respectively [32].
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2.3 Redox titrations followed by UV-visible spectroscopy

Redox titrations of the cytochromes using 18 pM protein solutions in 80 mM phosphate
buffer (pH 7 and 8) with NaCl (250 mM final ionic strength) were performed inside an
anaerobic chamber at 15 °C, as previously described [4,7], with redox mediators at a final
concentration of 2 uM. The redox mediators were chosen according to the procedures defined
in the literature [33]. A mixture of methylene blue, gallocyanine, indigo tetrasulfonate,
indigo trisulfonate, indigo disulfonate, anthraquinone-2,7-disulfonate, 2-hydroxy-1,4-
naphthoquinone, anthraquinone-2-sulfonate, safranine O, diquat, benzyl viologen, neutral
red and methyl viologen was used in all the experiments. To check for hysteresis, each redox
titration was performed in both oxidative and reductive directions, using sodium dithionite as
the reductant, and potassium ferricyanide as the oxidant. The solution potentials were
measured using a combined Pt/Ag/AgCl electrode, calibrated with the quinhydrone couple.
UV-visible spectra were recorded in a Shimadzu UV-1203 spectrophotometer. The reduced
fraction of the proteins was determined by integrating the area of the a-peak above the line
connecting the flanking isosbestic points (to subtract the optical contribution of the redox
mediators), as described by Paquete and co-workers [34] (Figure 3.4 - Chapter 3). The
experiments were performed at least two times, and the reduction potentials (relative to

SHE) were found to be reproducible within £5 mV.

2.4 Thermodynamic model

The general theoretical framework that allows the thermodynamic properties of the
redox centers in multiheme proteins to be studied in detail was previously described [35].
The thermodynamic model accounts for the pH dependence of the chemical shifts of the
heme methyl groups during a reoxidation process monitored by NMR, and also for the pH
dependence of the redox titrations followed by UV-visible spectroscopy.

The energies of the microstates described in Figure 2.2 may be expressed as the sums
of terms for each center and the interactions between them [35]. Thus, three reduction
potentials and one pK, plus six two-center interaction energies (three heme-heme and three
redox-Bohr) are sufficient to characterize the system across the full range of pH values and
solution potentials, independently of any structural model. The total reduced heme in each
triheme cytochrome, or the fractional oxidation of any heme at any stage of oxidation, is
therefore a function of 10 energy parameters.

To obtain information about each microstate, it is necessary to monitor at different pH
values the stepwise oxidation of each individual heme, which for the particular case of heme
groups displaying identical optical properties can be obtained with confidence by NMR
spectroscopy [28,29].

Since the intrinsic paramagnetic shifts of the heme methyls are proportional to the
oxidation fraction of that particular heme, m, they can be used to obtain the relative
microscopic reduction potentials of the hemes in each stage of oxidation S. However, this is
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only valid if the extrinsic paramagnetic shifts, i.e. the contribution of the paramagnetic
interactions with the other heme groups in the molecule, are negligible [29].

For each pH, the paramagnetic shifts of one methyl group of each heme in oxidation
stages 1-2 relative to the fully oxidized form give the averaged oxidation fraction for each
heme in each stage (Equation 2.4) [35].

> (35he- Sgbe) _ .
L, (62"553— 52163) = Equation 2.4

The fact that each oxidation step involves a single electron means that the relative

shifts of any two methyl groups determine that of the third according to Equation 2.4, and
therefore there is redundancy when data for all three hemes are collected.

The observed chemical shift 82},’55 depends on the populations of the microstates in which

that heme is oxidized, averaged according to the populations of the protonated (% P;,“'S) and

deprotonated (¥ P™5) forms

Sm,S B (5m,3 _ 6m,0) Z pms + (53,3 _ Sm,O) Z PIIIH’S

= SPS + &m0 Equation 2.5

where §™° is the observed chemical shift of methyl m in the fully reduced protein and §™3
and 8 are those observed in the fully oxidized deprotonated and protonated protein,
respectively. The chemical shift of the heme methyl in the fully reduced form is assumed to
be independent of pH.

This equation can be used to simulate the pH dependence of the chemical shifts of the
methyl groups in different redox stages.

However, NMR data only defines the relative heme reduction potentials and heme redox
interactions. To determine the absolute potentials, the total reduced protein fractions need to
be measured using redox titrations followed by UV-visible spectroscopy [35].

Taking as a reference the fully reduced and deprotonated state Sy, the energies for each
microstate (G) in oxidations stages S;, S, and S; can be determined according to the

following equations:

S; Gi=g,—E Equation 2.6
Sz Gij=9it9;+9;—2E Equation 2.7
S; Gijk =9i +9; + g + gij + Gix + gjx — 3E Equation 2.8

where g;, g; and g are energies proportional to the individual heme redox potentials and gj;,
gik and gy, are two-site redox interaction energies.

For the protonated microstates the ionization energy of the fully reduced protein gy,
which is related to the pK, of the reference state through pK, = gyF/[(In10)RT], and the

interactions between the oxidized hemes and the protonatable group have to be considered.
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RT
S; Giy = G + gn + gin — (In10) —pH Equation 2.9
RT
Sz Giju = Gij + gu + gin + gju — (In10) ——pH Equation 2.10
RT
S3 Gyp=Gij+gy+gin+gin+ gin— (lnlO)?pH Equation 2.11

The populations of each microstate can then be determined from Equation 2.12 [35].

P = e ¢F/(RD Equation 2.12

The total reduced fraction as a function of the solution potential for each pH value can
be obtained from the relative populations weighted by the number of reduced hemes
(Equation 2.13).

3X2P+ 2 XP+XP

73 P8 Equation 2.13

reduced fraction =

The chemical shifts obtained from redox titrations followed by NMR and the reduced
fractions obtained from UV-visible spectroscopy redox titrations for the different cytochromes
were fitted simultaneously with the thermodynamic model. The experimental uncertainty of
the NMR data was evaluated from the line width of each NMR signal at half height, and the

UV-visible data points were given an uncertainty of 3% of the total optical signal.

2.5 NMR structure determination

2.5.1 Determination of restraints

For structure determination, the cross-peaks assigned in the 2D-*H-NOESY spectra were
integrated, since the intensity of the NOE cross-peaks is related to the distance between the
two interacting spins.

Using the software Sparky, a Gaussian function was used for the integration of isolated
peaks and sum data in a box surrounding the peak for overlapped ones. Cross-peaks due to
protons separated by fixed distances and all intra-heme cross-peaks, except those involving
the propionate groups, were not included.

Volumes for integrated cross-peaks were converted into volume restraints and used as
input for the program PARADYANA [36]. Initial structures were calculated with a preliminary
set of NOE data and the resulting conformers were then analyzed and used to assign
additional peaks in the NOESY spectra. In the final stages of structure refinement, the
calculated structures were checked for short (less than 2.5 A) distances between assigned

protons that should give rise to significant NOEs.
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Non-standard residues were used for structure calculations: fast-flipping aromatic
residues with pseudo-atoms to limit the orientations of the planes [22], proline residues with
fixed upper limit distances for ring closure and flexible heme groups [36]. A set of 69 fixed
upper limit distances (upl) associated with this type of residues was used as input for
PARADYANA for calculations in the reduced state.

The program GLOMSA [37] was used for stereospecific assignment during the process

of structure calculation.

2.5.2 Structure calculation and analysis

Structure calculation was performed with the program PARADYANA, a version of DYANA
that takes peak volumes as input [36].

In each calculation 200 conformers were determined, from which the 10 structures with
lowest target function value were selected for further analysis. In the final calculation, the 20
conformers with lowest target function value were selected. The software CHIMERA [38] was
used for visual analysis during preliminary calculations and the software MOLMOL [39] was
used for superimposition and identification of elements of secondary structure in the final set
of conformers. Quality of the structures was analyzed with PROCHECK-NMR [40].
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3. THERMODYNAMIC CHARACTERIZATION OF A TRIHEME

CYTOCHROME FAMILY FROM GEOBACTER SULFURREDUCENS

A family of five periplasmic triheme cytochromes (PpcA-E) was identified in Geobacter
sulfurreducens, where they play a crucial role by driving electron transfer from the cytoplasm
to the cell exterior and assisting the reduction of extracellular acceptors.

The detailed thermodynamic characterization of PpcA, PpcB, PpcD, and PpcE under
optimal experimental conditions was carried out. For PpcC, two different conformations were
detected during the protein redox cycle, preventing its thermodynamic characterization.

The heme reduction potentials of PpcA, PpcB, PpcD, and PpcE 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) establishing different cooperative networks for each protein, which
indicates that they are designed to perform different functions in the cell. PpcA and PpcD
appear to be optimized to interact with specific redox partners involving e’ /H* transfer via
different mechanisms. Although no evidence of preferential electron transfer pathway or
e /H* coupling was found for PpcB and PpcE, the difference in their working potential ranges
suggests that they may also have different physiological redox partners. This is the first
study to characterize homologous cytochromes from the same microorganism and provide

evidence of their different mechanistic and functional properties.
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3.1 Results

3.1.1 Assignment of the heme signals in the reduced form

The PpcA, PpcB, PpcD and PpcE heme proton resonances in the reduced form were
identified by following the assignment strategy for heme protons in multiheme
ferrocytochromes described by Turner et al. [1] and are indicated in Table A.1 in the
Appendix.

As expected from the conserved heme disposition observed in all cytochromes (Figure
1.3 - Chapter 1) [2], the same type of heme I and IV substituents, which are more exposed
to the solvent (2'CH5, 18'CHs, and 20H), display similar chemical shifts. On the other hand,
the chemical shifts of heme III substituents are more spread due to the contribution of the
ring current shifts of neighboring porphyrin rings. In fact, several heme III resonances
(namely, those of 20H™, 2'CH5™, 7'CH5™, 18'CH;™, 3'H™, and 82CH5"™) are shifted
downfield.

The heme proton assignments were assessed by comparing the observed heme proton
chemical shifts with those calculated from the crystal structures. The shifts correlate quite

well, even for the protons subject to the larger ring current effects (Figure 3.1).
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Figure 3.1 - Comparison between calculated and observed chemical shifts for
the heme substituents in the reduced forms of PpcA (<), PpcB (), PpcD (A) and
PpcE (O). White, gray and black symbols correspond to hemes I, III and IV, respectively.
The solid line has a unit slope.

The assignment of the heme protons was further confirmed by the observation of the
interheme connectivities in the NOESY NMR spectra for closest substituents (<3.5 A).
The correlation between the measured heme proton chemical shifts for the four

cytochromes is indicated in Figure 3.2.
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Figure 3.2 - Comparison between the observed heme proton chemical shifts of
reduced PpcB (), PpcD (A) and PpcE (O) with those of PpcA. White, gray and black
symbols correspond to hemes I, III and IV, respectively. The solid line has a unit slope. The
rmsd between the heme proton chemical shifts measured for PpcA and those of PpcB, PpcD
and PpcE are 0.11, 0.37 and 0.26 ppm, respectively.

3.1.2 Thermodynamic characterization

The thermodynamic properties of PpcA were determined in an earlier study using NMR
data obtained at 500 MHz and relatively high ionic strength (500 mM) to slow down the
intermolecular electron exchange between the different oxidation stages [3]. These
experimental conditions were identical to the ones used to characterize the triheme
cytochrome isolated from D. acetoxidans, the only cytochrome c; reported in the literature at
that time [4], and allowed a proper and detailed comparison of the redox properties of these
two cytochromes [3]. Despite these particular conditions, signal broadness was observed for
the connectivities between the heme methyl signals in the different oxidation stages. As
expected from the structural similarities among the triheme cytochromes, comparable
problems were found for the PpcA homologs. To overcome these difficulties, two-dimensional
exchange spectroscopy (2D-EXSY) NMR spectra were acquired at 800 MHz to favor a slow
intermolecular exchange regime on the NMR timescale. At this magnetic field, it was also
possible to lower the ionic strength of the samples to match the physiological ionic strength
recommended by the American Type Culture Collection (ATCC) for growth of G.
sulfurreducens [5]. Under these experimental conditions, well-resolved 2D-EXSY NMR
spectra were obtained for PpcA, PpcB, PpcD, and PpcE, and discrete NMR signals connecting
the different oxidation stages were observed for each heme methyl. The only exception was
found for PpcC, which presents different conformations at intermediate stages of oxidation.
This leads to splitting and excessive broadening of the NMR signals, preventing the
thermodynamic characterization of this protein [6].

The heme methyl groups 12'CHs!, 7'CH;™, and 12'CH;" (PpcA and PpcB); 18CH-!,
71CH;5™, and 18'CH5Y (PpcD); and 18'CH!, 12'CH;™, and 12'CH5"Y (PpcE) were used to
monitor the stepwise oxidation of each heme at each pH. As an example, the stepwise
oxidation of the PpcA, PpcB, PpcD, and PpcE heme groups followed by 2D-EXSY NMR is

illustrated in Figure 3.3.

41



Structural and functional studies of PpcA

PpcA
ppm o [12iCH;!
029 ’ o 12CH%
47 o-z@aﬂ

e o
T T T T T T T T T T

22 20 18 16 14 12 10 8 6 4 ppm

Figure 3.3 - Expansions of 2D-EXSY NMR spectra obtained at 15 °C and pH 8
for PpcA, PpcB, PpcE and PpcD at different degrees of oxidation. Cross-peaks
resulting from intermolecular electron transfer between the different stages are indicated for
the selected heme methyls of each heme: heme I (dotted lines), heme III (solid lines) and
heme IV (dashed lines). The Roman and Arabic numbers indicate the hemes and the
oxidation stages, respectively. In some experiments, when heme methyl connectivities were
already well defined in F, dimension, less than 256 increments were acquired. In such cases,
the heme methyl connectivities show a broader component in F; dimension.
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Figure 3.3 (cont) - Expansions of 2D-EXSY NMR spectra obtained at 15 °C and
pH 8 for PpcA, PpcB, PpcE and PpcD at different degrees of oxidation.
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Figure 3.3 (cont) - Expansions of 2D-EXSY NMR spectra obtained at 15 °C and
pH 8 for PpcA, PpcB, PpcE and PpcD at different degrees of oxidation.
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From this type of experiments, it is possible to obtain the chemical shifts of each methyl
in all oxidation stages. The heme fractions of oxidation x; can be calculated according to
Equation 3.1

_ (8i = 8p)

x. = —
b (83— 80)

Equation 3.1
where §;, 85, and 85 are the observed chemical shift of the heme methyl in oxidation stage /,
0, and 3, respectively.

The chemical shifts of the heme methyls in the different oxidation stages at pH 8.0, as

well as the correspondent heme oxidation fractions, are listed in Table 3.1.

Table 3.1 - Redox-dependent heme methyl chemical shifts of PpcA, PpcB, PpcD
and PpcE at pH 8. The value indicated in parenthesis was obtained from the fitting of the
thermodynamic model.

m Chemical shift (ppm) X;

. . X;
O’;'faztf” 121CHS#  7ICH™  12'CH5Y 121CHS  7'CH™  12'CH;V Z
0 2.55 4.14 3.95 0 0 0 0
1 11.22 7.38 8.44 0.45 0.23 0.28 0.96
2 19.25 9.40 15.31 0.87 0.37 0.72 1.95
3 21.79 18.42 19.81 1 1 1 3
Chemical shift (ppm) X;
. . X;
O’;'faztf” 121CHS#  7ICH™  12'CH5Y 121CHS  7'CH™  121CH;V Z
0 2.73 4.14 3.60 0 0 0 0
1 6.94 9.35 7.74 0.27 0.44 0.25 0.97
2 14.58 11.55 12.87 0.76 0.63 0.57 1.96
3 18.26 15.91 19.98 1 1 1 3
m Chemical shift (ppm) xX;
o’;'faagt('eo” 18!CHs  7'CH™  18'CH5Y 18ICHS  7!CHs™  18'CHs" Z '
0 3.23 3.92 3.38 0 0 0 0
1 11.85  (6.03) 9.48 0.38 0.17 0.45 1.01
2 20.92 6.66 16.45 0.79 0.23 0.97 1.98
3 25.69 15.98 16.92 1 1 1 3
m Chemical shift (ppm) xX;
. . xi
Oxs'faagt('eo” 18ICH5'  12'CH5™  121CHS" 18ICHs'  12'CH5™  12'CH5V Z
0 3.30 3.20 3.63 0 0 0 0
1 10.80 11.29 4.83 0.46 0.47 0.07 1.00
2 17.53 15.89 9.11 0.88 0.74 0.35 1.97
3 19.56  20.27 19.17 1 1 1 3
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Analysis of this table confirms that the extrinsic shifts for the methyls selected are not
significant, since the sums of the oxidation fraction at each oxidation stage are close to
integers, and therefore each methyl reflects the averaged oxidation state of its heme in each

stage [7-9].

The redox titrations followed by UV-visible take advantage of the spectroscopic
properties of cytochromes. In Figure 3.4, the UV-visible spectra of PpcA in the oxidized and
reduced states are shown. Characteristic absorption bands are observed for PpcA at 408
(Soret) and 530 nm in the oxidized state, and at 417, 522 (B-band) and 552 nm (a-band) in

the reduced state.

Absorbance

300 400 500 600
Wavelenght (nm)

Figure 3.4 - UV-visible spectra of PpcA in the fully oxidized (dashed line) and
fully reduced (solid line) states. The inset shows the a-band region of the visible spectra
in the redox titration of PpcA at pH 8 and 15 °C.

During the redox titration, the spectrum of the a-band is recorded at different solution
potentials (inset in Figure 3.4). The reduced fraction of the protein at each solution potential
is then determined by the normalized area of the peak.

To determine the thermodynamic parameters of PpcA, PpcB, PpcD and PpcE, the pH
dependence of the paramagnetic chemical shifts of each heme methyl, in the pH range 5.7-
9.1, was fitted to the model described in Chapter 2, together with the data from redox
titrations followed by UV-visible spectroscopy (Figure 3.5).

46



3. Thermodynamic characterization of a triheme cytochrome family from Geobacter sulfurreducens

PpcA PpcB

w
o

N
(9]
T
T

N
o
T
O

Chemical shift (ppm)

HEME I HEME 1

20 - F

15+ =

T e I S S S S

Chemical shift (ppm)

HEME III HEME III

ZOW W

10+

Chemical shift (ppm)

HEME IV
6 7 8 9 6 7 8 9

1.0

0.8 E,=-185mV
E,= -140 mV
0.6 E,= -84 mV

0.4

E,= -182mV

02 g = 139 mv
= m

E3= -93 mV

Reduced fraction

0.0k

300 200 7100 0 100 -300 -200 7100 0 100
Solution potential (mV) Solution potential (mV)

Figure 3.5 - Fitting of the thermodynamic model to the experimental data for
PpcA, PpcB, PpcD, and PpcE. The solid lines are the result of the simultaneous fitting of
the NMR and UV-visible data. The upper figures show the pH dependence of heme methyl
chemical shifts at oxidation stages 1 (A), 2 (), and 3 (O). The chemical shifts of the heme
methyls in the fully reduced stage (stage 0) are not plotted, because they are unaffected by
the pH. The last figure in each panel corresponds to the reduced fractions of the various
cytochromes, determined by UV-visible spectroscopy at pH 7 (O) and pH 8 (O). The open
and solid symbols represent the data points in the reductive and oxidative titrations,
respectively. The macroscopic reduction potentials at pH 7 (right) and pH 8 (left) are
indicated. The dashed line in the PpcE bottom panel represents a standard n = 1 Nernst
curve.
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Figure 3.5 (cont.) - Fitting of the thermodynamic model to the experimental
data for PpcA, PpcB, PpcD, and PpcE.

The thermodynamic parameters and the macroscopic pK, values associated with the

four stages of oxidation are indicated in Table 3.2 and Table 3.3, respectively.
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Table 3.2 - Energy parameters (meV) for PpcA, PpcB, PpcD, and PpcE. Diagonal
terms (in boldface type) represent the oxidation energies of the three hemes and the
deprotonating energy of the redox-Bohr center (gy) in the fully reduced and protonated
proteins. Off-diagonal values are the redox (heme-heme) and redox-Bohr (heme-proton)
interaction energies. The standard errors are given in parentheses. Following the
nomenclature for the pairwise interacting centers model [8], the pK, of the reduced proteins
is given by gyF/([In10]RT) and the pK, of the oxidized ones is given by (gy+ X gin)F/
([In10]RT).

