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The Geobacter metallireducens bacterium can couple the oxidation of a wide range of
compounds to the reduction of several extracellular electron acceptors, including pollu-
tants or electrode surfaces for current production in microbial fuel cells. For these
reasons, G. metallireducens are of interest for practical biotechnological applications. The
use of such electron acceptors relies on a mechanism that permits electrons to be trans-
ferred to the cell exterior. The cytochrome PpcA from G. metallireducens is a member of
a family composed of five periplasmic triheme cytochromes, which are important to
bridge the electron transfer from the cytoplasmic donors to the extracellular acceptors.
Using NMR and visible spectroscopic techniques, a detailed thermodynamic character-
ization of PpcA was obtained, including the determination of the heme reduction poten-
tials and their redox and redox-Bohr interactions. These parameters revealed unique
features for PpcA from G. metallireducens compared with other triheme cytochromes
from different microorganisms, namely the less negative heme reduction potentials and
concomitant functional working potential ranges. It was also shown that the order of oxi-
dation of the hemes is pH-independent, but the protein is designed to couple e−/H+

transfer exclusively at physiological pH.

Introduction
Geobacter species are abundant Gram-negative bacteria playing an important biogeochemical role in a
diversity of natural environments. These bacteria are mostly known for their capability of making elec-
trical contacts with extracellular electron acceptors and other microorganisms. They show an impres-
sive respiratory versatility, being capable of sustaining their growth by using extracellular compounds
as terminal electron acceptors, such as Fe(III), U(VI) or Mn(IV) oxides, in addition to the more
frequent respiratory processes, that utilize both soluble electrons donors (e.g. acetate) and acceptors
(e.g. fumarate) [1]. Some electron acceptors that can be used by Geobacter cells are toxic or radioactive
[2–7]. In addition, Geobacter species produce higher current densities than any other known micro-
organism in microbial fuel cells [8]. Such features make Geobacter bacteria preferential targets for
bioremediation and bioenergy applications [9,10].
Geobacter sulfurreducens was the first Geobacter family member for which genetic manipulation

methods were developed [11]. Consequently, it has been used as the first choice for genomic and
proteomic studies aiming to elucidate the bacteria’s metabolism, gene regulation and extracellular elec-
tron transfer mechanisms [11–18]. On the other hand, Geobacter metallireducens was the first identi-
fied member of the Geobacter species [1,19,20] and the first microorganism found to completely
oxidize organic compounds to carbon dioxide, with Fe(III) oxide serving as the electron acceptor
[3,20,21]. This bacterium was firstly isolated from freshwater sediments and shares several metabolic
features with G. sulfurreducens. Furthermore, G. metallireducens is also able to oxidize short-chain
fatty acids, alcohols and monoaromatic compounds, such as toluene and phenol [19,22]. It is also
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capable of storing energy through dissimilatory reduction of iron, manganese, uranium and other metals
[21,23,24], as well as nitrate [19,25,26]. The broad range of compounds that can be metabolized by G. metallire-
ducens compared with G. sulfurreducens opens promising routes for biotechnological applications [20–23].
The recent development of a genetic system for G. metallireducens [27] has refocused attention on this bac-

terium. Compared with G. sulfurreducens, for which several proteomic and genetic studies have identified key
electron transfer components for the extracellular electron transfer mechanisms [12,14,15,28–35], very few are
available for G. metallireducens [36,37]. The genome of G. metallireducens was sequenced and it encodes for 91
c-type cytochromes, of which 65 have homologs in G. sulfurreducens [23,38]. These include proteins located on
the inner membrane, periplasm and on the outer membrane. In the periplasm, the so-called PpcA family com-
posed by triheme periplasmic cytochromes has been shown to have a crucial role in the regulation of the elec-
tron flow towards extracellular electron acceptors (Figure 1). For this reason, the PpcA-family cytochromes can
potentially be explored to develop rational Geobacter-mutated strains with increased respiratory rates and
optimal current production in microbial fuel cells.
A preliminary biochemical characterization of the cytochrome PpcA from G. metallireducens suggested that

the protein could exhibit different functional properties compared with its homologs in G. sulfurreducens [39].
Therefore, in the present work, we performed a detailed thermodynamic characterization of the cytochrome
PpcA from G. metallireducens using NMR and visible spectroscopic techniques. The study showed that the
heme reduction potential values differ considerably from the ones observed for homolog proteins in different
microorganisms and are modulated by redox and redox-Bohr interactions, conferring unique functional fea-
tures to the protein.

Materials and methods
Expression and purification of triheme cytochrome PpcA from
G. metallireducens
PpcA from G. metallireducens was produced and purified as recently described [39]. Briefly, Escherichia coli
BL21 (DE3) cells, containing the plasmid pEC86 (encoding for the cytochrome c maturation gene cluster

Figure 1. Extracellular electron transfer in Geobacter metallireducens.

The periplasmic PpcA-family triheme cytochromes mediate the electron transfer between the inner membrane-associated

cytochromes (in red) and the porin–cytochrome complexes in the outer membrane (in blue).
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ccmABCDEFGH and a chloramphenicol-resistance gene), were co-transformed with the plasmid pCSGmet2902
(containing the gene Gmet_2902, encoding for G. metallireducens PpcA and carrying an ampicillin-resistance
gene). Cells were then grown at 30°C in 2×YT media, supplemented with 34 mg/mL chloramphenicol and
100 mg/mL ampicillin, to an OD600 of ∼1.5. Protein expression was then induced with 10 mM of isopropyl
β-D-thiogalactoside (IPTG) and the cell cultures grown overnight at 30°C. Following overnight incubation, cells
were harvested by centrifugation at 4000×g for 20 min. The periplasmic fraction was obtained after cells were
incubated in lysis buffer [100 mM Tris–HCl (pH 8.0), 0.5 mM EDTA, 20% sucrose and 0.5 mg/mL lysozyme]
for 15 min. This fraction was recovered by centrifugation at 14 700×g, at 4°C for 20 min. The supernatant
was further ultracentrifugated at 225 000×g, at 4°C for 1 h. The final supernatant obtained was dialyzed
against 2 × 4.5 L of 10 mM Tris–HCl (pH 8.0) and loaded onto 2 × 5 mL Bio-Scale™ Mini UNOsphere™
S cartridges (Bio-Rad), equilibrated with the same buffer. The protein was eluted with a sodium chloride
gradient (0–300 mM), and the obtained fraction was concentrated to 1 mL before injection in a Superdex 75
molecular exclusion column (GE Healthcare), equilibrated with 100 mM sodium phosphate buffer (pH 8.0).
Protein purity was evaluated by Coomassie-stained SDS–PAGE. The concentration of the cytochrome was
determined by measuring the absorbance of the reduced form at 552 nm, using the extinction coefficient of
118 mM−1 cm−1 [39].

NMR spectroscopy
Sample preparation
Samples for NMR studies at intermediate levels of oxidation were prepared with ∼80 mM concentration, in
80 mM phosphate buffer prepared in pure 2H2O (CIL isotopes), at different pH values, with NaCl (250 mM of
final ionic strength). The protein samples used to assign the heme methyl chemical shifts both in the fully
reduced and fully oxidized states were prepared with ∼750 mM concentration in the same buffer at pH 5.8 and
8.1. The pH values of the samples were verified with a glass microelectrode. For sample reduction, the NMR
tubes were sealed with a gas-tight serum cap and the air was flushed out from the sample, to avoid possible
oxidation of the samples. Then, the samples were reduced directly in the NMR tube with gaseous hydrogen in
the presence of catalytic amounts of hydrogenase from Desulfovibrio vulgaris (Hildenborough). The partially
oxidized samples, used for the NMR redox titrations, were obtained by first removing the hydrogen from the
reduced sample with nitrogen and then adding controlled amounts of air into the NMR tube with a Hamilton
syringe.

NMR experiments
All the NMR experiments were acquired in a Bruker Avance III 600 MHz spectrometer equipped with a
triple-resonance cryoprobe (TCI) at 15°C. The 1H chemical shifts were calibrated using the water signal as an
internal reference. All the different spectra obtained were processed using TopSpin3.5.7™ (Bruker BioSpin,
Karlsruhe, Germany).