Energy (meV)

Heme 1 Heme III Heme IV Redox-Bohr center

Heme 1 -154 (5) 27 (2) 16 (3) -32 (4)
Heme III -138 (5) 41 (3) -31 (4)
Heme IV -125 (5) -58 (4)
Redox-Bohr center 495 (8)
Heme 1 Heme III Heme IV Redox-Bohr center
Heme 1 -150 (3) 17 (2) 8 (2) -16 (4)
Heme III -166 (3) 32 (2) -9 (4)
Heme IV -125 (3) -38 (4)
Redox-Bohr center 426 (8)
m Heme 1 Heme III Heme IV Redox-Bohr center
Heme 1 -156 (6) 46 (3) 3(4) -28 (6)
Heme III -139 (6) 14 (4) -23 (6)
Heme IV -149 (6) -53 (6)
Redox-Bohr center 501 (8)
“ Heme 1 Heme III Heme IV Redox-Bohr center
Heme I -167 (4) 27 (3) 5(3) -12 (4)
Heme III -175 (4) 22 (3) 2 (4)
Heme IV -116 (5) -13 (4)
Redox-Bohr center 445 (10)

Table 3.3 - Macroscopic pK, values of the redox-Bohr center for PpcA, PpcB,
PpcD, and PpcE at each stage of oxidation. The values were calculated from the redox-
Bohr center parameters indicated in Table 3.2.

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

The quality of the fittings obtained for the pH dependence of the paramagnetic chemical
shifts and for the UV-visible redox titrations clearly shows that the thermodynamic properties
of all cytochromes are well described by the model used. In particular, the pH dependence of
the paramagnetic shifts in the three oxidation stages (data points in Figure 3.5) are

dominated by a single pK, in each stage of oxidation, and thus there is no justification to
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consider more than one ionizable center within the framework of the thermodynamic model
[8].

When the results previously reported for PpcA at 500 mM and 500 MHz [3] are
compared with those obtained under these new conditions, it was verified that there is no
significant difference in the parameters. However, the errors associated with the parameters

are smaller under the new conditions.
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3.2 Discussion

NMR and UV-visible spectroscopy techniques were used to probe the structure and
thermodynamic properties of a family of four triheme cytochromes (PpcA, PpcB, PpcD, and
PpcE) from G. sulfurreducens. The first step was to assign the proton signals of each heme
substituents in the fully reduced state in the NMR spectra. This allowed to compare the
structural features of the heme core architectures of all cytochromes and to demonstrate
their structural similarity in solution. The NMR spectra were also used as a starting point for
the thermodynamic studies because these spectra allow to follow the behavior of
representative heme methyl signals through the oxidation of the proteins at different pH
values. The experimental data obtained, together with data obtained from UV-visible redox
titrations, were fitted with the thermodynamic model that considers four interacting charged
centers (three hemes and one protonatable center). This permitted to determine the
thermodynamic parameters for the four triheme cytochromes, and the specific mechanistic

and functional properties of each protein.

3.2.1 Structural characterization of the heme core architecture in solution

The heme proton signals of PpcA, PpcB, PpcD and PpcE were assigned (Table A.1). The
assignments were confirmed by examining the interheme NOE connectivities measured from
the 2D-NOESY NMR spectra acquired at different mixing times. The NOE connectivities
expected to be observed on the basis of their crystal structures were observed in the 100 ms
2D-NOESY NMR spectra for PpcB, PpcD and PpcE, indicating that the heme core structures in
crystal and in solution are similar. However, for PpcA additional heme NOE connectivities to
those expected based on the crystal structure were observed in solution, suggesting that the
crystal and solution heme core structures are not the same. The unexpected connectivities
were observed between hemes I and III substituents: 12!CH5' - 32CH;™, 12!CH5! - 3'H™,

and 10H! - 32CH;™ (Figure 3.6).

PpcA

Figure 3.6 — Heme cores of PpcB and PpcA as observed in their crystal
structures. The interheme NOE connectivities observed in the 2D-'H-NOESY spectra are
illustrated. The dashed lines correspond to the expected connectivities based on the
distances obtained from the crystal structures and the solid lines correspond to the
unexpected ones.
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The observation of these connectivities in solution indicates that these protons are
closer (<3.5 &) than in the crystal structure (5 to 6.58). Therefore, the relative orientation
and position of hemes I and III of PpcA in solution differ from those observed in the crystal.
This suggests that the presence of the deoxycholic acid molecule used in the crystallization
of PpcA is affecting its crystal structure. The set of NOE connectivities observed for both PpcA
and PpcB clearly show that the heme core architectures of the two cytochromes in solution
are very similar.

The good correlation obtained between the heme proton chemical shifts measured for
PpcA and those of PpcB (rmsd = 0.11 ppm), PpcD (rmsd = 0.37 ppm), and PpcE (rmsd =
0.26 ppm) confirms the similarity of the heme core solution structures of the four
cytochromes (Figure 3.2). Cytochromes PpcD and PpcE showed the largest deviations for
some of the heme protons, which is not unexpected since these homologs have lower
sequence identity with PpcA (Figure 1.2 - Chapter 1). The best correlation was obtained for
the heme IV protons, corroborating the finding that the structure of this heme and its

surroundings is the most conserved feature among the four cytochromes [2].

3.2.2 Thermodynamic characterization

The analysis of the thermodynamic parameters of the four G. sulfurreducens
cytochromes (Table 3.2) shows that, in the fully reduced and protonated state, the reduction
potentials of the hemes are negative and different from each other. Although the heme core
arrangement is well conserved among these cytochromes, as it is the tertiary structure of
the proteins, local structural differences, such as charge and/or solvent exposure variation,
were observed [2]. These have been described as important factors in controlling the redox
properties of the heme groups [10], and a simple correlation between the structures and the
heme reduction potentials is not straightforward, particularly for multiheme proteins with
interacting redox centers. The four cytochromes studied differ in 41 out of ~70 amino acids,
further complicating such a correlation.

The thermodynamic characterization of the four triheme cytochromes showed that the
redox interactions (between each pair of hemes) are positive, indicating that the oxidation of
a particular heme renders the oxidation of its neighbors more difficult. The strongest redox
interactions are observed between the closest pairs of heme groups: I-III and III-IV.
Although they are not identical, the distances between the heme iron atoms and the angles
of the heme porphyrin ring planes showed that the heme core arrangement of the hemes is
well conserved among these cytochromes [2]. However, the magnitude of the redox
interactions varies in each protein, particularly in PpcD and PpcE, which show higher values
between hemes I-III. The structural comparison among this family of cytochromes revealed
that PpcD and PpcE have one fewer residue before the heme III binding motif [2]. The
residue Lys*® appears to be conserved in the four proteins, but the structural comparisons
suggest that this residue is equivalent to Gly*® in PpcA and PpcB. Thus, with one fewer
residue at this site, PpcD and PpcE can form regular helices, whereas the other two
homologs have a hump in the a-helix in this position. Structural rearrangements that include

subtle movements of charged groups and variations in local dielectric constants might
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explain these differences, making the correlation between the heme iron atoms’ distances
highly approximate [11]. The same features have also been observed in tetraheme
cytochromes c¢3, where, despite a conserved heme core, the pairwise heme-heme

interactions differ largely for the various proteins [12].

3.2.3 Structural map of the redox-Bohr center

The redox-Bohr interactions (between the hemes and the redox-Bohr center) are
negative, i.e., the oxidation of the hemes facilitates the deprotonation of the acid-base
center and vice versa. This is designated redox-Bohr effect by analogy with the Bohr effect
observed in hemoglobin [13].

The redox-Bohr interactions for PpcA and PpcD are higher than those of PpcB and PpcE
(Table 3.2). The magnitude of the redox-Bohr effect at physiological pH can be easily
inferred from the separation of the nonstandard n = 1 Nernst redox curves carried out at pH
7 and 8, which describe a 3e’/H* process for each protein (Figure 3.5). The different degree
of the redox-Bohr effect is also reflected in the macroscopic pK, values of the redox-Bohr
center at each oxidation stage (Table 3.3). The larger redox-Bohr effect (ApK, = pK,™® -
pK,%>) 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). For the
cytochromes with a nonnegligible redox-Bohr effect (PpcA, PpcB, and PpcD), heme IV shows
the highest redox-Bohr interaction (Table 3.2), suggesting that in all proteins the redox-Bohr
center is located in the vicinity of this heme. The differences in the magnitude of the redox-
Bohr effect observed for the cytochromes in this study may be a consequence of the
combined contributions of fractional protonation of several acid-base groups [14].

In order to confirm this, the pH dependence of the paramagnetic shift of heme IV
methyl groups in PpcA, PpcB and PpcD was analyzed. For PpcD it was not possible to follow
the resonances of all the methyls from heme IV due to broadness of the signals.

For PpcA and PpcB the results showed that 12!CHs" is the most affected during pH

titration (Figure 3.7) and, consequently, is sensing a protonation in its close vicinity.
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Figure 3.7 - pH dependence for PpcB () and PpcA (A) heme IV methyl group
paramagnetic shifts. Solid lines were obtained by using the least-squares fitting to
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Henderson-Hasselbalch equation 8., = 84 + (85 — SA)W , where &, d4, and &z are the
observed, protonated, and deprotonated chemical shifts, respectively.

Analysis of the PpcB structure (PDB 3BXU [15]) shows that, apart from His and Cys
residues which are involved in binding the hemes, all the remaining residues with
protonatable groups (Glu, Asp, Lys, N-terminus, and C-terminus) are distant and pointing
away from 12'CH;™ and thus cannot explain such pH dependence. Consequently, the best
candidate to be responsible for the redox-Bohr effect is the carboxylate group of heme IV
propionate 13 (P;5", according to the IUPAC Nomenclature [16], Figure 2.1 - Chapter 2).
The paramagnetic chemical shift of a heme substituent has two components: (i) the contact
shift, which is a through-bond effect and depends on the heme unpaired electronic
distribution; and (ii) the pseudocontact shift which is a spatial effect. The magnitude of the
observed paramagnetic shifts is mostly dominated by the contact contribution [17]. From all
heme IV methyl substituents, 12'CH;!V showed the largest paramagnetic shift (Figure 3.7).
This indicates that the heme molecular orbitals that contain most of the unpaired electron
density are oriented towards the heme substituents 12'CH;! and P;5!V. The paramagnetic
shift of a heme substituent is unlikely to be strongly affected by the through-space electric

field of a charge. However, due to the orientation of the heme molecular orbitals in PpcB, the
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protonation of P;5"

carboxylate group can be indirectly measured on the paramagnetic
chemical shift of the closest heme methyl substituent. The pK, value of 6.3 obtained from
the 121CH;"™ chemical shifts pH dependence is significantly higher in comparison with those
of free carboxylic acids (pK,;~4), indicating that P;s carboxylate group is partially shielded
from the solvent.

In PpcA, heme methyl 12'CH5" is also the one most affected by the pH of the solution
(Figure 3.7). From the fitting of the pH dependence of its paramagnetic chemical shift, a pK;,
value of 6.9 was obtained. The unusual pK, value of the P;5" carboxylate group obtained for
both cytochromes correlates well with the fact that this propionate chain is partially buried in

the protein core.

3.2.4 Order of oxidation of the heme groups

The relative order of oxidation of the heme groups in the fully protonated and reduced
proteins can be obtained from the microscopic reduction potentials listed in Table 3.2: I-III-
IV for PpcA, III-I-IV for PpcB and PpcE, and I-IV-III for PpcD. However, the reduction
potential of each heme is affected by the oxidation state of neighboring ones and by the pH.

This effect is reflected on the individual oxidation profiles of the hemes shown in Figure 3.8.
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Figure 3.8 - Individual heme oxidation fractions (labeled with Roman

numerals) for PpcA, PpcB, PpcD, and PpcE (solid lines). The dashed line indicates the
global oxidation fraction of each protein. The curves were calculated as a function of the
solution reduction potential at pH 7.5 using the parameters listed in Table 3.2. The midpoint
reduction potentials (e,,) of the individual hemes are also indicated.
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These curves are substantially different from a pure Nernst curve, and the several
crossovers clearly indicate that the electron affinity of each heme is tuned by the redox
interactions. Thus, during the oxidation of each protein, the affinity of each redox center is
modulated such that their apparent midpoint reduction potentials e,,, (i.e., the point at
which the oxidized and reduced fractions of each heme group are equally populated) are
different in relation to those in the fully reduced protein (cf. Table 3.2 and Figure 3.8).
Consequently, the actual order of the midpoint reduction potentials at physiological pH is I-
IV-III for PpcA, (III,I)-IV for PpcB and PpcE, and (IV,I)-III for PpcD. This shows how
structural related proteins can specifically fine-tune their redox centers, a feature that cannot

be envisaged from the macroscopic redox curves (dashed lines in Figure 3.8).

3.2.5 Relevant microstates in solution

In order to analyze the functional mechanism of PpcA, PpcB, PpcD, and PpcE at
physiological pH, the molar fractions of the 16 microstates were obtained from the

thermodynamic parameters listed in Table 3.2 (Figure 3.9).
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Figure 3.9 - Molar fractions of the 16 individual microstates (described in
Figure 2.5 - Chapter 2) of PpcA, PpcB, PpcD, and PpcE at pH 7.5. The curves were
calculated as a function of the solution reduction potential using the parameters listed in
Table 3.2. Solid and dashed lines indicate the protonated and deprotonated microstates,
respectively. For clarity, only the relevant microstates are labeled.
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From the analysis of Figure 3.9 it is clear that the dominant microstates are different in
each protein. In the case of PpcA, oxidation stages 0 and 1 are dominated by the protonated
forms Pyy and Py, respectively, while the redox-Bohr center is kept protonated. Stage 2 is
dominated by the oxidation of heme IV and deprotonation of the redox-Bohr center (Pi4),
which remains deprotonated in stage 3 (P;34). Therefore, a route is defined for the electrons
within PpcA: Pyy = Py > P4 > P;i34. In the case of PpcD, a different profile for electron
transfer is observed. Oxidation stage 0 is dominated by the protonated form Pyy. However,
the microstates of oxidation stage 1 are overcome by the P,y curve, which earlier intercepts
the P;, curve. This microstate (P;4;) dominates oxidation stage 2, whereas P;3; dominates
stage 3. Thus, for this cytochrome, a different preferential route for electrons is established,
favoring a proton-coupled 2e” transfer step between oxidation stages 0 and 2: Pyy = Py >
P;34. The small redox interaction between hemes I and IV, and the proximity of their
reduction potentials in PpcD, in comparison with those of PpcA, favors a 2e” transfer step in
PpcD. Since the redox-Bohr parameters of both proteins are of similar magnitude, it can also
be inferred that the redox-Bohr center does not control this pathway.

In the case of PpcB and PpcE, several microstates are significantly populated in
oxidation stages 1 and 2, and therefore no preferential pathway for electron transfer can be
established.

These observations, together with the order of the midpoint reduction potentials,
suggest that heme III might play a key regulatory role in the functional mechanism of each
cytochrome by controlling the microscopic redox states that the protein can access during
the redox cycle and thus establishing preferential pathways for electron transfer. Indeed, the
relative value of the reduction potential of heme III seems to be a crucial factor in allowing
these proteins to couple electron transfer with deprotonation of the acid-base center. In fact,
only PpcA and PpcD, for which heme III has the highest reduction potential, have

preferential pathways for electron transfer with e’/H* coupling being established.
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3.3 Functional implications

Optimal growth of G. sulfurreducens occurs at pH 7-8 (K.P. Nevin, University of
Massachusetts, personal communication, 2009) and is severely limited at pH 6 [18]. A direct
measurement of the periplasmic pH in the Gram-negative bacterium E. coli showed that the
periplasmic pH remains at or near to the pH of the external medium [19]. Thus, it is
reasonable to assume that in the Gram-negative G. sulfurreducens, the periplasmic pH would
also be closer to that of the external medium, with optimal growth conditions ranging from
pH 7 to 8. Therefore, in this work a pH value of 7.5 was chosen to discuss the functional
consequences of the thermodynamic properties of the cytochromes. Additionally, cyclic
voltammetry experiments on G. sulfurreducens biofilms have shown that the reduction
potential of the G. sulfurreducens cells is 150 mV [20]. Thus, as can be seen from Figure 3.8
and Table 3.3, under these conditions of physiological redox potential (150 mV) and pH
(7.5), the cytochromes studied are not fully oxidized or fully reduced, and thus are
functionally active (i.e., capable of receiving and donating electrons).

From the thermodynamic properties determined, it is clear that, despite the high degree
of sequence and structural homology, the G. sulfurreducens periplasmic triheme
cytochromes behave quite differently. For PpcA and PpcD, dominant microstates emerge
during protein oxidation (Figure 3.9). In both cases, the oxidation progresses from particular
protonated redox-microstates to particular deprotonated redox-microstates, showing how

dominant microstates can confer the directionality of events (Figure 3.10).

PpcA PpcD
i 01 H 01
\0 Y 6.5 L0/ 6.9
-101 mv -70 mv -102 mv -79 mv
P,
140 Pran Py P
S0 7.2 00 7.4
L 0 0
20/ \0
-109 mVv
Acceptor -182 mv, -146 mv,
-202mv -156 mv
P
-154 mv
! |
' : ! Py Acceptor
PUH PO\“" POH

Figure 3.10 - Thermodynamic and mechanistic bases for energy transduction
by PpcA (left) and PpcD (right). The functional pathway involving the significantly
populated microscopic redox states in Figure 3.9 is indicated by arrows in each scheme. The
microstates are labeled as in Figure 2.5 — Chapter 2. The pK;, values are those listed in Table
3.3, and the reduction potentials were calculated from the values indicated in Table 3.2. As a
concrete example, the redox potential for the equilibrium involving the protonated
microstates P;y and P4y for PpcA (-109 mV) is obtained by the sum of the energy terms
corresponding to heme IV oxidation (-125 mV) and I-IV redox interaction (16 mV).
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At the physiological redox potential and pH, PpcA can uptake a strongly reducing
electron (-167 mV) and a weakly acidic proton (pK, 8.0) from the donor associated with the
cytoplasmic membrane. When it meets its physiological downstream redox partner, PpcA
donates de-energized electrons (-109 mV) and a more acidic proton (pK, 7.2), that is now
sufficiently acidic to be released into the periplasm.

PpcD can also couple the transfer of electrons and protons, though by a different
mechanism and covering a different redox potential range (Figure 3.10). Indeed, the
relevant microstates that are involved in the energy transduction in PpcA work in the range
of -167 to -109 mV, whereas those of PpcD work in the range of -202 to -146 mV.

It is quite interesting that PpcA and PpcD can perform e /H' energy transduction in
addition to their role in the electron transfer pathways that lead to the reduction of
extracellular electron acceptors. This may represent additional mechanisms contributing to
the proton electrochemical potential gradient across the periplasmic membrane that drives
ATP synthesis. The use of extracellular electron acceptors by G. sulfurreducens, in
comparison with the use of fumarate, leads to a decrease in biomass production because of
dissipation of the membrane potential by cytoplasm acidification [21]. In contrast, the
cytoplasmic protons produced from acetate oxidation are consumed in the cytoplasm when
fumarate is the terminal electron acceptor. In metabolic modeling studies, Mahadevan et al.
[21] showed that cellular growth in the presence of insoluble electron acceptors is possible
only when additional e /H*™ coupling mechanisms (compared to those used in fumarate
respiration) are present. The authors suggested that the most likely mechanism for
generating additional membrane potential is the coupling of electron transfer to periplasmic
cytochromes with proton translocation, so that additional membrane potential can be
generated for ATP production. Thus, it can be proposed that PpcA and PpcD contribute to an
additional transmembrane pH gradient by receiving weakly acidic protons (pK, > 8.0) and
electrons from donors associated with the cytoplasmic membrane. These protons will then be
released in the more-acidic periplasmic space with a lower pK, (<7.5) upon electron transfer
to the acceptor.

On the other hand, PpcB and PpcE appear to be designed to perform different cellular
functions, since no evidence for coupling of e /H* transfer was observed. Furthermore, the
observation of different working potential ranges for these cytochromes suggests that they
may have physiological redox partners distinct from those of PpcA and PpcD.

The distinct functional properties described here for the four G. sulfurreducens triheme
cytochromes correlate with previous proteomics and knockout mutant studies of G.
sulfurreducens [22,23]. Those studies showed that PpcA and PpcD play a significant role in
the respiration of iron oxides. Their different detailed functional mechanisms with respect to
reduction potentials and pK, values suggest that they interact with distinct partners. These
differences provide an excellent example of how structurally related proteins from the same
microorganism can interact with different physiological partners, and establish a
rationalization for the coexistence of five homologous periplasmic triheme cytochromes in G.
sulfurreducens. This work provides the first step in unraveling the organization of the
complex network of redox proteins found in the periplasmic space of the bacterium G.

sulfurreducens.
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STRUCTURAL STUDIES ON PpPcA?