Redox titrations
The oxidation patterns of PpcA from G. metallireducens were monitored by 2D 1H-EXchange SpectroscopY
(EXSY), at different pH values. All the 2D EXSY spectra were accumulated with a mixing time of 25 ms, col-
lecting 2048 (t2) × 256 (t1) data points to cover a sweep width of 27.5 kHz, with 256 scans per increment. 1D
1H-NMR spectra were obtained before and after each 2D NMR spectrum to check for any changes in the oxi-
dation state of the sample during the 2D NMR experiment. The 1D NMR spectra were acquired with water
pre-saturation collecting 32k data points to cover a spectral width of 33 kHz.

Fully reduced state experiments
For the assignment of the heme methyl substituents in the fully reduced state, 2D 1H-NOESY and 2D
1H-TOCSY experiments were acquired using pulse sequences with water pre-saturation. The 2D 1H-NOESY
spectra were acquired with a mixing time of 80 ms, collecting 2048 (t2) × 256 (t1) data points to cover a sweep
width of 8.4 kHz, with 160 scans per increment. The 2D 1H-TOCSY spectra were acquired with a mixing time
of 60 ms, 128 scans and with the same number of data points and spectral width.
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Fully oxidized state experiments
For the assignment of the heme methyl substituents of the protein in the fully oxidized state, the following set
of 2D NMR experiments was acquired: 2D 1H,13C-HMQC, 2D 1H-NOESY and 2D 1H-TOCSY. The 2D
1H,13C-HMQC spectra were acquired collecting 4096 (t2) × 256 (t1) data points to cover a sweep width of
28.8 kHz in the 1H dimension and 52.8 kHz in the 13C dimension, with 360 scans per increment. The 2D
1H-NOESY spectra were acquired with a mixing time of 80 ms, collecting 4096 (t2) × 512 (t1) data points to
cover a sweep width of 28.8 kHz, with 200 scans per increment. The 2D 1H-TOCSY spectra were acquired with
a mixing time of 45 ms, collecting 2048 (t2) × 512 (t1) data points to cover a sweep width of 28.8 kHz, with 160
scans per increment.

Thermodynamic model
The cytochrome PpcA from G. metallireducens contains three low-spin bis-histidinyl axial coordination heme
groups with identical optical properties [39]. Consequently, it is not possible to discriminate the individual
heme oxidation patterns using visible spectroscopy. In addition, the coexistence of several microstates in solu-
tion makes the study of multiheme cytochromes, containing identical redox centers, particularly challenging. In
fact, in the specific case of a triheme cytochrome, three consecutive reversible steps of one-electron transfer
convert the fully reduced into the fully oxidized state. Therefore, four different redox stages, numbered S0 to S3,
can be defined. At each stage, microstates are grouped with the same number of oxidized hemes (Figure 2).
As a consequence of the close spatial disposition of the heme groups in small multiheme cytochromes, as it

is the case of PpcA from G. metallireducens [39], the redox potential of one heme is modulated by the oxida-
tion state of its neighbors (redox interactions, gij, Figure 2A). Moreover, the redox potential of the hemes can
also be modulated by the pH (redox-Bohr effect). The magnitude of this effect is determined by the so-called
redox-Bohr interactions (giH, Figure 2A), which measure the effect of the protonation state of the redox-Bohr
center (a protonable center, located in the vicinity of the hemes) on the heme redox potentials. The 16 micro-
states that can coexist in solution for a triheme cytochrome containing one redox-Bohr center are illustrated in
Figure 2B. The fractional contribution of the 16 microstates, across the full range of pH and solution potential,
can be defined by 10 thermodynamic parameters: the three heme oxidation energies (reduction potentials), the
pKa of the redox-Bohr center, the three interaction energies between each pair of hemes (redox interactions)
and the three interaction energies between each heme and the redox-Bohr center (redox-Bohr interactions) (for
a review, see [40,41]). The energy of each microstate relative to the reference microstate (fully reduced and pro-
tonated, P0H) is then given by a simple sum of the appropriate energy terms among the four independent
centers, the six possible two-center interactions and one term that accounts for the effect of the solution poten-
tial (SFE) in the oxidation stage S (eqn 1), and another for the proton chemical potential (2.3RTpH) added for
the deprotonated forms (eqn 2):

GiH ¼ Sgi þ Sgij � SFE (1)

Gi ¼ GiH þ gH þ SgiH � 2:3 RTpH (2)

where iH designates a particular protonated microstate with oxidized heme(s) group(s) i (i = 1–3); gi the energy
of oxidation of heme i; gij the interaction energy between each pair of hemes i and j; gH the deprotonation
energy of the fully reduced protein; giH the energy of interaction between the hemes and the redox-Bohr center;
S the oxidation stage (that corresponds to the number of oxidized hemes) and E the redox potential of the
solution.

The energy values can be converted to reduction potentials using the following equation:

DG ¼ �nFDE (3)

and the fractional contribution of each microstate (Pi) can be determined by the Boltzmann equation (eqn 4):

Pi ¼ exp�Gi=(RT) (4)
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Figure 2. Thermodynamic model for a triheme cytochrome with one redox-Bohr center.

(A) Schematic representation of the interaction networks of a multiheme cytochrome with three hemes [inner hexagons,

numbered I (green), III (orange) and IV (blue)] and one redox-Bohr center (red ‘H’). The terms gij and giH represent the

interaction energies between the hemes (ij) and between the hemes and the redox-Bohr center (H), respectively. The individual

heme oxidation energies are represented as g1, g3 and g4 for hemes I, III and IV, respectively. The 10 energy parameters that

describe the full interaction networks are listed next to the figure. (B) Electronic distribution scheme for a triheme cytochrome

with a proton-linked equilibrium, showing the 16 possible microstates. The light gray and dark gray circles correspond to the

deprotonated and protonated microstates, respectively. The protonated microstates are also identified with a red ‘H’, which

mimics the redox-Bohr center. The reduced hemes I, III and IV are colored green, orange and blue, respectively. The oxidized

hemes are colored white. The microstates are grouped, according to the number of oxidized hemes, in four oxidation stages

connected by three one-electron redox steps. P0H and P0 represent the reduced protonated and deprotonated microstates,

respectively. PijkH and Pijk indicate, respectively, the protonated and deprotonated microstates, where i, j and k represent the

heme(s) that are oxidized in that particular microstate. G0H and G0 represent the energies of the reduced protonated and

deprotonated microstates, respectively. GijkH and Gijk represent the energies of the protonated and deprotonated microstates,

respectively. For details see eqns (1) and (2) in the thermodynamic model section.
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In experimental terms, the thermodynamic parameters can be determined by combining data obtained from
NMR and visible redox titrations when the intramolecular electron exchange rate (between microstates within
the same oxidation stage) is fast and the intermolecular electron exchange rate (between microstates belonging
to different oxidation stages) is slow on the NMR time scale (for a review, see [40,41]). In this case, the heme
proton signals have different chemical shifts in each oxidation stage and can be discriminated by 2D 1H-EXSY
NMR experiments. Therefore, by following the chemical shifts of one heme methyl group (m) for each heme
from their position in the reduced state to their final position in the oxidized state, it is possible to monitor the
stepwise oxidation of the hemes. At each pH, a methyl group of any heme, i, in the oxidation stage S has a
single peak at a position dm,S

obs . This shift depends on the populations of the microstates in which that heme is
oxidized (since there is fast intramolecular electron exchange within each stage) weight-averaged according to
the deprotonated and protonated populations (eqn 5):

dm,S ¼
ðdm;3 � dm;0Þ

X
P
m;S

þ ðdHm;3 � dm;0Þ
X

P
H

m;SP
PS

þ dm;0 (5)

where dm,0 is the observed chemical shift of methyl m in the fully reduced protein (stage S0), and dm,3 and dm,3
H

are those observed in the fully oxidized (stage S3) deprotonated or protonated protein, respectively;
P

Pm,S andP
PH
m;S are the sums over all the populations with heme m oxidized in stage S, deprotonated or protonated,

respectively; and
P

PS is the sum over all the populations, protonated and deprotonated in stage S (Figure 2).
However, the information collected by the 2D 1H-EXSY NMR redox titrations at different pH values only

defines the relative values for the heme reduction potentials and interactions. The absolute values are
obtained from the simultaneous fitting of the NMR data (eqn 5) and protein-reduced fractions (Fred, eqn 6),
obtained from redox titrations followed by visible spectroscopy at two different pH values, using the Marquardt
method [40].