2 partially reproduced from: L Morgado, VB Paixdo, CA Salgueiro, M Bruix (2011) Backbone, side
chain and heme resonance assignments of the triheme cytochrome PpcA from Geobacter sulfurreducens,
Biomol NMR Assign 5, 113-116 (http://dx.doi.org/10.1007/s12104-010-9280-3) and L Morgado, VB
Paixao, M Schiffer, PR Pokkuluri, M Bruix, CA Salgueiro (2012) Revealing the structural origin of the
redox-Bohr effect: the first solution structure of a cytochrome from Geobacter sulfurreducens, Biochem J
441, 179-187 (http://dx.doi.org/10.1042/B]J20111103), according to the Editors’ Copyright Policy.
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4. Structural studies on PpcA

4. STRUCTURAL STUDIES ON PpPCA

G. sulfurreducens’ genome encodes for 111 cytochromes and despite their abundance
and key functional roles, to date there is no structural information for these proteins in
solution. Structural information on these systems is crucial to understand their functional
mechanisms.

NMR spectroscopy was used to determine PpcA solution structure in the fully reduced
state, its backbone dynamics and the pH-dependent conformational changes. In order to
avoid different levels of protonation of the groups involved in the redox-Bohr effect, and a
concomitant broadening of the signals, the PpcA solution structure was determined at pH
7.1, which is more than one pH unit lower than the redox-Bohr center pK, in the reduced
protein (Chapter 3).

The structure obtained is well defined, with an average pairwise rmsd of 0.25 A for the
backbone atoms and 0.99 A for all heavy atoms, and constitutes the first solution structure
of a G. sulfurreducens cytochrome. The redox-Bohr center responsible for controlling the
e’ /H* transfer was identified, as well as the putative interacting regions between PpcA and its
redox partners. The solution structure of PpcA constitutes the foundations for studies aiming

to map out in detail these interacting regions.
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Structural and functional studies of PpcA

4.1 Results

4.1.1 Backbone, side chain and heme resonance assignments in the

reduced state

Protein solution structure determination relies on distance restraints that are obtained
from the measurement of the intensity of the NOEs signals between atoms in close spatial
proximity. These restraints are obtained from the analysis of 2D-NOESY NMR spectra, for
which an unambiguous assignment of the protein signals is essential.

In addition to the three c-type heme groups, PpcA contains an unusually high content
(24%) of lysine residues [1]. In comparison with non-heme proteins, the presence of
numerous proton-containing groups in the heme co-factors causes additional challenges to
the full protein assignment. Also, the number of structural restraints associated with the
heme signals are, in average, four times higher than those involving any protein residue and
their assignment is critical to the accomplishment of a high resolution structure.

For the determination of PpcA solution structure in the reduced state, uniformly °N
labeled and unlabeled PpcA were produced as described in Chapter 2.

All heme proton signals in the reduced protein span the same region of the polypeptide
signals and, consequently, NOEs belonging to the heme are obscured by the NOE
connectivity’s involving the amino acids signals. In order to unambiguously assign the heme
proton signals, 2D-NMR spectra were acquired for a non-labeled PpcA sample in D,O. These
spectra were used to assign all the heme proton signals following the strategy described by
Turner et al. [2].

After assigning the 60 heme proton signals, all backbone amide, except for the two first
residues, were assigned using spectra acquired for a *°N labeled PpcA sample and following
the strategy described in Chapter 2. Figure 4.1 shows the H-!N HSQC NMR spectrum of
labeled PpcA with the backbone nitrogen resonances assigned as well as those of the side
chains of Asn'?, GIn?! and the six axial histidines (His'’, His?°, His3!, His*’, His>> and His®°).
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Figure 4.1 — 'H-N HSQC spectrum of fully reduced PpcA (1 mM protein in 45
mM sodium phosphate buffer pH 7.1, 25 °C). Blue and green labels represent *H-1°N
connectivity’s for backbone and side-chains groups (N&, of Asn'®, Ne, of GIn?' and N§; of
axial histidines), respectively.

The ring-current effects generated by each of the three heme groups are extremely
strong in comparison with those produced by the amino acid aromatic side chains.
Consequently, the nuclei located in close proximity to the heme groups are subject to a
strong ring-current contribution on their observed shifts. The more affected nuclei are those
belonging to the axial histidines. In fact, the ring proton signals (H3, and He;) are strongly
up-field shifted appearing in the -0.50 to 1.60 ppm range. This clearly contrasts with the
typical positions found for these signals in non-heme proteins (in the range 7 to 8 ppm). The
effect of the ring current shifts is also extended to the nitrogen atoms (N&;) of the axial
histidine side chains, which appear in very characteristic positions (160 to 170 ppm) in the
'H-1>N HSQC NMR spectrum (Figure 4.1). 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 Ha of
Pro® (0.74 ppm), Lys*® (2.43 ppm) and Gly®! (1.15 and 2.56 ppm).

In addition to the axial histidines, PpcA contains two free aromatic phenylalanine
residues, Phe!® and Phe*!. The aromatic ring protons of these two residues are in distinct
chemical exchange regime in the NMR time scale: the five aromatic protons of Phe'®
originate five discrete resonances (slow chemical exchange) whereas those of Phe*! only
originate three resonances (fast chemical exchange). These results show that Phe!® aromatic
ring in solution is immobilized in the hydrophobic core of the protein.

The total extent of the assignment is 93%, excluding carboxyl, amino and hydroxyl
groups and has been deposited in the Biological Magnetic Resonance Data Bank (BMRB,
http://www.bmrb.wisc.edu) under BMRB accession humber 16842 (Table A.2 - Appendix).
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Structural and functional studies of PpcA

4.1.2 Structure calculations

The 2D-NOESY NMR spectrum acquired in H,O was assigned and cross-peaks were
integrated and converted into volume restraints, resulting in 1115 lower limits for volumes
(lov) and 1434 upper limits (upv) (Table 4.1). These were used as input for the program
PARADYANA [3] together with a set of 69 fixed upper limit distances. The preliminary
structures were analysed using the program GLOMSA [4], modified to take NOE volumes as
input, and 32 stereospecific assignments were made for diastereotopic pairs of protons or

methyl groups.

Table 4.1 - Summary of restraint violations and quality analysis for the final

families of structures for PpcA.

Parameter

Type of distance restraint

Intra-residue 879
Sequential 550

Medium range (2 < |i - j| < 5) 501
Long range (]i - j| = 5) 619
Total 2549

Upper distance limit violations

(1115 lov + 1434 upv)

Average maximum (&) 0.19 + 0.01

Number of consistent violations (>0.2R) 0
Lower distance limit violations

Average maximum (&) 0.20 + 0.01

Number of consistent violations (>0.24) 0
Van de Waals violations

Average maximum (&) 0.17 £ 0.01

Number of consistent violations (>0.24) 0
Ramachandran Plot (%) ?

Most favoured regions 70.4
Additionally allowed regions 29
Generously allowed regions 0.5

Disallowed regions 0.2
Stereospecific Assignments 32
Precision
Average pairwise rmsd backbone (&) 0.25 = 0.07
Average pairwise rmsd heavy atoms (&) 0.99 + 0.10

@ Values obtained with PROCHECK-NMR
® Analysis with GLOMSA

The effect of spin diffusion introduces an

experimental data to distance constraints. This effect was simulated by complete relaxation

matrix calculations based on the initial protein structures and, accordingly, a parameter was

uncertainty

set in the program PARADYANA to loosen all distance restraints by 5%.
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4. Structural studies on PpcA

An average of 36 NOE restraints per amino acid residue (16 lovs and 20 upvs) and 170
per heme residue (74 lovs and 96 upvs) was used for the final calculation (Figure 4.2). The
distribution of the number of constraints is not uniform along the protein sequence, as heme

groups attached to positions 30, 54 and 68 show many long distance contacts.
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Figure 4.2 - Number of constraints per residue used for the calculation of the
structure of PpcA. Bars are white, light gray, dark gray and black for intra residue,
sequential, medium and long range restraints, respectively. Residues 30, 54 and 68 also
include restraints to hemes I, III and IV, respectively.
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4.1.3 Quality and analysis of the structures

The twenty structures with the lowest target function values (from 1.94 A2 to 2.16 A2,
average value 2.07 A2, 11% range from the lowest value) were selected as representative of
the solution structure of the protein and were deposited in the Protein Data Bank under

accession code 2LDO (Figure 4.3).

Figure 4.3 - PpcA solution structure. (A) Overlay of the 20 lowest energy NMR
structures of PpcA at pH 7.1. Superimposition was performed using all the heavy-atoms. The
peptide chain and the hemes are colored gray and red, respectively. (B) Ribbon diagram of
PpcA lowest energy structure. Figures were produced using MOLMOL [5].
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4. Structural studies on PpcA

The structures superimpose with an average pairwise backbone (N-Ca-C’) rmsd of
0.25 A and a heavy atom rmsd of 0.99 A (Figure 4.4). Thus, the backbone is very well
defined and the amino acid side chains showing larger conformational variability correspond
to regions with higher solvent exposure. In particular, the N- and the C-terminal ends are

disordered.
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Figure 4.4 - Average pairwise backbone (gray) and heavy atom (black) rmsd
values per residue of the family of 20 conformers obtained for PpcA solution
structure.

The statistics for this family of structures is shown in Table 4.1. The Ramachandran plot
shows 70.4% of the residues in the most favoured regions and 29% in the additionally
allowed. A total of 35 hydrogen bonds were identified in the family of 20 structures with the

software MOLMOL [5], 23 of which were present in at least 50% of the structures.
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Structural and functional studies of PpcA

4.1.4 ' N relaxation measurements

15N NMR relaxation has been used to characterize the dynamic properties of reduced
PpcA in solution. The relaxation parameters T;, T, and NOE were determined at 600 and 800
MHz (Figure 4.5).
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Figure 4.5 - °N relaxation parameters for PpcA backbone in the reduced state.
(A) longitudinal T, relaxation times, (B) transverse T, relaxation times, and (C) 'H-'°N
heteronuclear NOEs. Solid straight lines represent the average T;, T, and NOE at the
respective magnetic field; open circles 800 MHz and closed circles 600 MHz. Secondary
structure elements are shown as arrows (B-strands) and cylinders (a-helices).
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Relaxation data were obtained for all residues except for proline residues (positions 16,
25, 35 and 62) and the two N-terminal amino acids Ala' and Asp?. The average values for T;
are 500 and 655 ms and for T, values are 119 and 104 ms, at 600 and 800 MHz,
respectively. The average NOE value is 0.76 at 600 MHz and 0.81 at 800 MHz. Good
correlation was observed between structure and experimental relaxation data. Most residues
in regular secondary structure elements exhibit heteronuclear NOE values close to the
theoretical maximum indicating high rigidity in these regions (Figure 4.5). The overall
differences in the T; values are not significant. Higher variability was clearly observed in the
NOE and T, data. High T, values correlate with a decrease in the NOE ratio in positions Asp?¢,
Gly3*, Gly®® and the three residues at the C-terminus (positions His®®, Lys’® and Lys’!), which
is in agreement with motions in the ns-ps time scale. Other regions of PpcA with low or
average NOE values present lower T, values with respect to the mean. These correspond to
residues His'’, Val?* and Cys?’, indicating that these residues are affected by conformational

exchange processes in the pus-ms time scale.
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4.1.5 pH titration

The pH titration of PpcA was carried out by 'H-!>N HSQC NMR in the pH range 5.5-9.5
and all *H and '°N chemical shifts of the polypeptide backbone (except for residues 1 and 2)
and side chains were measured. To estimate the effects of pH changes on the PpcA solution
structure, the average chemical shift differences (A8,,4) of each amide were calculated as

described by Garret and co-workers [6] (Figure 4.6).
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Figure 4.6 - pH-linked conformational changes in PpcA. (A) Weighted average of
'H and N chemical shifts (A8,,,) between pH 5.5 and 9.5. (B) Mapping of the residues
showing large pH-dependent shifts on PpcA solution structure. Residues that are close to the
heme IV are indicated in green while Ile3® that forms a conserved hydrogen bond with Py3!
carboxyl oxygen is indicated in blue. Hemes groups are colored red. Dashed lines indicate
hydrogen bonds. (C) pH titration data of the most affected PpcA amide signals. In the
expansion of each 'H-'>N-HSQC NMR spectrum pH increases from violet to pink. Lys’ and
Ala® backbone amide signals are not shown since they appear in a very crowded region of
the spectra.

The residues whose NH signals indicated larger differences (A8, > 0.2 ppm) were from
Lys’, Ala®, Asn'® and Ile® backbone and also from Asn'® side chain (Figure 4.6A). These
residues were mapped on the structure indicated in Figure 4.6B. The pH titration of the
amide signals of Lys’, Ala® Asn® and Ile®® are indicated in Figure 4.6C. The NH signals of
Lys’, Ala® and Asn'® have basic pK, values of 7.0, 7.9 and 7.5 respectively, whereas that of
Ile®® has a much more acidic pK, (5.5). These pK, values show that the pH-linked

conformational changes have different origins.
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4. Structural studies on PpcA

4.2 Discussion

4.2.1 Comparison of PpcA solution structure with Gsc, crystal structures

In solution, the structure of the triheme cytochrome PpcA folds in a two-strand pB-sheet
at the N-terminus formed by Asp3-Leu® and Val'*-Pro'® strands, followed by three a-helices
between residues Ala'®-Lys??, Lys**-His*’, and Lys®?>-Met®®. The three bis-histidinyl heme
groups are arranged in a triangular way with hemes I and IV almost parallel with each other
and both nearly perpendicular to heme III (Figure 4.3). This structure was compared with
the crystal structures available for the Gsc; [1,7,8] and the solution structure of Dacy in the
reduced state [9]. The parameters describing the heme geometry of PpcA in solution along
with equivalent values for Gsc,; crystal structures and cytochrome c; from D. acetoxidans

(Dacy) are presented in Table 4.2.

Table 4.2 - Heme geometry for G. sulfurreducens cytochromes c;. The values for
PpcA NMR reduced structure were obtained for the lowest energy structure. The values for
the NMR solution structure of Dacy in the reduced state [9] are also included for the sake of
completeness and are not discussed.

NMR Crystal structures?® NMR
PpcA PpcA® PpcB© PpcC PpcD* PpcE Dac;!
Heme Fe-Fe distance (A)
I-II1 11.7 11.2 11.7 (11.5) 11.2 11.2 (11.3) 11.8 11.9
I-1v 19.0 20.8 18.2 (18.8) 18.5 18.2 (18.2) 18.2 18.9
III-IV 12.6 12.6 12.6 (12.8) 12.6 12.6 (12.6) 12.4 12.5
Angle between heme planes (°)
I-II1 82 86 73 (72) 81 78 (76) 71 41
I-1v 27 35 20 (16) 18 25 (24) 22 11
III-IV 74 69 70 (71) 75 72 (70) 72 56
Angle between His planes (°)
I 50 57 79 (88) 52 12 (3) 77 55
III 23 22 35 (36) 38 38 (22) 34 27
v 80 89 75 (81) 86 85 (84) 89 53

# The values were taken from [8].

® The crystal structure of PpcA between hemes I and III is altered in comparison with the other G.
sulfurreducens cytochromes c; due to the presence of the additive deoxycholate used in
crystallization. It should not be used for structural comparisons.

¢ PpcB and PpcD cytochromes present two monomers in the crystal. The values corresponding to
monomer B are given in parentheses.

dDac; shares 46% sequence identity with PpcA and was extensively studied by Assfalg and co-
workers [9,10] and Czjzek and co-workers [11].

With exception of the crystal structure of PpcA, for which the Fe-Fe distances and
angles between the heme planes in the PpcA crystal structure are different due to the
binding of the additive deoxycholate [8], the general fold and the relative positions of the
three hemes are similar, with a good agreement between the consensus secondary structure
elements identified in the NMR and crystal structures. The average Fe-Fe distances found
among the crystal structures of PpcB, PpcC, PpcD and PpcE differ by less than 4% compared
to those of PpcA solution structure (Table 4.2). Differences between the heme core in PpcA
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Structural and functional studies of PpcA

solution and crystal structures were previously anticipated from the analysis of NOE
interheme connectivities between hemes III and IV. Indeed, several unexpected
connectivities were observed on basis of the distances taken from PpcA crystal structure
(Chapter 3). The differences between the solution and crystal structures of PpcA are not just
limited to the heme core but extend beyond. In particular, significant differences are
observed in the polypeptide region between His'” and Glu3® that surrounds heme I.

On the other hand, the patterns of interheme NOE connectivities were identical to those
observed for PpcB, which has the highest sequence identity with PpcA (77%), suggesting the
same heme core arrangement for both proteins in solution. The comparison between the
solution structure of PpcA and PpcB crystal structures (Figure 4.7) showed that the global
rmsd values of the lowest energy NMR structure to molecule A and molecule B of PpcB in the
unit cell are 1.22 A and 1.12 A for backbone atoms, respectively. These values are much
lower than those found for the PpcA crystal structure, which are 2.25 A for backbone and
3.10 A for heavy atoms. The residual rmsd values between the mean solution structure and
the crystal structures are plotted along the sequence in Figure 4.7A, showing the

dissimilarity between the solution and crystal structures of PpcA.
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Figure 4.7 - Comparison of PpcA lowest energy solution structure with PpcA
(PDB 10S6) and PpcB crystal structures (monomers A and B, PDB 3BXU). Structures
were superimposed in MOLMOL [5] using backbone atoms. (A) Average rmsd between each
pair of structures. Green symbols represent PpcA crystal structure, and blue closed and open
symbols represent PpcB monomers A and B, respectively. (B) PpcA solution structure versus
PpcB crystal structure (monomer B). PpcA solution structure is colored light gray, and PpcB
crystal structure is blue. (C) PpcA solution structure vs. PpcA crystal structure. PpcA solution
structure is colored light gray, and PpcA crystal structure is green. The deoxycholate
molecule used in the crystallization is represented in orange.
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Among the four PpcA homologue crystal structures, significant structural differences
were noted by Pokkuluri and co-workers [8], in particular, on the axial ligand orientations of
heme I and the polypeptide region surrounding heme I (residues 16-40). The region around
heme I is also where the sequences of Gsc; homologues differ the most suggesting a
functional significance. In this region, the PpcA solution structure showed a non-regular helix
forming a bulge between the two helical regions comprised of residues Lys**-His*” and Lys>?-
Met®®. This structural feature is similar to the crystal structures of PpcB and PpcC but not to

those of PpcD and PpcE where a regular helix is formed in this region.

4.2.2 Backbone dynamics

The backbone dynamics obtained for PpcA corroborates the ordered nature of the
protein, and confirms that the less defined regions of the molecule are the result of their
intrinsic flexibility. The !°N NMR relaxation experiments showed that the polypeptide
segment between His'” and Cys?’ that surrounds heme I has a dynamic behaviour that
differs from rest of the protein. Interestingly, T, values in this region (below the mean value)
point to the occurrence of exchange processes in the ps-ms time regime (Figure 4.5).
Dynamics in this time scale have been postulated to be essential for the recognition and
interaction between protein molecules [12], what suggests that this could be an interaction
surface of PpcA with other proteins. In fact, the detailed thermodynamic characterization of
PpcA hinted that heme I and IV might have a role in recognition of PpcA redox partners [13].
The proposed functional redox-cycle for PpcA involves two dominant microstates: a
microstate in the one-electron oxidized protein with heme I oxidized while keeping the
redox-Bohr center protonated (P;y) and another in the two-electron oxidized protein with
hemes I and IV oxidized and deprotonated redox-Bohr center (P;4). Since heme I is oxidized
in the two functional microstates, it is most likely that the heme I region of PpcA interacts
with its electron acceptor. Heme IV, which alters its oxidation state between the one-and
two-electron oxidized protein, is very likely the interaction region with the electron donor.
However, in contrast with the region around heme I, no backbone dynamics effects were
detected around heme IV. This behavior is not completely unexpected as there are some
examples of rigid protein recognition sites [14,15]. The lack of dynamics has been suggested
as a requisite for the selective sequence recognition. Structurally, heme 1V is stabilized by
hydrogen bonds to both propionate groups (see below), restricting the backbone dynamics
around this heme. This is in line with the fact that, in the crystal structures of the entire
family of Gsc; [8], the region around heme I varies significantly but that around heme 1V is

highly conserved, probably reflecting the higher structural rigidity in this region.

77



Structural and functional studies of PpcA

4.2.3 Heme reduction potentials and redox interactions

The detailed thermodynamic properties of PpcA redox centers were determined

(Chapter 3) and are summarized in Table 4.3.

Table 4.3 - Heme reduction potentials and pairwise interactions (mV) of the
fully reduced and protonated forms of PpcA. The standard errors are given in

parentheses.
Heme redox potentials Redox interactions Redox-Bohr interactions
I III v I-1II I-1vV III-1vV I-H III-H IV-H
-154(5) -138(5) -125(5) 27(2) 16(3)  41(3) -32(4)  -31(4) -58(4)

The solution structure determined allowed addressing the structural basis for PpcA
redox properties. The heme negative reduction potentials are expected for relatively exposed
c-type hemes with bis-histidine axial coordination. The heme solvent exposures are 231.7,
215.8, and 171.3 A? for hemes I, III and IV respectively, and the reduction potential values
of the heme groups correlate with their solvent exposure. In fact, the more exposed hemes
(heme I and III) have more negative reduction potentials (-154 and -138 mV, respectively)
whereas the least exposed one (heme IV) has the least negative reduction potential value (-
125 mV). The higher reduction potential of the latter is also reinforced by its substantial
positive environment due to the presence of several neighboring lysine residues that stabilize
the reduced state of heme 1V.

The heme reduction potentials are also modulated by heme-heme redox interactions.
The positive values obtained for these interactions suggest that they are dominated by
electrostatic effects, rather than conformational changes between redox stages. This is
confirmed by the fact that the highest (41 mV) and the lowest (16 mV) redox interaction are

observed between the closest (III-IV) and furthest (I-IV) pair of heme groups.

4.2.4 Structural close-up on PpcA redox-Bohr center: pH-linked

conformational changes

In addition to the heme-heme redox interactions, the heme reduction potentials are
modulated by redox-Bohr interactions. The redox-Bohr interaction for heme 1V is twice as
high as compared to that of the other two hemes (Table 4.3), suggesting that the redox-
Bohr center is located in the vicinity of heme IV. In fact, the redox-Bohr center was
previously assigned to heme IV propionate 13 (Chapter 3). The redox-Bohr effect, as
observed for PpcA, is crucial for coupling electron and proton transfer at physiological pH.
The detailed thermodynamic characterization of this triheme cytochrome indicated that such
coupling involves the two microstates P;y and P;; [13]. Thus, a fraction of the energy
associated with electrons received from the donor by microstate P, is used by the protein to
lower the pK, value of the redox-Bohr center so that protons can be released in the
periplasm at physiological pH. This mechanism would imply structural conformational

changes in the neighborhood of the redox-Bohr center.
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The solution structure determined confirms P;5! as the redox-Bohr center and allows for
the first time mapping the pH-linked conformational changes associated with the
protonation/deprotonation of this center. The backbone NH signals of Lys’, Ala®, Asn'® and

38 and from Asn!C side chain are the most affected by the protonation/deprotonation of

Ile
the redox-Bohr center (Figure 4.6). Residues 7, 8 and 10 are part of the B-turn segment
connecting the two-strand B-sheet near heme 1V, whereas Ile® is a fully conserved residue
within the family of Gsc, and protects heme I and axial His3! from solvent exposure.

The amide proton of Ile3® forms a conserved hydrogen bond with the carboxyl oxygen of
P:5' in the crystal structures of the entire family of Gsc, [8]. This hydrogen bond is not seen
in PpcA solution structure probably due to the flexibility of the propionate groups of heme I.
However, at lower pH values, the proton chemical shift of the Ile3® NH signal decreases
significantly suggesting the disruption of a hydrogen bond formed between the amide proton
of Ile®® and the carboxyl oxygen of P;5' upon protonation of the latter (Figure 4.6C).

The pK, values obtained for the NH signals of Lys’, Ala® and Asn!® correlate with the pK,
value of the redox-Bohr center (8.6) previously determined for the fully reduced and
protonated protein (Chapter 3), and is likely to be caused by the protonation/deprotonation
of the redox-Bohr center (P;3!). The differences of the pK, values obtained for the redox-
Bohr center and those described from the analysis of the amide backbone NMR signals of
Lys’, Ala® Asn!® are expected since the former value was derived from the global
thermodynamic analysis of the properties of the redox-centers and may reflect the combined
contribution of fractional protonation of several acid-base groups [16].

Although being also part of the B-turn segment connecting the two-strand B-sheet, no
significant changes on the NH backbone signal were observed for residue Lys®. The most
likely explanation for this resides is the conserved hydrogen bond between the Lys®
backbone NH and the 02 atom of P;;V. Indeed, P;;!V is exposed to surface (44.1 R? for
carboxyl oxygens) and would have nearly the same pK, of a free propionate group (~4.0).
Therefore, in the pH range studied it remains deprotonated and forms the hydrogen bond
with Lys® backbone NH.

The pH-linked conformational changes observed in the neighborhood of PV and the
structural features around this group help to rationalize the redox-Bohr effect observed in
PpcA. PisV is considerably less exposed to solvent than P;;"Y (16.3 A? and 44.1 A2
respectively) and thus would be very sensitive to the conformation of the protein
surroundings depending on its protonation state. Being shielded from the solvent, the
protonated form is stabilized which explains the pK, of the redox-Bohr center well above its
expected pK, in free solution (~4.0). Furthermore, in the solution structure of PpcA, the
carbonyl oxygen of Lys’ in the p-turn (residues 7-12) is within hydrogen bonding distance
from P15V (2.6 A between Lys’O and heme IV P;; O1 in the lowest energy structure). Thus,
deprotonation of the propionate P35V disrupts the hydrogen bond with Lys’ leading to
structural changes in the neighborhood as a function of pH. This is likely to be the origin of
pH-linked conformational changes in the B-turn as the above mentioned contact is not
favoured when this buried propionate is deprotonated.
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4.3 Conclusions

The structure of PpcA constitutes the first solution structure of a cytochrome from G.
sulfurreducens. The polypeptide fragment formed by residues 17-27 located near heme I of
PpcA was identified as the most dynamic segment by analysis of the !°N relaxation
parameters obtained for the backbone. This segment may be involved in interaction with
other molecules. The analysis of the chemical shift variation of the backbone and side chain
amide signals with pH allowed mapping the pH-linked conformational changes caused by
protonation/deprotonation of the redox-Bohr center, which is now confirmed to be the heme
propionate P;5V. The redox-Bohr effect of PpcA is a crucial property that allows it to perform
a concerted e /H* transfer and to contribute to the proton electrochemical gradient across
the bacterial cytoplasmic membrane that drives ATP synthesis.

It was confirmed that the crystal structure of PpcA in the oxidized state is affected by
the presence of the deoxycholate molecule used in the crystallization. Therefore, in order to
study possible redox-linked conformational changes, the PpcA solution structure in the
oxidized state should be determined.

The solution structure of PpcA will also be used to assist in the rational design of
mutants and in the mapping of interaction sites with redox partners, an essential step
towards engineering variants of G. sulfurreducens with increased respiratory rates and the
concomitant improvement in their biotechnological applications.
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5. Functional role of PpcA key amino acids

5. FUNCTIONAL ROLE OF PPCA KEY AMINO ACIDS

PpcA is a member of the G. sulfurreducens cytochrome c; family that has the necessary
thermodynamic properties to perform e /H* energy transduction in addition to the electron
transfer that leads to the reduction of extracellular electron acceptors.

To elucidate the physiologic function of PpcA individual key residues, a family of
mutants covering the entire protein was prepared using site-directed mutagenesis.

The redox properties of PpcA mutants were characterized using NMR and UV-visible
spectroscopy. The comparison of the results obtained for the wild-type and mutant proteins
showed that the fine tuning of PpcA redox networks is crucial to the energy transduction

mechanism.

85



Structural and functional studies of PpcA

5.1 Results and discussion

As discussed in Chapter 3, several factors affect and control the reduction potentials of
heme groups in a multiheme protein [1-3]. Besides the nature of the heme axial ligands, the
solvent exposure, as well as the size, polarity and charge of neighboring residues are also
important factors for the regulation of heme reduction potentials [4].

In order to monitor in detail the function of individual residues in PpcA, a collection of
single-mutated proteins was prepared. The PpcA mutants collection comprises 17 single-
mutated proteins, which were expressed and purified as the wild-type protein (Chapter 2).

The mutant proteins belong to three different structural classes: (i) conserved
hydrophobic residue Phe'®; (ii) residue Met®® that protects heme III from solvent exposure;
and (iii) lysine residues near the hemes (conserved Lys'® between hemes I and III, Lys?? also
between hemes I and III, Lys®® near heme III, and Lys® and Lys°?> near heme IV). No
mutations were performed in the position of the axial ligands.

The mutated residues are mapped in PpcA solution structure model depicted in Figure
5.1.

Figure 5.1 - Spatial localization of the mutated residues in PpcA solution
structure (PDB 2LDO [5]). Backbone ribbon and heme groups are represented in gray.
Mutated residues are highlighted and labeled in different colors.

For each mutant, the heme signals in the reduced state were identified and the heme
oxidation profiles screened by 2D-EXSY NMR at pH 6 and pH 8. For those that showed
significant differences when compared with the wild-type, the detailed thermodynamic
characterization was carried out as described for the wild-type protein (Chapter 3).
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5.1.1 Conserved Phe?® residue

A particular structural arrangement is formed by heme I, heme III, and the amino acid
phenylalanine 15 (Phe!®) and is present in all cytochromes ¢, (Figure 1.2 - Chapter 1). An
equivalent arrangement is also observed in tetraheme cytochromes c; [6], as well as in
cytochrome c5-type domains [7]. Therefore, the nature of this amino acid side chain and its
particular spatial location might have an important structural/functional role within these
proteins.

In PpcA, the residue Phel® is located in a hydrophobic region between hemes I and III,
with the aromatic ring located close to heme I and almost parallel to the ring plane of this
heme. The Phel® ring plane is also parallel to the imidazole ring of heme III axial histidine
(His?®) and perpendicular to heme III (Figure 5.2). The conserved Phe!> residue is
immobilized between hemes I and III, and therefore its free rotation is impaired.

Consequently, the aromatic ring has a conserved orientation within this structural motif.

Figure 5.2 - Spatial localization of residue Phe'® in PpcA solution structure. The
side chains of heme I and III axial histidines His'” and His?® are also represented.

In a previous study, the Phe'® residue was replaced by the aromatic tryptophan and
tyrosine residues using site-directed mutagenesis and their effect on the global
(macroscopic) redox properties of the G. sulfurreducens cytochrome c; PpcA were evaluated
[6]. However, the severe broadness of the NMR signals in tyrosine (PpcAF15Y) and
tryptophan (PpcAF15W) mutants prevented the study of the individual heme redox
properties. In fact, the 1D-'H NMR features of PpcAF15Y and PpcAF15W showed major
differences in relation to those of the wild-type protein. In the case of PpcAF15Y, the 1D-H
NMR spectrum obtained for the fully oxidized protein showed extremely broad signals,
whereas for PpcAF15W signal broadness is observed in both reduced and oxidized
1D-'H NMR spectra (Figure 5.3).
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Figure 5.3 — Expansions of the 1D-1H-NMR low-field regions obtained for PpcA
and PpcA mutants. Left and right panels correspond to the oxidized and reduced forms,
respectively.

The NMR signal broadness observed in the two mutants is very likely a consequence of
the coexistence of more than one protein conformation in solution. These NMR features
indicate that the location of Phe!®> in the 3D structure imposes severe restrictions on the
nature of the residues by which it can be replaced. In fact, the larger volume of the
tryptophan residue (228 A3%), compared with the phenylalanine volume (190 &3), and the
side-chain polar character of a residue with similar size, which is the case for tyrosine (194
A3), leads to important conformational heterogeneity in solution of PpcAF15Y and PpcAF15W
mutants. This is also in line with the fact that these mutants could not be crystallized despite
extensive efforts (Pokkuluri and Schiffer unpublished results). In such conditions, exchange
connectivities between all redox stages of the protein were not detected in the 2D-EXSY NMR
spectra, preventing monitoring the stepwise oxidation of PpcAF15Y and PpcAF15W individual
hemes and therefore their detailed thermodynamic characterization.

Thus, to probe the role of Phe!®, the mutant where this residue was replaced by the
amino acid leucine was studied. Although both phenylalanine and leucine residues are
hydrophobic and of similar size, they have different properties: phenylalanine is an aromatic
residue, while leucine is aliphatic. In contrast to the mutants PpcAF15Y and PpcAF15W, in
the case of PpcAF15L, the 1D-'H NMR spectra are well resolved both for the reduced form
and for the oxidized form (Figure 5.3). Thus, no evidence was found for the presence of
multiple conformations. A direct comparison of the 1D-'H NMR spectra obtained for PpcAF15L
and the wild-type proteins showed that the distributions of the signals in the reduced spectra
are similar, whereas in the oxidized state they are considerably different (Figure 5.3). This is
particularly noticeable in the low-field region of the spectra (22-10 ppm), where signals of

several heme methyl groups can be identified.
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5.1.1.1 Heme core architecture and overall structure in the reduced form

!H-15N-HSQC NMR experiments were used to fingerprint the overall structure of
PpcAF15L and to evaluate the impact of the mutation on the protein conformation. All
backbone amide residues, except for the first two residues, were assigned for the wild-type
protein (Chapter 4) and the same method was used to assist in the assignment of PpcAF15L
signals. Comparison of the H-!>N-HSQC NMR spectra obtained for wild-type and mutant

proteins shows that the overall fold is maintained in the mutant (Figure 5.4).
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Figure 5.4 — Expansion of 2D 'H-°N HSQC NMR spectra of PpcAF15L (orange
contours) and PpcA (blue contours) in the reduced form. The most affected amide
signals are linked by a straight line in the spectrum and the position of the corresponding
residues is indicated on the structure in the inset.

The backbone amide signal of residue 15 in both proteins overlaps, indicating that no
changes in the protein backbone were introduced by the mutation. The most affected signal
corresponds to the amide signal of His!’, followed by that of His?°. These residues are the
distal axial ligands of hemes I and III and form, together with the residue 15 side chain, the
hydrophobic region between these heme groups (Figure 5.1). The signals of Ile?, Val®, Lys'8,
Ala*®, and Val** were also affected, although to a smaller extent (Figure 5.4). The
polypeptide segment between His'” and His?® is part of the a-helix located between hemes I
and III (Figure 5.2), whereas Val?** is placed in a turn immediately after the a-helix. Residues
Ile* and Val® are opposite to residue 15 in the two-stranded antiparallel p-sheet at the N-
terminus formed by Asp3-Leu® and Val*3-Pro!® strands. Thus, the substitution of the Phe'®
residue by a leucine has a local effect by rearranging the neighboring residues without

affecting the global fold of the protein.
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The evaluation of the impact of the replacement of the Phe!® residue by a leucine was
further extended to the study of the heme core architecture. 2D-'H-NOESY and TOCSY data
were acquired to assist in the assignment of the PpcAF15L heme proton signals, to identify
the interheme NOE connectivities, and to probe the heme core architecture in solution. The
assignment of the heme signals in PpcAF15L (Table A.3 — Appendix) was obtained using the
same method as described for PpcA. This assignment was further confirmed by examining
the interheme NOE connectivities measured from the 2D-'H-NOESY NMR spectra acquired at
different mixing times. The same set of interheme NOE connectivities between heme
substituents of the closest heme groups observed in the wild-type cytochrome were
identified in the mutant, which indicates that the heme core architecture is conserved in both

proteins (Figure 5.5).
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Figure 5.5 - Comparison of the observed heme proton chemical shifts of
reduced PpcAF15L and those of PpcA at pH 8 and 15 °C. White, gray, and black circles
correspond to hemes I, III, and IV, respectively. The solid line has a unit slope. The rmsd
between the chemical shifts measured for PpcAF15L and those of PpcA are 0.18 (heme I),
0.39 (heme III), and 0.03 ppm (heme IV). The interheme NOE connectivities are indicated
by dashed lines in the inset.

Also, a good correlation was obtained between the proton chemical shifts of the heme
substituents measured for PpcAF15L and for PpcA, further confirming that the solution
structures of the heme cores are similar (Figure 5.5). With the exception of the group
32CH5™, which in PpcA is close to the aromatic ring of Phe!® and hence subject to additional
ring-current effects on its chemical shift, all other signals are essentially unaffected in the
mutated protein. The best correlation was obtained for the heme IV protons, which is

expected since heme 1V is farthest from Phe!® (Figure 5.2).

5.1.1.2 Preliminary screening of the heme oxidation profiles

As a first approach, the redox properties of the mutated protein were studied by 2D-
EXSY NMR at pH 6 and pH 8 for the same set of heme methyls used in the wild-type protein
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(12'CH5!, 7'CH;™ and 12!CH;Y). The results obtained for PpcAF15L are presented in Figure
5.6.
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Figure 5.6 — Oxidation fraction of PpcAF15L (solid symbols and lines) and PpcA
(open symbols and dashed lines) at pH 6 and pH 8. Heme I, III and IV data are colored
in green, orange and blue, respectively. The heme oxidation fractions were calculated
according to Equation 3.1 (Chapter 3).

In these plots, the lines with larger slope connecting two consecutive oxidation stages
correspond to the heme that dominates the protein oxidation in that oxidation step. For the
wild-type protein, at pH 6 the two first oxidation stages are dominated by the oxidation of
heme I, while hemes III and IV are oxidized to a similar extent in the last step (dashed lines
on the left panel of Figure 5.6). At pH 8 the order of heme oxidation for PpcA is I-IV-III
(dashed lines on the right panel of Figure 5.6). In the mutated protein, hemes III and I
dominate the first oxidation stage with similar oxidation fractions at both pH values (solid
lines on Figure 5.6). Heme 1V is the last to oxidize in the mutated protein, in contrast with
what is shown for the wild-type protein. As a consequence of the replacement of Phe!® by a
lysine residue significant changes were observed and thus, PpcAF15L was thermodynamically

characterized in detail.
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5.1.1.3 Thermodynamic characterization of PpcAF15L

To probe the functional role of residue Phe!® in the control of the heme reduction
potentials and in the global network of cooperativities of the wild-type protein, 2D-EXSY NMR
spectra were obtained for PpcAF15L. The NMR spectra were obtained at different pH values
and the chemical shifts of heme methyls 121CH5!, 7'CH5™, and 12'CH;" were measured for

oxidation stages 1-3 (Figure 5.7).
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Figure 5.7 - Fitting of the thermodynamic model to the experimental data for
PpcAF15L. The solid lines are the result of the simultaneous fitting of the NMR and UV-
visible data. The three left panels show the pH dependence of heme methyl chemical shifts
at oxidation stages 1 (A), 2 (O), and 3 (O). The chemical shifts of the heme methyls in the
fully reduced stage (stage 0) are not plotted since they are unaffected by the pH. The
dashed lines in each panel represent the best fit for the wild-type protein and the nearest
label (1, 2, 3) indicates the oxidation stage represented by the curve. The right panel
corresponds to the reduced fractions determined by UV-visible spectroscopy at pH 7.0 (O)
and pH 8.0 (O). The open symbols and the filled symbols represent the data points in the
reductive and oxidative titrations, respectively.

The chemical shifts of PpcAF15L heme methyl 12!CHs' are considerably smaller in
oxidation stages 1, 2, and 3, and are essentially unaffected in the reduced state (2.86 and
2.55 ppm in the mutant and wild-type protein, respectively). However, such variations do
not translate into significant changes in heme I oxidation fractions, as they are determined in

relation to the chemical shift in oxidation stage 3. Although to a much smaller extent, the

92




5. Functional role of PpcA key amino acids

same situation was observed for heme methyl 12'CH;". In contrast, the chemical shifts of
heme methyl 7!CH5;™ are essentially unaffected in oxidation stage 3 but are considerably
affected in oxidation stages 1 and 2, which indicates important changes in the oxidation
fractions of heme 1III, i.e., in its reduction potential. To exemplify this, the heme oxidation
fractions obtained for all the hemes at pH 8.0 for PpcAF15L and PpcA are indicated in Table

5.1, showing that indeed those of heme III are the most affected.

Table 5.1 - Calculated oxidation fractions x; for each heme group in each
oxidation stage at pH 8.0 for PpcAF15L and wild-type cytochromes. The heme
oxidation fractions x; in each stage of oxidation were calculated according to Equation 3.1
(Chapter 3). Values indicated in parenthesis are those for the wild-type cytochrome.

Xi
Oxldatlon stage Heme 1 Heme III Heme IV
0 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
1 0.35 (0.48) 0.40 (0.25) 0.23 (0.27)
2 0.81 (0.88) 0.58 (0.40) 0.60 (0.73)
3 1.00 (1.00) 1.00 (1.00) 1.00 (1.00)

As for the wild-type cytochrome, the thermodynamic model was used to fit the pH
dependence of the observed chemical shifts of the heme methyls, together with data from
UV-visible redox titrations obtained at pH 7.0 and 8.0. The thermodynamic parameters and
the macroscopic pK, values associated with the four stages of oxidation are indicated in

Table 5.2 and Table 5.3, respectively.

Table 5.2 - Energy parameters (meV) of PpcAF15L and PpcA. Diagonal terms (in
boldface type) represent the oxidation energies of the three hemes and the deprotonating
energy of the redox-Bohr center (gy) in the fully reduced and protonated proteins. Off-
diagonal values are the redox (heme-heme) and redox-Bohr (heme-proton) interactions
energies. The standard errors are given in parenthesis. Following the nomenclature for the
pairwise interacting centers model, the pK, of the reduced proteins is given by
guF/[(In10)RT] and the pK, of the oxidized ones is given by (gy + £g,4)F/[In(10)RT].

Energy (meV)

PpcA Heme I Heme III Heme IV Redox-Bohr center
Heme I -154 (5) 27 (2) 16 (3) -32 (4)
Heme III -138 (5) 41 (3) -31 (4)
Heme IV -125 (5) -58 (4)
Redox-Bohr center 495 (8)
Heme 1 Heme III Heme IV Redox-Bohr center
Heme I -164 (4) 24 (2) 14 (2) -20 (4)
Heme III -168 (4) 36 (2) -17 (4)
Heme IV -136 (5) -49 (4)
Redox-Bohr center 485 (8)
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Table 5.3 - Macroscopic pK, values of the redox-Bohr center for PpcAF15L and
wild-type cytochromes. The values were calculated from the parameters listed in Table
5.2.

- PKa
Oxidation stage
PpcAF15L PpcA
0 8.5 8.6
1 8.0 8.0
2 7.5 7.2
3 7.0 6.5
ApK, 1.5 2.1

The quality of the fittings obtained for the pH dependence of the paramagnetic chemical
shifts and for the UV-visible redox titrations (Figure 5.7) clearly shows that the experimental
data are well described by the model considering one protonatable center. The strongest
redox interactions are observed between the closest pair of heme groups (I-III and III-1V).
As expected, considering that the geometry of the heme core is conserved in the mutant, the
pairwise heme redox interactions are maintained. However, important changes were
observed in the reduction potentials and redox-Bohr interactions. All reduction potentials are
more negative in the mutant and the redox-Bohr interactions are weaker (Table 5.2). These
experimental observations, in the context of an undisturbed heme core as shown above,
indicate that the hemes are slightly more solvent-exposed in the mutant. This effect is larger
for heme III as can be seen from the more pronounced decrease in the reduction potential
and redox-Bohr interaction, and most probably has its origin in the local rearrangements in
the a-helix located between hemes I and III caused by the removal of the aromatic phenyl
ring at position 15 (Figure 5.4). In PpcAF15L the strongest redox-Bohr effect remains

associated with heme IV as observed in the native protein.

5.1.1.4 Role of Phe'® in the functional mechanism of PpcA

The replacement of Phe!® by a leucine residue had the effect of lowering the reduction
potentials of the hemes and reducing the macroscopic redox-Bohr effect. However, such
results per se do not give any insight into the mutation effect on the functional mechanism of
the protein. Mechanistic information about the electron transfer pathways in multiheme
proteins can only be obtained from a detailed thermodynamic characterization of the redox
centers. Indeed, from the thermodynamic parameters listed in Table 5.2, it is possible to
evaluate the contribution of each of the 16 microstates during the oxidation of PpcA or
PpcAF15L at physiological pH. Such a study was previously done for the wild-type protein
and a coherent electron transfer pathway coupled to proton transfer was established
(Chapter 3). The relative variation of the microstates in PpcA is depicted in Figure 5.8

together with the relative variations obtained for PpcAF15L.
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Figure 5.8 - Molar fractions of the 16 individual microstates (left panels) and
oxidation fractions of individual hemes (right panels) in PpcAF15L and wild-type
cytochromes. The curves were calculated at pH 7.5 as a function of the solution reduction
potential using the parameters listed in Table 5.2. In the left panels, solid lines and dashed
lines indicate the protonated and deprotonated microstates (described in Figure 2.5 -
Chapter 2), respectively.

Whereas in the wild-type protein a concerted e /H™ transfer occurs between oxidation
stages 1 and 2, it is clear that the relative contributions of different microstates to the overall
population in each stage are dramatically changed in the mutated protein. In fact, in the
wild-type cytochrome oxidation stage 0 is dominated by the fully reduced and protonated
form P,y and stage 1 is dominated by the oxidation of heme I (P;4) while keeping the acid-
base center protonated. Oxidation stage 2 is dominated by the oxidation of hemes I and IV
and deprotonation of the acid-base center (P;4;), which remains deprotonated in stage 3
upon full oxidation of heme III (P;34). Therefore, a route is defined for electron transfer in
PpcA: Poy = Pyy > P14 = Pj34, which is disrupted in the mutant (Figure 5.8). The concerted
e’ /H* transfer performed by PpcA derives from the higher reduction potential of heme III
compared with the reduction potentials of hemes I and IV, ensuring that oxidation stages 1
and 2 are dominated essentially by particular microstates (P;y and P;4). The F15L mutation
brings closer the midpoint reduction potential values of all heme groups (right panels in
Figure 5.8 for wild-type and mutant proteins) and concomitantly the intermediate oxidation
stages are no longer dominated by single microstates. Consequently, no preferential
pathway is established for electron transfer in the mutant protein. In addition, the coupled
e/H* transfer observed between oxidation stages 1 and 2 in the native protein is also lost in

the mutated cytochrome.

95



Structural and functional studies of PpcA

These observations suggest that Phe!® has an important structural role in preserving the
required geometry of those axial ligands, and in fine-tuning the reduction potentials of the

hemes.

5.1.1.5 Comparison with tetraheme cytochromes c3

The conserved structural motif formed by Phe!® and hemes I and III is also present in
tetraheme cytochromes cs, in which Phe?® occupies an equivalent position. In the particular
cases of Desulfovibrio vulgaris tetraheme cytochrome c¢; isolated from the strains
Hildenborough (DvHcs) and Miyazaki (DvMc;), biochemical studies using Phe?® mutants have
been performed [8-10]. However, the redox characterization of these mutants was limited to
a quantitative macroscopic redox study for DvHcs and a partial microscopic characterization
of the redox centers for DvMcs;, which restricted the determination of the heme reduction
potentials in the first and last oxidation steps [10]. Consequently, in the absence of a
detailed thermodynamic characterization of the Phe?° mutants of cytochromes c;, a
comparison of the role of Phe!® in the cytochrome ¢, family and that of Phe?® in the
tetraheme c¢; family cannot be made. Nevertheless, a qualitative analysis of the individual
heme oxidation patterns of an equivalent mutant (F20I) in the tetraheme cytochrome c3
from DvHcs [9] showed that the order of the heme oxidation is unaltered, suggesting a

specific role of the conserved residue within each family of cytochromes.
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5.1.2 Met>® protects heme III from solvent exposure

The residue Met®® is located in the end of the a-helix near heme III, and protects this
heme from solvent exposure (Figure 5.9).

Figure 5.9 - Spatial localization of residue Met*2 in PpcA solution structure. The
sulphur atom of the methionine side chain is represented in yellow.

In the mutant proteins, Met®® was replaced by a serine (PpcAM58S), an asparagine
(PpcAM58N), an aspartate (PpcAM58D) and a lysine (PpcAM58K). Thus, the effect of
replacing a non-polar residue by a polar residue (Ser and Asn), a negatively charged residue
(Asp) or a positively charged one (Lys) was evaluated.
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5.1.2.1 Heme core architecture in the reduced form

The heme core architecture of the PpcAM58 mutant proteins was probed by 2D NMR as
for the wild-type (Chapter 3). The heme proton resonances were assigned (Table A.4 -
Appendix) and their chemical shifts were compared to those of wild-type PpcA (Figure 5.10).
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Figure 5.10 - Comparison of the observed heme proton chemical shifts of
reduced PpcAM58 mutants and those of PpcA at pH 8 and 15 °C. The symbols
correspond to the mutants PpcAM58D (A), PpcAM58K (O), PpcAM58N (O) and PpcAM58S
(<), and white, gray, and black symbols correspond to hemes I, III, and IV, respectively.
The rmsd between the chemical shifts measured for PpcAM58 mutants and those of PpcA are
(0.02; 0.03; 0.03 ppm) for PpcAM58D, (0.02; 0.07; 0.01 ppm) for PpcAM58K, (0.01; 0.05;
0.01 ppm) for PpcAM58N and (0.02; 0.03; 0.01 ppm) for PpcAM58S, (heme I; heme III;
heme 1V) respectively. The solid line has a unit slope.

From this comparison, a very good correlation was obtained. The rmsd value between
the chemical shifts for the wild-type and mutant cytochromes is quite low, but slightly higher
for heme III resonances as expected given the close location of residue Met® to this heme.
The NOE connectivities between the heme groups were also analyzed, and it was verified
that the same set of connectivities were observed for PpcA and the mutant proteins. Overall,

the results obtained show that the heme core arrangement is similar for all the proteins.
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5.1.2.2 Preliminary screening of the heme oxidation profiles

As described for PpcAF15L, the heme oxidation profiles of PpcAM58 mutated proteins
were first studied by 2D-EXSY NMR at pH 6 and 8 (Figure 5.11).
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Figure 5.11 - Oxidation fraction of PpcAM58 mutants (solid symbols and lines)
and PpcA (open symbols and dashed lines) at pH 6 and pH 8. Heme I, III and IV data
are colored in green, orange and blue, respectively. The heme oxidation fractions were
calculated according to Equation 3.1 (Chapter 3).

In all mutants, with exception of PpcAM58S, the replacement altered significantly the
heme oxidation profiles at both pH values. The comparison between the mutants’ and the
wild-type heme oxidation fractions show significant changes in heme III, which correlates
with the spatial localization of Met®®. However, the effect on heme III oxidation fractions is
not identical in the four proteins.

The heme III oxidation fractions are clearly higher in PpcAM58D than those observed for
the wild-type protein (Figure 5.11). The opposite effect is observed in mutant PpcAM58K
(Figure 5.11). In these two mutants, the changes observed in the oxidized fractions of heme
ITII can be explained by simple electrostatic considerations. Indeed, the introduction of a
negative charge is expected to stabilize the oxidized form of the heme group and, thus,
facilitates the removal of the electron (higher oxidized fractions). The reverse effect is
expected for the introduction of a positive charge (PpcAM58K) in the vicinity of heme III.

The effect on heme oxidation profiles by the replacement of Met®® by the polar residues
asparagine and serine yielded different results (Figure 5.11), which could not be predicted,
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since polarity around heme groups can have antagonic effects [4]. In the case of PpcAM58N,
an oxidation profile similar to the one displayed by PpcAM58K was obtained, whereas for
PpcAM58S no significant effects were observed in comparison with the wild-type protein.
Since PpcAM58 mutants introduced significant changes in the heme oxidation profiles at
pH 6 and 8, these proteins were characterized in detail. In this study, the characterization of
PpcAM58S was also included, in order to confirm if when the same heme oxidation profiles

are observed at pH 6 and pH 8 the final thermodynamic parameters are identical.
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5.1.2.3 Thermodynamic characterization of PpcAM58 mutants

The full thermodynamic characterization of PpcAM58 mutants was carried out as
described for the wild-type protein. The chemical shifts obtained for the same set of heme

methyls at the different oxidation stages for the mutated proteins are plotted in Figure 5.12.
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Figure 5.12 - Fitting of the thermodynamic model to the experimental data for
PpcAM58 mutants. The solid lines are the result of the simultaneous fitting of the NMR and
UV-visible data. The three upper panels show the pH dependence of heme methyl chemical
shifts at oxidation stages 1 (A), 2 (), and 3 (O).The dashed lines in each panel represent
the best fit for the wild-type protein. The lower panel corresponds to the reduced fractions
determined by UV-visible spectroscopy at pH 7.0 (O) and pH 8.0 (0). The open symbols and
the filled symbols represent the data points in the reductive and oxidative titrations,
respectively.
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Figure 5.12 (cont.) - Fitting of the thermodynamic model to the experimental

data for PpcAM58 mutants.

In contrast with PpcAF15L, the chemical shifts of all the heme groups in the fully
oxidized state of PpcAM58 mutants are similar to the ones observed for the wild-type, which

indicates that the heme core structure, including the geometry of the heme axial ligands

[11], is maintained.

As for the wild-type protein, the thermodynamic model (Chapter 2) was used to fit the
pH dependence of the observed chemical shifts of the heme methyls, together with data
from UV-visible redox titrations obtained at pH 7 and 8 (Figure 5.12). The thermodynamic
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parameters obtained from the fitting for the four PpcAM58 mutants are shown in Table 5.4.
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Table 5.4 - Energy parameters (meV) for PpcAM58 mutants. Diagonal terms (in
boldface type) represent the oxidation energies of the three hemes and the deprotonating
energy of the redox-Bohr center (gy) in the fully reduced and protonated proteins. Off-
diagonal values are the redox (heme-heme) and redox-Bohr (heme-proton) interactions
energies. The standard errors are given in parenthesis.

Energy (meV)

PpcAM58D Heme 1 Heme III Heme IV Redox-Bohr center
Heme I -161 (4) 18 (2) 6 (2) -18 (3)
Heme III -156 (4) 29 (2) -18 (3)
Heme IV -134 (4) -44 (3)
Redox-Bohr center 465 (7)
Heme 1 Heme III Heme IV Redox-Bohr center
Heme I -150 (4) 8 (3) -2 (3) -18 (4)
Heme III -109 (4) 26 (3) -16 (4)
Heme IV -123 (4) -43 (4)
Redox-Bohr center 457 (7)
Heme 1 Heme III Heme IV Redox-Bohr center
Heme I -153 (3) -4 (3) -9 (3) -11 (3)
Heme III -103 (3) 25 (3) -7 (3)
Heme IV -126 (3) -38 (3)
Redox-Bohr center 444 (5)
Heme 1 Heme III Heme IV Redox-Bohr center
Heme 1 -159 (4) 17 (2) 6 (2) -13 (4)
Heme III -139 (3) 30 (2) -10 (4)
Heme IV -131 (2) -37 (4)
Redox-Bohr center 453 (8)

With the exception of PpcAM58S, the comparison of the thermodynamic parameters of
the mutants with those obtained for the wild-type protein showed the largest differences on
heme III reduction potentials. In all PpcAM58 mutants, the redox and redox-Bohr
interactions are smaller than the ones of PpcA. However, as observed for PpcA, the weaker
redox interaction is between the heme groups that are structurally further apart (I-1V), and
the strongest redox-Bohr interaction observed is with heme IV. The lower values of the
interactions, in the context of an undisturbed heme core, might have their origin on
structural rearrangements of charged groups that cause variations in local dielectric
constants [12].

On a pure electrostatic basis, the heme-heme interactions are expected to be positive
due to the repulsion between the electrons negative charge. On the other hand, the
interaction energies between the heme groups and the redox-Bohr center are expected to be
negative, as deprotonation of the latter will destabilize the heme electrons. Thus, the
negative interaction energies between pairs of heme groups cannot be explained by
electrostatics and suggests the existence of conformational changes. Similar results were
observed for tetraheme cytochromes c¢; [13-15], that were explained when their structures
were solved in both redox states and compared [16-18]. The negative interactions were
attributed to redox-linked conformational changes in the heme propionates and localized

structural rearrangements in the side chains near the heme groups [19].

103



Structural and functional studies of PpcA

5.1.2.4 Role of Met®® in the functional mechanism of PpcA

In order to evaluate the effect of the mutation on the functional mechanism of PpcA, the
relative populations of each microstate at physiological pH were determined as function of

the solution potential (Figure 5.13).
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Figure 5.13 - Molar fractions of the 16 individual microstates (left panels) and
oxidation fractions of individual hemes (right panels) in PpcAM58 mutants and
wild-type cytochromes. The curves were calculated at pH 7.5 as a function of the solution
reduction potential using the parameters listed in Table 5.4. In the left panels, solid lines and
dashed lines indicate the protonated and deprotonated microstates, respectively. In the right
panels, solid and dashed lines represent data for the mutant and wild-type proteins,
respectively.
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The analysis of the heme oxidation profiles for PpcAM58D shows that the introduction of
a negative charge in the vicinity of heme III stabilizes the oxidized form of the protein, by
lowering the apparent midpoint reduction potential (e,,,) of the heme groups. As expected,
heme III midpoint reduction potential is the most affected at physiological pH and the order
of heme oxidation is I-(III,IV). At this pH, two microstates are now dominating the first
oxidation stage (P;4 and P34) and no preferential pathway for electron transfer is observed.

When residue Met®® is replaced by the positively charged lysine, a significant alteration
on heme III reduction potential is observed, but in a opposite direction to that observed in
PpcAM58D. In the mutant PpcAM58K, the e,,, value of heme III becomes more positive so
that it becomes the last one to oxidize (Figure 5.13). In comparison with the wild-type
protein, the order of oxidation of the heme groups is maintained, but now a different
functional mechanism emerges, in which a 2e” step coupled with proton transfer is well
established.

Concerning to PpcAM58N and PpcAM58S mutants, the first one behaves as PpcAM58K,
whereas the latter has a similar behavior to that observed for the wild-type protein (Table
5.4 and Figure 5.13). As mentioned above, an interpretation is not straightforward as small
differences on polarity around heme groups are difficult to predict [4]. However, given the
relatively high solvent exposure of heme III (215.8 A?) it is tempting to speculate that the
small size of the serine side chain essentially does not affect the overall polarity around
heme. On the contrary, the large volume of the asparagine side chain, in comparison with
that of serine, can establish extra hydrogen bonds around heme III, that might lead to the
stabilization of its reduced form.

In summary, the data obtained for the PpcAM58 mutants suggests that the preferred
e’ /H* transfer pathway observed for PpcA is strongly dependent on the relative value of
heme III reduction potential. Indeed, when the reduction potential of heme III reduction
potential gets closer to the reduction potentials of the other two heme groups (PpcAM58D),
the preferential pathway for electron transfer is disrupted. In contrast, the data obtained
showed that, when heme III is clearly the last to oxidize (less negative potential), there is a
well established e’ /H* transfer pathway, which involves a single or a two electron transfer
coupled to proton transfer. The latter is favored by a larger difference between heme III

reduction potential and the reduction potential of the previous heme to oxidize.
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5.1.3 Lysine residues near the heme groups

The triheme cytochrome PpcA has an unusually high content of lysines, 17 out of 71
residues, which makes the surface of the protein greatly positive. To evaluate the influence
of lysine residues in the vicinity of the different heme groups, lysine residues were selected
for mutagenesis studies: conserved Lys'® between hemes I and III, Lys?? also between
hemes I and III, Lys®® near heme III, and Lys® and Lys®? near heme IV (Figure 5.14). Each
lysine was replaced by an uncharged residue (glutamine) and a negatively charged one

(glutamate).
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Figure 5.14 - Spatial localization of lysine residues in PpcA solution structure.
Mutated lysines are highlighted in color.

5.1.3.1 Heme core architecture in the reduced form

As for the other mutated proteins, the heme proton resonances were assigned for
PpcAK9Q and PpcAK9E (Table A.5 - Appendix), PpcAK18Q and PpcAK18E (Table A.6 -
Appendix), PpcAK22Q and PpcAK22E (Table A.7 - Appendix), PpcAK52Q and PpcAK52E
(Table A.8 - Appendix) and PpcAK60Q and PpcAK60E (Table A.9 - Appendix), following the
same strategy as for the wild-type protein (Chapter 3). When the chemical shifts are
compared with those obtained for the wild-type protein a good correlation is observed
(Figure 5.15). Additionally, the interheme connectivities observed were the same for all the

proteins, which indicates that the heme core structure is maintained.
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Figure 5.15 - Comparison of the observed heme proton chemical shifts of
reduced PpcA lysine mutants and those of PpcA at pH 8 and 15 °C. The symbols
correspond to the glutamine (A) and the glutamic acid mutants (O), and white, gray, and
black symbols correspond to hemes I, III, and IV, respectively. The rmsd between the
chemical shifts measured between the wild-type and PpcAK9, PpcAK18 and PpcAK22 mutants
is 0.01 ppm for all the heme groups, while for PpcAK52Q is (0.01; 0.03; 0.05 ppm), for
PpcAK52E (0.02; 0.05; 0.08 ppm), and for PpcAK60 mutants is (0.01; 0.02; 0.01 ppm);
(heme I; heme III; heme IV) respectively. The solid line has a unit slope.
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5.1.3.2 Preliminary screening of the heme oxidation profiles

2D-EXSY NMR spectra were obtained at pH 6 and pH 8 for all lysine mutants, and the

chemical shifts for the same set of methyls as for the wild-type was used to monitor the

stepwise oxidation of each heme.
In the case of Lys® (PpcAK9Q and PpcAK9E), Lys'® (PpcAK18Q and PpcAK18E) and Lys??
(PpcAK22Q and PpcAK22E) the replacement did not affect significantly the oxidation profile

of the heme groups (Figure 5.16).
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Figure 5.16 - Oxidation fraction of PpcAK9, PpcAK18 and PpcAK22 mutants
(solid symbols and lines) and PpcA (open symbols and dashed lines) at pH 6 and
pH 8. Heme I, III and IV data are colored in green, orange and blue, respectively. The heme

oxidation fractions were calculated according to Equation 3.1 (Chapter 3).
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Lys® is located in the turn segment near heme IV that connects the two-strand B-sheet
at the N-terminus of the polypeptide chain (Figure 5.14). From the PpcA solution structure
(Chapter 4) it was observed that Lys® backbone NH forms a hydrogen bond with the oxygen
atom 02 of heme IV propionate 17 (P;7"). A double mutant in this position (K9-10A) has
been studied for Dac; [20]. In this case, a similar result was obtained, with the replacement
of the two lysines not affecting the reduction potentials of the heme groups. Thus, Lys®
seems to have an important role in stabilizing heme IV propionate P,V (Chapter 4).

18 is a conserved residue in most of the ¢, cytochromes from Geobacteraceae

Lys
bacteria (Figure 1.2 - Chapter 1). This residue is located in the a-helix between hemes I and
III (Figure 5.14). No significant changes were observed in the oxidized fractions of PpcAK18
mutants when compared to the wild-type. This is probably related to the fact that this
residue is located on the outer surface of the a-helix, with its side chain pointing towards the
protein exterior.

22 is |ocated one turn after Lys!® in the same o-helix (Figure 5.14). Thus, it is

Lys
expected that its side chain is also pointing outside the protein. Consequently, the redox
properties of the heme groups shouldn’t be significantly affected by the mutations in Lys??
residue.

On the other hand, for Lys®>? and Lys®® families, the removal of the positive charge

changed the heme oxidation profiles significantly (Figure 5.17).
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Figure 5.17 - Oxidation fraction of PpcAK52 and PpcAK60 mutants (solid
symbols and lines) and PpcA (open symbols and dashed lines) at pH 6 and pH 8.
Heme I, III and IV data are colored in green, orange and blue, respectively. The heme
oxidation fractions were calculated according to Equation 3.1 (Chapter 3).
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Residue Lys®? is positioned on top of heme IV in the beginning of the a-helix between
hemes III and IV, with its side chain almost parallel to heme IV plane (Figure 5.14). The
removal of a positive charge near heme 1V is reflected in the oxidized fractions of the heme
groups at both pH values. The most affected is heme IV, which becomes the first heme to
oxidize. At these two pH values, the effect seems to be similar when a neutral or a
negatively charged residue is introduced at position 52. This indicates that, in the
environment of Lys®?, the glutamate residue might be protonated or hydrogen bonded to a
neighboring residue.

On the contrary, the replacement of Lys®® positive charge by a negative or neutral one
has a distinct effect on the heme III oxidation fractions at intermediate stages of oxidation.
In both cases, heme III displays higher oxidation fractions as its reduced form is less
stabilized. This effect is more notorious on PpcAK60E mutant and the order of oxidation of
the heme groups is different when compared to PpcA (III-I-1V vs. I-IV-III).

Since major changes were observed in Lys®? and Lys®® mutant families, the

thermodynamic properties of their heme groups were further characterized in detail.

5.1.3.3 Thermodynamic characterization of PpcAK52 and PpcAK60 mutants

In order to fully characterize the thermodynamic properties of the PpcAK52 and
PpcAK60 mutants, the stepwise oxidation of the heme groups was monitored by 2D-EXSY
NMR spectra at different pH values. Together with the results from redox titrations followed
by UV-visible spectroscopy at pH 7 and 8, the thermodynamic parameters were calculated as

described for the wild-type protein (Figure 5.18 and Figure 5.19).
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Figure 5.18 - Fitting of the thermodynamic model to the experimental data for
PpcAK52 mutants. The solid lines are the result of the simultaneous fitting of the NMR and
UV-visible data. The three upper panels show the pH dependence of heme methyl chemical
shifts at oxidation stages 1 (A), 2 (), and 3 (O).The dashed lines in each panel represent
the best fit for the wild-type protein. The lower panel corresponds to the reduced fractions
determined by UV-visible spectroscopy at pH 7.0 (O) and pH 8.0 (). The open symbols and
the filled symbols represent the data points in the reductive and oxidative titrations,
respectively.
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Figure 5.19 - Fitting of the thermodynamic model to the experimental data for
PpcAK60 mutants. The solid lines are the result of the simultaneous fitting of the NMR and
UV-visible data. The three upper panels show the pH dependence of heme methyl chemical
shifts at oxidation stages 1 (A), 2 (), and 3 (O).The dashed lines in each panel represent
the best fit for the wild-type protein. The lower panel corresponds to the reduced fractions
determined by UV-visible spectroscopy at pH 7.0 (O) and pH 8.0 (). The open symbols and
the filled symbols represent the data points in the reductive and oxidative titrations,

respectively.

The analysis of the NMR data showed that the chemical shifts of the heme methyls in
the fully oxidized state is similar to the wild-type protein. This allows a straightforward
comparison between the chemical shifts at each intermediate stage and the correspondent
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heme oxidation fractions. However the oxidized fractions in the intermediate stages are
different for all hemes.

For PpcAK52 mutants it is clear that heme oxidation fractions of heme IV are
significantly higher at both intermediate oxidation stages (stages 1 and 2). As described by
Equation 2.4 (Chapter 2), the increase of the heme IV oxidation fractions are compensated
by decreasing the oxidation fractions of hemes I and III at each correspondent oxidation
stage.

The thermodynamic parameters obtained from the fitting of the thermodynamic model

for the fully reduced and protonated proteins are presented in Table 5.5 and Table 5.6.

Table 5.5 - Energy parameters (meV) for PpcAK52 mutants. Diagonal terms (in
boldface type) represent the oxidation energies of the three hemes and the deprotonating
energy of the redox-Bohr center (gy) in the fully reduced and protonated proteins. Off-
diagonal values are the redox (heme-heme) and redox-Bohr (heme-proton) interactions
energies. The standard errors are given in parenthesis.

Energy (meV)

Heme 1 Heme III Heme IV Redox-Bohr center
Heme I -154 (3) 20 (2) 0(2) -15 (3)
Heme III -138 (3) 20 (2) -11 (3)
Heme IV -160 (4) -43 (3)
Redox-Bohr center 466 (6)
m Heme 1 Heme III Heme IV Redox-Bohr center
Heme 1 -154 (3) 20 (2) 1(2) -14 (3)
Heme III -142 (3) 27 (2) -22 (3)
Heme IV -160 (4) -59 (3)
Redox-Bohr center 482 (6)

Table 5.6 - Energy parameters (meV) for PpcAK60 mutants. Diagonal terms (in
boldface type) represent the oxidation energies of the three hemes and the deprotonating
energy of the redox-Bohr center (gy) in the fully reduced and protonated proteins. Off-
diagonal values are the redox (heme-heme) and redox-Bohr (heme-proton) interactions
energies. The standard errors are given in parenthesis.

Energy (meV)

Heme 1 Heme III Heme IV Redox-Bohr center
Heme I -164 (3) 22 (2) 6 (2) -15 (3)
Heme III -162 (3) 30 (2) -16 (3)
Heme IV -132 (3) -40 (3)
Redox-Bohr center 461 (6)
Heme 1 Heme III Heme IV Redox-Bohr center
Heme I -151 (5) 24 (3) 9 (3) -23 (5)
Heme III -157 (6) 35 (3) -29 (5)
Heme IV -121 (6) -49 (5)
Redox-Bohr center 482 (11)
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The thermodynamic parameters determined for PpcAK52 mutants show that the
reduction potential of heme 1V is lowered by 35 mV, while the redox potentials of the other
heme groups are very similar to the wild-type (Table 5.5). The interactions between the
heme groups are smaller than in the wild-type protein, reflecting a different electrostatic
distribution on the protein [12].

The analysis of the thermodynamic parameters of PpcAK60 mutants (Table 5.6) shows
that heme III is more affected, as expected from the spatial position of Lys®® in PpcA
structure (Figure 5.14). The heme III reduction potential is lowered by about 20 mV,

reflecting the stabilization of its reduced form.
5.1.3.4 Role of Lys®? and Lys® in the functional mechanism of PpcA

The analysis of the impact of these parameters on the protein functional mechanism at
physiological pH was evaluated by plotting the molar fractions of the individual microstates
and the heme oxidation fractions as a function of the solution potential (Figure 5.20 and
Figure 5.21).
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Figure 5.20 - Molar fractions of the 16 individual microstates (left panels) and
oxidation fractions of individual hemes (right panels) in PpcAK52 mutants and
wild-type cytochromes. The curves were calculated at pH 7.5 as a function of the solution
reduction potential using the parameters listed in Table 5.5. In the left panels, solid lines and
dashed lines indicate the protonated and deprotonated microstates, respectively. In the right
panels, solid and dashed lines represent data for the mutant and wild-type proteins,
respectively.

As a result of the removal of a positive charge at position 52, the order of oxidation of
the hemes is now IV-I-III while for PpcA was I-IV-III. This reflects the significant decrease of

the heme IV e,,, value in the mutants. Additionally, the contribution of the dominant
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microstates is also altered so that a 2e” step coupled with proton transfer is established (left
panels in Figure 5.20). Despite the fact that the heme order of oxidation changes, heme III

is still the last heme to oxidize and a preferential pathway for electron transfer is maintained.
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Figure 5.21 - Molar fractions of the 16 individual microstates (left panels) and
oxidation fractions of individual hemes (right panels) in PpcAK60 mutants and
wild-type cytochromes. The curves were calculated at pH 7.5 as a function of the solution
reduction potential using the parameters listed in Table 5.6. In the left panels, solid lines and
dashed lines indicate the protonated and deprotonated microstates, respectively. In the right
panels, solid and dashed lines represent data for the mutant and wild-type proteins,
respectively.

In the case of PpcAK60 mutants, the order of oxidation of the heme groups changes to
I-III-1IV for PpcAK60Q and to (III,I)-IV for PpcAK60E. The significant decrease of heme III
e,pp makes heme IV the last one to be oxidized, and a preferential pathway for electron
transfer is no longer observed. From all the results obtained, it seems that a positive charge
at position 60 is crucial for the establishment of a preferential electron transfer pathway on
PpcA.

Overall, the results obtained in the lysine mutant families suggest a different role for
these residues. Lys®? and Lys®® are involved in the control of the properties of the redox
centers, whereas Lys®, Lys'® and Lys?? might have a role in the recognition and interaction
with the physiological redox partners. In fact, the replacement of Lys® together with another
residue (Lys!?) in the homologous protein Dac, affected the reactivity of the mutant protein
with [Fe] hydrogenase [20].
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5.2 Conclusions

The NMR studies of PpcA mutants on residues Phel®, Lys®?, Met®® and Lys®® indicated
that the heme core architecture of the protein was not affected by the mutations. The
different mutations influenced the heme reduction potentials, redox interactions and redox-
Bohr interactions, and altered the balance of the global network of cooperativities. The more
notorious effects were observed for residues located in the proximity of heme III, revealing
an important role for this heme in the modulation of the functional properties of PpcA (Table
5.7).

Table 5.7 - Summary of the results obtained from the thermodynamic
characterization of PpcA mutated forms.
Protein Order of heme oxidation Electron transfer pathway

PpcA I-IV-II1 Por = Py = P14 = Pi34
PpcAF15L (LIII)-1V No preferential pathway
PpcAM58D I-(I11,1V) No preferential pathway
PpcAM58K I-IV-II1 Por = P14 = Pi34
PpcAM58N I-IV-II1 Pot1 = P14 = P34
PpcAM58S I-IV-II1 Port = Py = P14 = Pi34
PpcAK52Q IV-I-III Pot = Pis = P13
PpcAKS52E IV-I-II1 Por = P14 > Pi34
PpcAK60Q I-I1I-1V No preferential pathway
PpcAK60E (I11,1)-1V No preferential pathway

Indeed, mutations that change the reduction potential of heme III in a way that it is no
longer the last heme to oxidize (PpcAF15L, PpcAM58D, PpcAK60Q and PpcAK60E) disrupt,
e’ /H* energy transduction mechanism. Also, the mutations that increase the reduction
potential of heme III in relation to that of the other hemes (PpcAM58K, PpcAM58N,
PpcAK52Q and PpcAK52E) change the preferred e’ /H* mechanism observed in the wild-type
protein. Thus, it can be proposed that the functional role of Phe!®, Lys®?, Met®® and Lys® is to
regulate the heme redox properties assuring that heme III is the last heme to oxidize.

This study showed that the functional mechanism of PpcA relies on a fine tuned balance
of redox and redox-Bohr interactions that assure a coherent electron transfer pathway
coupled to proton transfer, which allows the protein to perform e /H* energy transduction.
The proper tuning of the reduction potentials is fundamental to achieve concerted e /H*
transfer that contributes to cellular energy transduction.

Finally, this work opens up the possibility of testing the physiological relevance of this
tuning by evaluating the cellular growth of G. sulfurreducens with PpcA replaced by mutated

forms.
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6. ONGOING STUDIES

As any project seldom has a final end, this one is not an exception. In this chapter the

ongoing studies involving the triheme cytochrome PpcA are described.

6.1 Studies on PpcA in the paramagnetic oxidized state

As already stated in Chapter 4, the next step towards PpcA characterization is the
determination of its solution structure in the oxidized state. This will allow the analysis of

redox-linked conformational changes.

6.1.1 Assignment of the heme resonances

As it was described in Chapter 1, the heme groups of PpcA are low spin (S = '2) in the
oxidized form. Thus, the unpaired electron of each heme iron exerts significant paramagnetic
shifts on the heme signals and nearby residues. Consequently, the same type of signals is
differently affected by the paramagnetic centers, showing different levels of broadness and
being spread all over the entire NMR spectral width (Figure 1.4 - Chapter 1).

The acquisition of H-13C HSQC NMR spectra may be used to assist the assignment of
the heme substituents signals, since the dipolar shifts of the carbon nuclei attached to the
pyrrole B-carbons are very small and, unlike the protons bonded to them, their Fermi contact
shifts are directly proportional to the spin density on the pyrrole p-carbons [1]. A few 'H-13C
HSQC NMR studies carried out on natural abundance samples have been reported for
tetraheme cytochromes c; [2-5]. However, the complete assignment of both proton and
carbon resonances of the heme substituents could not be accomplished solely from the
analysis of these spectra. This difficulty arises from the overlap between the heme signals
with those of the polypeptide chain, which are also displaced from their typical positions in
paramagnetic proteins, making their assignment extremely complex. This is well illustrated
by the 2D H-13C HSQC NMR spectrum (blue contours in Figure 6.1) obtained for the
unlabeled oxidized PpcA. In this spectrum, both the heme cofactors and polypeptide chain
'H-13C connectivities are observable and cannot be distinguished.
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Figure 6.1 — 2D-'H-'3C HSQC NMR spectra of the unlabeled (blue contours) and
labeled (black contours) PpcA (1.2 mM) obtained at 25 °C, with 640 and 80 scans,
respectively. In order to not overcrowd the figure only the resonances separated from the
main signal envelope are indicated. Blue and black labels indicate the heme substituents and
the polypeptide resonances, respectively. The peaks of the protons connected to the same
carbon atom (CH, groups) are linked by a straight line.

To overcome this difficulty, PpcA was double labeled (3*C/°N), exclusively on its
polypeptide chain. The yield of double-labeled protein obtained after purification was 3.6 mg
per liter of culture, sufficient for all the experiments. The labeled PpcA was used to reveal the
connectivities arising entirely from the polypeptide chain in the 2D !H-!3C HSQC NMR
spectrum (black contours in Figure 6.1). This is possible because the heme precursor (5-
aminolevulinic acid) added into the minimal media was not labeled and, consequently, the
heme signals are not observable in a short (80 scans) 'H-3C HSQC NMR spectrum.
Therefore, by simple comparison of the two NMR spectra, the heme cofactors signals and
those of the polypeptide chain can be easily discriminated and subsequently assigned. This
comparison allowed identifying more than 90% of the heme substituents signals (Table A.11
- Appendix), the exception being the signals that are severely broad or appear in extremely
overcrowded spectral regions.

As mentioned above, the amino acid residues located in the close proximity of the
paramagnetic hemes are strongly affected by the dipolar field of the heme centers, and are
displaced from their typical positions. This is the case of the aCH and BCH, connectivities of
the six heme axial histidines (His'’, His?°, His*!, His*’, His>> and His®®); aCH of Gly'?, Lys*3,
Cys°!, Gly®, Cys®; BCH; of Ala*® and yCH; of Val'3. The displacement of these signals over
the entire spectrum, as illustrated in Figure 6.1, further complicates the assignment. The

specific labeling of the polypeptide chain allows identifying these amino acid signals. Besides
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signal assignment, this identification is of major importance for structure determination as it
identifies the residues closer to the heme groups.

This strategy allows the straightforward and unambiguous discrimination between the
heme and the polypeptide chain signals in the 'H-'3C HSQC NMR spectra. The clear
identification of these signals is of major importance in multiheme proteins, since the
displacement of the resonance by paramagnetic effects overcomplicates their assignment
and the concomitant high-quality structural restraints, a crucial step in protein solution
structure determination. The difficulties in obtaining such data are the main reasons for the
scarcity of solution structures of multiheme proteins. This step is even more crucial in
structure determination as the number of heme cofactors increases, as for example in
dodecaheme cytochromes for which a total of 240 cofactor protons need to be identified.

Overall, the application of this strategy will have an important impact, opening new
routes in the understanding of the structural and functional mechanisms in the super-family

of multiheme proteins.

6.1.2 Solution structure determination

In the oxidized state, due to the unpaired electrons on the metal ions of the heme
groups, the protein is paramagnetic. This fact makes more difficult not only the assignment
of the protein resonances, but also the determination of its structure since the intensity of
the cross-peaks in the 2D-'H-NOESY is also affected. This fact is minimized in spectra
acquired at shorter mixing times.

Double labeled '*C/°N-PpcA has been produced and at the moment 90% of the
resonances were assigned.

For structure calculation, extra non-standard residues in relation to the calculations in
the reduced form have been used (Appendix A.4.1). These residues are two types of axial
histidine ligands that consider the magnetic axes and the torsion angle that defines the
orientation of the histidine ring plane with respect to the heme plane [6-8], introducing new
fixed upper limit distances.

Two sets of peaks obtained at different mixing times are being used for structure
calculation with PARADYANA in the oxidized state, together with dipolar shifts determined by
subtracting the shifts for the reduced protein from those for the oxidized protein [8,9]. These
dipolar shifts are used in structure refinement since these shifts depend on the position of
the nucleus relative to the paramagnetic centers and their magnetic axes. Volume restraints
are also corrected for paramagnetic leakage, as previously described [8]. Preliminary

calculations have been performed; however the structure is not yet defined.
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6.2 In vivo studies of mutated forms of PpcA

Having a large family of mutated PpcA forms characterized, it’s possible to evaluate the
effect that some of these mutations would have on the bacteria abilities, and verify if G.
sulfurreducens bioremediation capacities are affected.

This work was developed in collaboration with the group of Prof. Derek Lovley
(Geobacter Project - www.geobacter.org) at the Department of Microbiology, University of
Massachusetts in Amherst, Massachusetts, USA, where all the tools necessary for the
manipulation of G. sulfurreducens genetic system were available.

From the results described in Chapter 5, four mutants were selected for in vivo studies
in G. sulfurreducens. These were PpcAF15L, PpcAK52E, PpcAM58K and PpcAM58S.

A G. sulfurreducens strain with the PpcA coding gene knocked-out (DL3) was already
available in the laboratory [10], as well as an expression vector (pRG5) that allows
complementation studies of G. sulfurreducens knockout mutants [11]. This plasmid contains
a spectinomycin resistance cassette, the taclac promoters and a multiple cloning site [11].

PpcA coding gene was cloned in pRG5 and site-directed mutagenesis was used for the
preparation of the complementation plasmids with the different mutations (Appendix A.4.2).
These plasmids were electroporated into G. sulfurreducens DL3, and cultures were allowed to
grow in plates inside an anaerobic glove bag. After obtaining isolated mutant colonies, cells
were transferred to liquid media with acetate as electron donor and fumarate as electron
acceptor (NBAF media) in order to evaluate their viability.

All the strains grew in NBAF media and the next step will be to study growth in media

with different electron acceptors, as Fe(III) citrate, Fe(III) oxides and Mn(IV) oxides.
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6.3 Interaction studies with PpcA putative redox partners

Having all the resonances assigned for PpcA in both redox states, is possible to use the
NMR spectra as maps to locate specific interactions with other proteins [12-14].

Chemical shift perturbation has been used to map protein interfaces by analysis of
perturbations of the chemical shifts on a 2D-'H-!>N-HSQC spectrum of one protein when a
putative unlabeled partner protein is titrated in the sample [13,14]. The chemical shifts are
affected when there is an interaction causing changes on the protein interfaces.

From the predicted cellular localization, MacA was proposed to be PpcA upstream redox
partner in the extracellular electron transfer to Fe(III) oxides (Figure 1.1 - Chapter 1)
[15,16]. MacA (GSU0466) is a 36 kDa protein containing two c-type heme groups that shows
sequence homology to cytochrome c peroxidases [17,18].

The gene coding for MacA was successfully cloned from G. sulfurreducens genomic DNA
and inserted into vector pVA203 [19], that contains the OmpA leader sequence from E. coli
(Appendix A.4.3). At the moment, preliminary tests for overexpression of MacA in E. coli are

being performed.
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7. Final considerations

7. FINAL CONSIDERATIONS

Studies on Geobacter species have been revealing unique characteristics that have not
been described before in any other microorganism [1]. Geobacter are able to transfer
electrons to extracellular acceptors, as different as Fe(III) oxides and the surface of
electrodes. This ability was shown to be possible due to the formation of pili and the
association of membrane cytochromes to its surface [2,3].

The presence of a large number of cytochromes in Geobacter have shown to be
important for the electron transfer between the different cell compartments and the final
electron acceptors [4-6], as well as electron capacitors, allowing the storage of electrons
when electron acceptors are temporarily unavailable [7,8].

The work developed in this thesis aimed to contribute to the elucidation of G.
sulfurreducens mechanisms for electron transfer for extracellular acceptors in the periplasm
(Figure 7.1).

periplasmic /
¢ eytochrome & / @

family (PpcA-E) )

Figure 7.1 - Figurative representation of the work developed. The picture on the
left show Fe(IIl) oxides (black precipitates) associated with G. sulfurreducens pili (Photo
credit: Gemma Reguera, www.geobacter.org); the figure in the center represents the
proposed mechanism for extracellular electron transfer by G. sulfurreducens, and the figure
on the right represents PpcA solution structure.

The periplasmic triheme cytochromes family was thermodynamically characterized and
the distinct detailed properties observed revealed different functional mechanisms with
respect to reduction potentials and pK, values, suggesting that these proteins might interact
with distinct partners [9,10]. The determination of PpcA solution structure [11], as well as
the characterization of PpcA mutated forms [12], allowed to reveal important aspects of its
functional mechanism.

The results presented in this thesis brought new insights to the functional mechanisms
of the complex network of redox proteins found in the periplasm of G. sulfurreducens, as well

as new tools that open new routes for the study of these proteins [13].
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A. APPENDIX

A.1 Assignment of the heme resonances of PpcA, PpcB, PpcD and

PpcE in the reduced form

Table A.1 - Chemical shifts (ppm) of the heme protons of PpcA, PpcB, PpcD
and PpcE in the reduced state at pH 8.0 and 15 °C.

He!ne Cytochrome Heme 1 Heme III Heme IV
substituent

PpcA 9.65 10.58 9.02
cH PpcB 9.71 10.63 9.00
PpcD 9.86 9.71 9.08
PpcE 9.43 9.83 8.98
PpcA 9.12 9.86 9.33
10H PpcB 9.26 9.87 9.27
PpcD 8.08 9.86 9.40
PpcE 9.39 9.75 9.32
PpcA 9.26 9.45 9,51
15H PpcB 9.27 9,51 9.40
PpcD 9.59 9.36 9.54
PpcE 9.28 9.52 9.64
PpcA 9.50 10.14 9.39
S0H PpcB 9.50 10.21 9.39
PpcD 8.74 10.11 9.47
PpcE 9.42 10.27 9,51
PpcA 3.56 4.35 3.61
21CH, PpcB 3.59 4.38 3.60
PpcD 3.32 4.52 3.67
PpcE 3.60 4.37 3.68
PpcA 3.58 4.14 3.02
. PpcB 3.65 4.14 3.01
77CHs PpcD 3.53 3.92 2.97
PpcE 3.46 4.06 2.99
PpcA 2.55 3.50 3.95
L PpcB 2.73 3.52 3.61
12°CH; PpcD 2.90 3.50 3.91
PpcE 3.39 3.20 3.63
PpcA 3.34 3.86 3.34
L PpcB 3.36 4.02 3.34
18'CH; PpcD 3.23 3.87 3.38
PpcE 3.30 4.05 3.45
PpcA 6.30 6.91 6.04
314 PpcB 6.30 6.93 5.96
PpcD 6.16 6.66 5.98
PpcE 6.20 6.65 5.87
PpcA 6.29 6.60 6.28
8y PpcB 6.43 6.53 6.28
PpcD 5.48 6.61 6.28
PpcE 6.47 6.44 6.23
PpcA 2.14 1.73 2.06
32CH, PpcB 2.17 1.90 2.04
PpcD 2.34 2.85 2.08
PpcE 2.29 2.34 2.12
PpcA 1.79 2.98 1.55
, PpcB 2.11 2.97 1.48
8°CHs PpcD 1.62 2.96 1.50
PpcE 2.06 3.04 1.36
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A.2 Backbone, side chain and heme resonance assignments of

PpcA in the reduced state

Table A.2 - Chemical shifts (ppm) of PpcA in the reduced state at pH 7.1 and
25 °C. The chemical shifts are deposited in the Biological Magnetic Resonance Data Bank
(BMRB, http://www.bmrb.wisc.edu) under accession number 16842.

Residue Residue Chemical shift Residue Residue Chemical shift

Atom Atom

number type (ppm) number type (ppm)
1 ALA HA 3.775 7 LYS HN 8.614
HB 1.269 HA 4.270

2 ASP HA 4.814 HB2 1.785
HB2 2.200 HB3 1.921

HB3 3.754 HD2 1.714

3 ASP HN 7.355 HD3 1.750
HA 4.611 HE2 3.062

HB2 2.017 HE3 3.124

HB3 2.059 HG2 1.514

N 116.929 HG3 1.642
4 ILE HN 8.348 N 124,135
HA 4.004 8 ALA HN 8.653

HB 1.473 HA 4.868

HD1 -0.486 HB 0.839
HG12 0.534 N 124.079

HG2 1.016 9 LYS HN 10.359

N 121.916 HA 4.012

5 VAL HN 8.792 HB2 1.959
HA 4.494 HB3 1.891

HB 1.984 HD2 1.850

HG1 0.747 HE2 3.176

HG2 0.857 HG2 1.582
N 128.142 N 125.272

6 LEU HN 9.545 10 ASN HN 8.849
HA 4.963 HA 4.289

HB2 2.501 HB2 1.877

HB3 2.211 HB3 2.145

HD1 1.634 HD21 1.093

HD2 1.432 HD22 5.463
HG 2.156 N 114.016

N 133.341 ND2 109.040

11 GLY HN 6.963

HA2 3.085

HA3 3.463

N 110.585
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Residue Residue At Chemical shift Residue Residue A Chemical shift
number type om (ppm) number type tom (ppm)
12 ASP HN 8.080 17 HIS HN 6.606
HA 4.291 HA 0.927
HB2 2.255 HB2 0.536
HB3 2.372 HB3 1.158
N 129.379 HD1 8.681
13 VAL HN 8.613 HD2 -0.484
HA 4.187 HE1 1.227
HB 2.368 N 132.191
HG1 1.529 ND1 166.694
HG2 -0.834 18 LYS HN 7.304
N 121.753 HA 2.633
14 LYS HN 9.005 HB2 0.966
HA 4.499 HB3 1.165
HB2 1.772 HD2 1.022
HB3 1.918 HE2 2.485
HD2 1.630 HG2 0.684
HE2 2.857 HG3 0.748
HG2 1.105 N 118.010
HG3 1.247 19 ALA HN 7.073
N 129.348 HA 3.397
15 PHE HN 9.220 HB 0.682
HA 5.518 N 120.296
HB2 3.452 20 HIS HN 6.332
HB3 3.266 HA 2.503
HD1 6.105 HB2 1.053
HD2 5.549 HB3 1.497
HE1 6.239 HD1 7.917
HE2 0.716 HD2 1.106
HZ 5.905 HE1 1.165
N 128.576 N 116.314
16 PRO HA 4.580 ND1 163.583
HB2 1.584 21 GLN HN 6.891
HD2 2.692 HA 4.049
HD3 4.405 HB2 1.553
HG2 0.68 HB3 1.450
HG3 1.838 HE21 1.103
HE22 4.556
HG2 0.305
HG3 1.328
N 117.409
NE2 105.393
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Residue Residue Chemical shift Residue Residue Chemical shift
number type Atom (ppm) number type Atom (ppm)
22 LYS HN 6.632 29 LYS HN 7.776
HA 4.013 HA 4.061
HB2 1.529 HB2 1.894
HB3 1.615 HB3 2.158
HD2 1.449 HD2 1.970
HE2 2.785 HD3 2.067
HG2 1.208 HE2 3.370
HG3 1.277 HG2 1.819
N 115.057 HG3 2.248
23 ALA HN 6.991 N 118.555
HA 4.217 30 CYS HN 6.309
HB 1.227 HA 4.654
N 120.221 HB2 1.026
24 VAL HN 8.386 HB3 2.264
HA 4.615 N 111.535
HB 2.728 31 HIS HN 7.125
HG1 1.535 HA 3.118
HG2 1.306 HB2 0.898
N 120.630 HD1 8.500
25 PRO HA 4.770 HD2 0.563
HB2 2.199 HE1 1.394
HB3 2.385 N 118.451
HD2 3.676 ND1 163.533
HD3 3.898 32 GLU HN 8.019
HG2 2.094 HA 3.722
26 ASP HN 7.827 HB2 1.740
HA 5.107 HB3 1.858
HB2 2.763 HG2 2.062
HB3 3.011 N 125.219
N 117.455 33 LYS HN 8.211
27 CYs HN 8.574 HA 4.245
HA 4.986 HB2 1.433
HB2 2.582 HB3 1.887
HB3 2.480 HD2 1.522
N 123.666 HE2 2.869
28 LYS HN 8.107 HG2 1.172
HA 3.519 HG3 1.299
HB2 1.265 N 114.956
HB3 1.737 34 GLY HN 6.658
HD2 1.605 HA2 3.351
HE2 2.905 HA3 4.026
HG2 1.634 N 107.392
HG3 1.334
N 114.398
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Residue Residue At Chemical shift Residue Residue A Chemical shift
number type om (ppm) number type tom (ppm)
35 PRO HA 0.741 42 GLY HN 5.929
HB2 1.692 HA2 4.286
HB3 1.734 N 114.663
HD2 3.131 43 LYS HN 8.962
HD3 3.223 HA 2.433
HG2 1.156 HB2 1.394
HG3 2.073 HD2 1.288
36 GLY HN 3.888 HD3 -0.599
HA2 3.362 HE2 2.177
HA3 4.023 HE3 2.268
N 109.171 HG2 -1.275
37 LYS HN 7.982 HG3 1.757
HA 4.121 N 122.906
HB2 1.694 44 GLU HN 8.071
HD2 1.915 HA 3.117
HG2 1.644 HB2 1.617
HG3 1.798 HB3 1.668
N 116.609 HG2 1.964
38 ILE HN 10.233 HG3 2.004
HA 3.718 N 114.891
HB 1.599 45 MET HN 7.647
HD1 -0.47 HA 3.931
HG12 -0.203 HB2 2.399
HG13 0.66 HB3 1.762
HG2 0.827 HE 2.119
N 128.245 HG2 2.612
39 GLU HN 8.626 HG3 1.674
HA 4.050 N 117.869
HB2 1.893 46 ALA HN 8.009
HG2 2.206 HA 4.095
N 130.735 HB 0.817
40 GLY HN 9.163 N 122.299
HA2 3.809 47 HIS HN 6.989
HA3 4.136 HA 2.763
N 113.031 HB2 1.419
41 PHE HN 8.006 HB3 1.564
HA 4.408 HD1 9.601
HB2 3.369 HD2 0.7
HB3 3.293 HE1 1.498
HD2 7.654 N 113.277
HE2 7.993 ND1 164.829
HZ 8.257
N 121.572
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Residue Residue Atom Chemical shift Residue Residue Atom Chemical shift
number type (ppm) number type (ppm)
48 GLY HN 6.716 56 GLU HN 7.993
HA2 4.029 HA 3.648
HA3 3.355 HB2 1.954
N 109.441 HB3 1.785
49 LYS HN 8.754 HG2 1.863
HA 3.748 HG3 2.116
HB2 1.888 N 116.899
HD2 1.674 57 GLU HN 7.527
HE2 2.996 HA 4.041
HG2 1.471 HB2 2.207
N 124.763 HG2 2.326
50 GLY HN 8.484 HG3 2.394
HA2 4.408 N 120.415
HA3 3.746 58 MET HN 8.859
N 105.588 HA 4.378
51 CYs HN 6.721 HB2 2.239
HA 5.646 HB3 2.410
HB2 3.610 HE 2.667
HB3 2.627 HG2 2.969
N 111.007 HG3 3.420
52 LYS HN 7.998 N 115.185
HA 2.504 59 LYS HN 7.711
HB2 1.289 HA 3.730
HG2 1.038 HB2 2.167
HG3 1.081 HB3 1.378
N 120.154 HD2 1.951
53 GLY HN 8.521 HG2 1.339
HA2 3.591 N 114.315
HA3 3.349 60 LYS HN 7.592
N 102.454 HA 4.311
54 CYs HN 6.597 HB2 1.666
HA 4.423 HB3 2.098
HB2 2.452 HD2 1.894
HB3 3.709 HD3 1.798
N 120.751 HE2 3.306
55 HIS HN 5.405 HG2 1.624
HA 3.741 HG3 2.054
HB2 1.649 N 118.457
HB3 1.427 61 GLY HN 7.566
HD1 9.601 HA2 2.558
HD2 1.085 HA3 1.148
HE1 1.590 N 103.599
N 117.652
ND1 164.845
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Residue Residue At Chemical shift Residue Residue A Chemical shift
number type om (ppm) number type tom (ppm)
62 PRO HA 3.980 69 HIS HN 6.893
HB2 1.974 HA 2.770
HB3 2.014 HB2 1.240
HD2 -0.711 HB3 1.020
HD3 2.453 HD1 9.004
HG2 1.017 HD2 0.746
HG3 1.911 HE1 0.912
63 THR HN 8.305 N 118.048
HA 4.409 ND1 166.312
HB 4.265 70 LYS HN 7.032
HG2 0.694 HA 4.233
N 108.684 HB2 1.638
64 LYS HN 8.462 HD2 1.593
HA 5.157 HE2 2.953
HB2 1.707 HG2 1.146
HB3 2.140 HG3 1.204
HD2 1.730 N 123.359
HE2 3.024 71 LYS HN 7.871
HG2 1.534 HA 3.927
HG3 1.585 HB2 1.519
N 124.087 HB3 1.637
65 CYs HN 8.755 HD2 1.490
HA 4.829 HE2 2.817
HB2 2.741 HG2 1.222
HB3 2.844 N 128.307
N 117.936
66 GLY HN 8.855
HA2 3.527
HA3 3.952
N 101.786
67 GLU HN 7.719
HA 4.181
HB2 2.409
HB3 2.319
HG2 2.140
HG3 2.228
N 116.438
68 CYs HN 6.447
HA 4.708
HB2 1.322
HB3 2.112
N 114.494
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Residue Residue Atom Chemical shift Residue Residue Atom Chemical shift
number type (ppm) number type (ppm)
I HEME 2'CH; 3.523 IV HEME 2CH; 3.580
3'H 6.259 3'H 5.992
32CH; 2.088 3%CH; 2.023
5H 9.601 5H 8.974
7'CHs 3.525 7'CH; 2.978
8'H 6.242 8'H 6.236
82CHs 1.750 8°CH; 1.503
10H 9.076 10H 9.288
12'CHs 2.507 12'CHs 3.907
3.363 3.847
13'CH, 13'CH,
4.216 4.121
2.507 3.062
13*CH, 13%CH,
3.068 3.677
15H 9.218 15H 9.431
3.906 4.428
17'CH, 17'CH,
3.964 3.950
2.939 3.097
17°CH, 172CH,
2.993 3.474
18'CH3 3.305 18'CHs 3.307
20H 9.454 20H 9.353
III HEME 2'CH; 4.097
3'H 6.550
32CHs 2.935
5H 10.530
7'CHs 3.461
8'H 4.308
10H 10.102
12'CH; 3.812
3.787
13'CH,
4.132
2.798
13?CH,
2.937
15H 6.870
4.120
17'CH,
4.188
3.218
172CH,
9.808
18!CHs 1.697
20H 9.416
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A.3 Assignment of the heme signals of PpcA mutants in the reduced

form

Table A.3 - Chemical shifts (ppm) of the heme protons of PpcAF15L in the
reduced state at pH 8.0 and 15 °C.

Heme substituent Heme 1 Heme III Heme 1V
5H 9.49 10.63 9.03
10H 8.92 9.78 9.37
15H 9.28 9.46 9.56
20H 9.50 9.97 9.41

2'CH3 3.56 4.40 3.63
7'CHs 3.43 4.12 3.02
12'CHs 2.86 3.47 4.02
18'CHs 3.34 3.81 3.36

3'H 6.17 7.33 6.04

8'H 6.10 6.56 6.29
3%CH; 2.16 2.98 2.06
82CH; 1.43 2.91 1.54
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Table A.4 — Chemical shifts (ppm) of the heme protons of PpcAM58 mutants in
the reduced state at pH 8.0 and 15 °C.

Heme substituent Mutant Heme Il Heme III Heme IV

M58D 9.61 10.57 9.00
- M58K 9.64 10.58 9.01
M58N 9.63 10.61 9.01
M58S 9.63 10.58 9.01
M58D 9.08 9.84 9.31
LoH M58K 9.12 9.68 9.32
M58N 9.11 9.76 9.33
M58S 9.12 9.82 9.31
M58D 9.25 9.47 9.50
L5 M58K 9.27 9.49 9.54
M58N 9.27 9.52 9.54
M58S 9.28 9.49 9.54
M58D 9.49 10.14 9.38
>0H M58K 9.51 10.15 9.40
M58N 9.51 10.17 9.40
M58S 9.51 10.14 9.39
M58D 3.54 4.33 3.60
»iICH M58K 3.56 4.32 3.62
3 M58N 3.56 4.33 3.62
M58S 3.56 4.33 3.62
M58D 3.56 4.11 3.00
iCH M58K 3.58 4.13 3.01
3 M58N 3.58 4.13 3.03
M58S 3.58 4.13 3.02
M58D 2.51 3.48 3.93
M58K 2.55 3.44 3.94

1
12°CH; M58N 2.54 3.45 3.95
M58S 2.55 3.48 3.94
M58D 3.33 3.87 3.33
M58K 3.34 3.86 3.34

1
18°CHs M58N 3.35 3.87 3.35
M58S 3.35 3.86 3.35
M58D 6.28 6.89 6.00
3tH M58K 6.28 6.91 6.02
M58N 6.29 6.91 6.02
M58S 6.28 6.91 6.03
M58D 6.26 6.68 6.26
8'H M58K 6.31 6.47 6.27
M58N 6.28 6.66 6.28
M58S 6.31 6.66 6.26
M58D 2.13 1.77 2.06
3CH M58K 2.13 1.77 2.05
3 M58N 2.13 1.77 2.06
M58S 2.13 1.78 2.06
M58D 1.79 2.97 1.49
82CH M58K 1.85 2.97 1.55
3 M58N 1.79 2.98 1.54
M58S 1.83 2.95 1.54
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Table A.5 - Chemical shifts (ppm) of the heme protons of PpcAK9 mutants in
the reduced state at pH 8.0 and 15 °C.

Heme substituent Mutant Heme Il Heme III Heme IV

- K9Q 9.65 10.58 9.03
K9E 9.64 10.57 9.01
LoH K9Q 9.13 9.86 9.34
K9E 9.12 9.85 9.32
- K9Q 9.27 9.46 9.54
K9E 9.25 9.45 9.51
>0H K9Q 9.51 10.15 9.40
K9E 9.50 10.13 9.39
K9Q 3.56 4.35 3.62

1
2°CH; K9E 3.55 4.34 3.60
K9Q 3.58 4.14 3.02

1
7°CHs K9E 3.56 4.13 3.01
K9Q 2.56 3.50 3.95

1
12°CH; K9E 2.55 3.49 3.94
K9Q 3.35 3.86 3.35

1
18'CH; K9E 3.33 3.84 3.35
3iH K9Q 6.30 6.91 6.04
K9E 6.29 6.90 6.03
8iH K9Q 6.29 6.60 6.29
K9E 6.29 6.59 6.27
K9Q 2.13 1.74 2.06

2
3°CH; K9E 2.12 1.71 2.04
K9Q 1.79 2.98 1.56

2
8°CH; K9E 1.78 2.98 1.54
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Table A.6 - Chemical shifts (ppm) of the heme protons of PpcAK18 mutants in
the reduced state at pH 8.0 and 15 °C.

Heme substituent Mutant Heme I Heme III Heme IV

5H K18Q 9.63 10.58 9.02
K18E 9.63 10.58 9.02
10H K18Q 9.11 9.86 9.33
K18E 9.10 9.86 9.34
15H K18Q 9.27 9.46 9.54
K18E 9.28 9.45 9.54
20H K18Q 9.51 10.15 9.40
K18E 9.52 10.15 9.40
K18Q 3.56 4.35 3.62

1
2°CH; K18E 3.56 4.35 3.62
21CH K18Q 3.57 4.13 3.02
3 K18E 3.57 4,13 3.02
K18Q 2.55 3.50 3.95

1
12°CHs K18E 2.55 3.50 3.95
K18Q 3.34 3.85 3.35

1
18°CHs K18E 3.34 3.85 3.35
31y K18Q 6.28 6.91 6.04
K18E 6.28 6.92 6.04
8iH K18Q 6.28 6.60 6.29
K18E 6.27 6.60 6.29
32cH K18Q 2.14 1.75 2.06
3 K18E 2.13 1.76 2.06
K18Q 1.78 2.98 1.56

2
8°CH; K18E 1.79 2.97 1.56
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Table A.7 - Chemical shifts (ppm) of the heme protons of PpcAK22 mutants in
the reduced state at pH 8.0 and 15 °C.

Heme substituent Mutant Heme Il Heme III Heme IV

5H K22Q 9.64 10.58 9.02
K22E 9.63 10.58 9.02
10H K22Q 9.12 9.86 9.33
K22E 9.11 9.86 9.34
15H K22Q 9.26 9.46 9.54
K22E 9.26 9.47 9.55
20H K22Q 9.51 10.15 9.40
K22E 9.51 10.15 9.40
2ICH K22Q 3.56 4.35 3.62
’ K22E 3.56 4.35 3.62
71CH K22Q 3.57 4.14 3.02
3 K22E 3.57 4.14 3.02
K22Q 2.55 3.50 3.95

1
12°CHs K22E 2.55 3.50 3.95
K22Q 3.34 3.86 3.35

1
18°CHs K22E 3.34 3.87 3.35
3'H K22Q 6.28 6.91 6.04
K22E 6.27 6.91 6.04
8'H K22Q 6.29 6.60 6.28
K22E 6.29 6.61 6.29
32CH K22Q 2.13 1.74 2.05
3 K22E 2.14 1.77 2.05
82CH K22Q 1.80 2.97 1.56
3 K22E 1.81 2.97 1.56
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Table A.8 - Chemical shifts (ppm) of the heme protons of PpcAK52 mutants in
the reduced state at pH 8.0 and 15 °C.

Heme substituent Mutant Heme I Heme III Heme IV

5H K52Q 9.65 10.54 9.12
K52E 9.64 10.51 9.21
10H K52Q 9.10 9.86 9.38
K52E 9.10 9.85 9.39
15H K52Q 9.27 9.48 9.55
K52E 9.26 9.48 9.56
20H K52Q 9.51 10.18 9.40
K52E 9.51 10.20 9.39
21CH K52Q 3.56 4,38 3.62
3 K52E 3.57 4.40 3.62
21CH K52Q 3.58 4.13 3.04
3 K52E 3.57 4,12 3.11
K52Q 2.55 3.51 3.96

1
12°CHs K52E 2.54 3.51 3.97
K52Q 3.35 3.86 3.35

1
18°CHs K52E 3.35 3.87 3.35
31y K52Q 6.29 6.89 6.06
K52E 6.28 6.87 6.09
8'H K52Q 6.27 6.57 6.35
K52E 6.25 6.57 6.39
32CH K52Q 2.13 1.81 2.08
3 K52E 2.13 1.85 2.09
K52Q 1.79 2.97 1.65

2
8°CH; K52E 1.76 2.96 1.66
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Table A.9 - Chemical shifts (ppm) of the heme protons of PpcAK60 mutants in
the reduced state at pH 8.0 and 15 °C.

Heme substituent Mutant Heme Il Heme III Heme IV

5H K60Q 9.65 10.56 9.02
K60E 9.65 10.56 9.03
10H K60Q 9.12 9.85 9.34
K60E 9.12 9.86 9.34
L5 K60Q 9.26 9.45 9.53
K60E 9.27 9.47 9.54
>0H K60Q 9.51 10.14 9.40
K60E 9.51 10.15 9.40
2ICH K60Q 3.56 4.36 3.62
’ K60E 3.56 4.35 3.62
71CH K60Q 3.57 4.13 3.03
3 K60E 3.58 4.14 3.03
K60Q 2.55 3.44 3.95

1
12°CH, K60E 2.55 3.47 3.95
K60Q 3.34 3.86 3.35

1
18°CHs K60E 3.35 3.87 3.35
3'H Ke0Q 6.29 6.90 6.04
K60E 6.29 6.91 6.04
8'H K60Q 6.28 6.60 6.29
K60E 6.29 6.61 6.29
32CH K60Q 2.12 1.74 2.05
3 K60E 2.13 1.77 2.06
82CH K60Q 1.78 2.97 1.55
’ K60E 1.81 2.97 1.54
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A.4 Ongoing and future studies experimental procedures

A.4.1 Studies on PpcA in the paramagnetic oxidized state

A.4.1.1 Protein expression and purification

Unlabeled and !°N labeled PpcA protein were prepared as described in Chapter 2.
13C/1°N labeled PpcA was prepared as the *°N labeled protein, but with addition of 2 g/L

(*3Cg)D-glucose to minimal media.

A.4.1.2 NMR spectroscopy

A.4.1.2.1 Sample preparation

Oxidized 1.2 mM samples of unlabeled PpcA were prepared in 45 mM phosphate buffer
pH 5.5 with NaCl (100 mM final ionic strength) in 92%H,0/8%D,0 or in 99% D,0 using 3
mm diameter NMR tubes. >N and 3C/*°N labeled PpcA samples were prepared in the same
buffer in 92%H,0/8%D,0.

A.4.1.2.2 NMR experiments

In the oxidized state, the following set of experiments was acquired: 3C/**N labeled
sample: 2D 'H-'®N-HSQC and 3D HNCA, HNCOCA, HNCACB, HNCOCACB, (H)CCH-TOCSY
(45ms) and HC(C)H-TOCSY (45 ms) spectra; unlabeled sample in 92% H,0/8% D,0: 2D-H-
COSY, 2D-'H-TOCSY (25 and 75 ms) and 2D-'H-NOESY (80 ms); unlabeled sample in D,O:
2D-'H-COSY, 2D-'H-TOCSY (25 and 70 ms) and 2D-'H-NOESY (30 and 80 ms). Spectra were
acquired with a sweep width of 20 ppm (**N-HSQC, HNCA, HNCOCA, HNCACB, HNCOCACB)
or 40 ppm (3D TOCSY and 2D) in the proton dimension, 60 (HNCA, HNCOCA, HNCACB,
HNCOCACB) or 90 ppm (3D TOCSY) in the carbon dimension and 45 ppm in the nitrogen
dimension. In order to discriminate between the polypeptide chain and heme signals, 2D-1H-
13C-HSQC NMR spectra were acquired on both labeled (80 scans) and unlabeled (640 scans)
samples with a spectral window of 40 ppm and 250 ppm in proton and carbon dimensions,

respectively.

A.4.1.3 Assignment strategy and methodology

A.4.1.3.1 Assignment of heme signals in the oxidized state

In the oxidized form, PpcA is paramagnetic and the unpaired electron of each heme iron
exerts significant paramagnetic shifts on the heme signals and nearby residues. In this case,
the strategy for the assignment of the heme substituents signals is different and relies on the
analysis of 'H-3C-HSQC NMR spectra and on the assignments obtained from NMR redox
titrations [1]. In the *H-!3C-HSQC NMR obtained for the unlabeled sample, the propionate o
(13'CH, and 17!CH,) and B (132CH, and 172CH,) CH, groups appear in characteristic
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positions in the '3C dimension. These are 5 to 25 ppm for the a groups and 70 to 100 ppm
for the B groups.

In the TOCSY spectrum the connectivities between the pairs of propionate CH, groups
are identified and in the NOESY spectrum is possible to identify connectivities with the
closest methyl group. The assignment of the remaining heme protons follows the strategy
used for the proteins in the reduced state.

A methodology that combines the analysis of 'H-!3C-HSQC NMR spectra obtained for
labeled and unlabeled samples was developed in our laboratory and allows a straightforward
discrimination between the heme cofactors signals and those from the polypeptide chain, and

their confident assignment [2]. This methodology is described on Chapter 6.

A.4.1.3.2 Assignments of protein backbone and side chain signals

For *3C/'*°N labeled proteins, the backbone assignment is made by the analysis of the
3D HNCA spectrum, that correlates HN' with Co' and Co'™, together with the HNCOCA that
correlates HN' only with Co'! (Figure A.1). HNCACB and HNCOCACB spectra allow assigning

the B carbons of the protein residues with the same strategy.

residue i-1 residue i

Figure A.1 - Connectivities observed in tridimensional spectra for 3C/°N
labeled proteins. 3D-HNCA connectivities are represented in green and 3D-HNCOCA
connectivities in blue.

For side chain assignment the (H)CCH-TOCSY and HC(C)H-TOCSY spectra are used. In
these spectra the carbon and proton side chain resonances are observed for each CH,

respectively (Figure A.2).

residue i

Figure A.2 - Connectivities observed in tridimensional TOCSY spectra for
13¢/15N labeled proteins.
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A.4.1.4 NMR structure determination

Restraints are determined from 2D-'H-NOESY spectra in the same way as for the
reduced protein. However, in the oxidized state, two sets of integrated peaks obtained at
different mixing times (80 and 30 ms) were used.

Besides the non-standard residue types used in the reduced state, two types of histidine
ligands were used for structure calculations for the oxidized state [3]. A set of 96 fixed upper
limit distances associated with non-standard residues was used as input for PARADYANA for
calculations.

In the oxidized state, dipolar shifts were used during structure determination and
refinement, since these shifts depend on the position of the nucleus relative to the
paramagnetic centers and their magnetic axes. Approximate dipolar shifts were determined
by subtracting the shifts for the reduced protein from those for the oxidized protein, as
previously described [4,5]. Volume restraints were also corrected for paramagnetic leakage
as previously described [4]. Structure calculation was performed with the program
PARADYANA, with peak volumes and dipolar shifts as input [3]. Analysis and refinement of

the structure was performed as for the reduced protein.

A.4.2 In vivo studies of mutated forms of PpcA

This part of the work was developed at the Department of Microbiology at the University
of Massachusetts in Amherst, Massachusetts, USA, integrated in the Geobacter Project
(www.geobacter.org).

After the analysis of the results obtained in vitro for the mutated PpcA forms, four
mutants (PpcAF15L, PpcAK52E, PpcAM58K and PpcAM58S) were selected for
complementation studies in the PpcA knockout mutant Geobacter sulfurreducens DL3 strain

[6].

A.4.2.1 DNA manipulations

Genomic DNA extractions were performed with the MasterPure™ Complete DNA and
RNA Purification Kit (Epicentre Biotechnologies). PCR product purification and plasmid DNA
purification were carried out with the QIAquick Gel Extraction Kit (QIAGEN) and the QIAprep
Spin Miniprep Kit (QIAGEN), respectively. DNA manipulations were performed according to
the methods described by Sambrook et al. [7]. Primers were purchased from Eurofins MWG
Operon, and restriction enzymes and T4 DNA ligase from New England Biolabs. DyNAzyme II
polymerase (Finnzymes) was used for amplification from genomic DNA and Taq DNA
polymerase (QIAGEN) for colony PCR. E. coli TOP10 cells were used during DNA

manipulation.
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A.4.2.2 Cloning of ppcA gene in pRG5 complementation plasmid

Wild-type G. sulfurreducens DL1 [8] was obtained from the laboratory culture collection
and grown at 30°C on acetate-fumarate medium under anaerobic conditions in an
atmosphere of N,/CO, (80:20) for genomic DNA extraction.

ppcA gene was amplified from G. sulfurreducens genomic DNA with primers cytP_for
(forward primer: GGGGAATTCGGTTGCGTTTTCATCAACCTG) and cytP_rev (reverse primer:
GGGGGATCCGCACCTCAGTGAAGTAACG), using a touchdown approach for PCR (underlined
nucleotides highlight recognition sites for restriction enzymes; EcoRI for primer forward and
BamHI for primer reverse). PCR products were analyzed in 1% agarose gels and purified.

The complementation plasmid used was pRG5 [9], that has been previously used for
complementation studies of other proteins. Both vector and fragment were digested with
EcoRI and BamHI and purified. Ligation was carried out with a insert:vector molar ratio of
3:1, overnight at 16 °C. The ligation product was transformed into E. coli TOP10 competent
cells and the cells plated for selection in LB medium supplemented with spectinomycin (100
ug/mL). The resulting colonies were screened by colony PCR with M13 primers (M13F:
GTAAAACGACGGCCAG and M13R: CAGGAAACAGCTATGAC), and those with a PCR product of
the correct size were grow in liquid LB supplemented with spectinomycin for plasmid

extraction and sequencing. The resulting plasmid was designated pMA59.

A.4.2.3 Site directed mutagenesis of pMA59

The QuikChange Site-Directed Mutagenesis kit (Stratagene) was used to prepare the
plasmid pMA59 single mutants with the primers shown in Table A.10.

Table A.10 - Primers used for site-directed mutagenesis of pMA59. Capital
letters highlight the mutated base pairs.

Forward primer sequence (5'->3’) Reverse primer sequence (5'-3’) Plasmid
F15L ggtgatgtgaagCtcccgcacaaggccc gggccttgtgcgggaGettcacatcacc pMA63
K52E gcaagggctgcGaggggtgccacgaag cttcgtggcacccctCgcagceccttge pMA64
M58K gtgccacgaagaaaAgaagaaggggccgac gtcggcecccttcttcTtttcttcgtggceac pMA65
M58S gggtgccacgaagaaaGCaagaaggggccg cggccccttcttGCtttcttegtggcaccce pMA66

A.4.2.4 Preparation of G. sulfurreducens DL3 complementation mutants

A.4.2.4.1 Culturing conditions and growth media

The manipulation of G. sulfurreducens was performed according to its developed genetic
system and cultures were grown at 30°C under anaerobic conditions [10]. In every step,
NBAF medium was used for growth. NBAF contains 15mM acetate as electron donor, 40mM
fumarate as electron acceptor, and a mixture of vitamins, salts and minerals. All media were
dispensed into anaerobic pressure tubes or bottles with butyl rubber stoppers and bubbled
with a N,:CO, (80:20) gas mixture to remove dissolved oxygen and obtain a final pH of
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about 6.7. Before inoculums, media was supplemented with 0.1% yeast extract and 1mM
cysteine. An anoxic solution of spectinomycin was prepared and added to the media in a final
concentration of 400 ug/mL. Plating and incubations on solid media were performed inside an

anaerobic glove bag (Coy Laboratory Products Inc) with the atmosphere heated to 30°C.

A.4.2.4.2 Electroporation and plating

Electrocompetent G. sulfurreducens DL3 cells were prepared according to the procedure
described by Coppi et al. [10]. Plasmids were electroporated into G. sulfurreducens DL3
using a GenePulser electroporator (Bio-Rad) as previously described [10]. After
electroporation, cells were grown in liquid media for 5 hours for recovery before plating.

When pink colonies were visible, each culture was streaked to new plates and after to
liquid media. Freezer stocks with 10% DMSO and genomic DNA extraction were performed.

A.4.3 Interaction studies with PpcA putative redox partners

A.4.3.1 DNA manipulations

PCR products were purified using Wizard® PCR Preps DNA Purification System
(Promega), digested vector using E-gel® Electrophoresis System (Invitrogen) and plasmids
using NZYMiniprep kit (NZYTech).

Primers were purchased from Invitrogen, restriction enzymes from Fermentas and T4
DNA ligase from NZYTech. Phusion High-Fidelity DNA polymerase (Finnzymes) was used for
amplification from genomic DNA and Taqg DNA polymerase (VWR) for colony PCR. E. coli

DH5a cells were used during DNA manipulation.

A.4.3.2 Cloning of macA gene in vector pVA203

The same vector used for cloning of PpcA homologs, pVA203 [11], was used for cloning
of macA gene (GSU0466).

macA gene, without its own leader sequence, was amplified from G. sulfurreducens
genomic DNA with primers GSU0466_fw2 (forward primer:
GCGTCGCGGCCGCGAAAGAGGATGTCATGAAACG) and GSU0466_rv2 (reverse primer:
CCGGTGCAAAGAATTCTCAGTTGCTGACCGGCCTGG), by PCR (underlined nucleotides highlight
recognition sites for restriction enzymes; Notl for primer forward and EcoRI for primer
reverse). PCR products were analyzed in 0.8% agarose gels and purified.

Both vector and fragment were digested with NotI and EcoRI and purified. Ligation was
carried out with an insert:vector molar ratio of 5:1, for 16 hours at 16 °C. The ligation
product was transformed into E. coli DH5a competent cells and the cells plated for selection
in LB medium supplemented with ampicillin (100 pg/mL). The resulting colonies were
screened by colony PCR with pCK32 primers (pCK32_fw: GGCTCGTATGTTGTGTGGAA and
pCK32_rv: AAGGGAAGAAAGCGAAAGGA), and those with a PCR product of the correct size
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were grow in liquid LB supplemented with ampicillin for plasmid extraction and sequencing.

The resulting plasmid was designated pCS466.
A.4.3.3 MacA heterologous expression

Preliminary tests for overexpression of MacA in E. coli have been performed using the

same protocol used for the expression of PpcA described in Chapter 2 [12].
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A.5 Assignment of the heme resonances of PpcA in the oxidized form

Table A.11 - *H and *3C chemical shifts (ppm) of the heme substituents in the
oxidized triheme PpcA. The resonances not detected by the direct comparison of the two
spectra in Figure 6.1 are indicated by ‘n.d.’.

Heme Heme III Heme IV

Substituent

21CHs 17.79 -36.72 12.18 -23.86 14.46 -32.40
3'H 0.91 -13.55 -2.56 -21.36 0.72 -6.69
32CH; 1.15 61.34 -2.24 75.98 2.05 62.28
5H n.d. n.d. -3.90 46.67 n.d. n.d.
7'CH; 10.43 -23.09 18.00 -41.15 10.99 -23.26
8'H -4.34 -8.80 -0.86 26.54 -0.04 -7.40
82CH3 -4.00 53.13 -1.01 16.02 1.63 62.33
10H -1.54 23.42 n.d. n.d. 1.13 n.d.
12!CHs 20.65 -49.63 13.18 -22.61 17.38 -36.95
2.63 16.09 2.43

13!CH; -18.00 -58.02 -18.59
6.72 19.94 6.45
-1.48 -1.74 0.10

132CH, 95.68 n.d. 98.50
-0.33 -0.68 0.44

15H 3.71 0.62 -1.67 46.87 0.75 13.50
0.89 3.67 2.87

17'CH, -6.89 -16.05 -14.37
3.01 5.55 4.18
-0.87 -2.07 -0.86

172CH, 73.87 87.29 89.76
-0.43 -2.00 -0.26

18!CHs 15.71 -37.62 0.64 -1.63 14.58 -36.32

20H -0.70 n.d. 8.07 46.71 -1.60 32.42
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