Fred ¼ 3
P

PS,0 þ 2
P

PS,1 þ
P

PS,2
3
P

PS
: (6)

In this equation,
P

PS,0,
P

PS,1 and
P

PS,2 are the sums over all the populations in stages 0, 1 and 2, respectively.
In the present work, the stepwise oxidation of the hemes in the cytochrome PpcA from G. metallireducens

was measured by 2D 1H-EXSY NMR experiments, acquired in the pH range of 5.8–8.9. These data were then
fitted simultaneously with the visible redox titrations previously obtained at pH 7 and 8 [39]. The experimental
uncertainty of the NMR data was evaluated from the linewidth of each NMR signal at half height, whereas the
visible data points were estimated to have an uncertainty of 3% of the total optical signal.

Results and discussion
Probing the order of oxidation of the heme groups
The heme groups of the cytochrome PpcA are low-spin in the reduced (Fe(II), S = 0) and oxidized (Fe(III),
S = 1/2) states. Consequently, this cytochrome displays considerably different, but well-resolved NMR spectra in
both states [39]. Of all the heme substituents, the methyl groups are the most appropriate to probe the heme
oxidation profiles. On one hand, the three-proton intensity of these signals facilitates their assignment and on
the other hand, their signals shift from crowded regions in the reduced NMR spectrum to relatively empty
spectral regions in the oxidized state (see Figure 3A). In the reduced state, the protein is diamagnetic, and thus,
the heme proton chemical shifts are essentially dominated by the heme ring-current effects and are found in
well-defined regions of the spectra (typically between 2.5 and 4.5 ppm). On the contrary, due to the presence of
one unpaired electron per heme in the oxidized state, the heme methyl signals are considerably spread all over
the entire spectral width, which further complicates their assignment. The assignment of the heme methyls
signals in the reduced form was previously obtained at pH 7.1 and 25°C [39] and was redone in the present
work at the experimental conditions used to monitor the heme oxidation profiles (Supplementary Table S1).
As described above, the individual heme oxidation profiles can be monitored by 2D 1H-EXSY NMR experi-

ments if the intra- and intermolecular electron exchange rates are fast and slow on the NMR time scale,
respectively. The 2D 1H-EXSY NMR spectra obtained for the samples at intermediate levels of oxidation show
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that the cytochrome PpcA from G. metallireducens meets these requirements in the experimental conditions
used, since the heme methyl signals can be followed throughout the different oxidation stages (Figure 3B).
The chemical shifts of the heme methyls in the reduced state constitute excellent starting points to monitor

their variation up to their final position in the fully oxidized state. However, when the hemes show a very small
percentage of oxidation in the first oxidation steps, the variation in their chemical shifts is also very small so
that the exchange connectivities are placed at or near the diagonal of the spectra. This is exactly the case for
one of the heme groups in PpcA, as illustrated by the 2D 1H-EXSY NMR spectrum obtained at early stages of
oxidation in Figure 3B. In fact, only connectivities between oxidation stages 0 and 1 for hemes I and IV could
be observed. As discussed below, the first oxidation step is essentially dominated by the oxidation of heme IV,
followed by heme I, which prevents the observation of connectivities between oxidation stages 0 and 1 for
heme III. As a consequence, it was not possible to monitor the stepwise oxidation of heme III starting from the
fully reduced state. To overcome this, the assignment of the heme methyls was also carried out in the fully oxi-
dized state, by the combined analysis of 2D 1H-NOESY, 2D 1H-TOCSY and 2D 1H,13C-HMQC NMR spectra,

Figure 3. Illustration of the heme oxidation profiles for PpcA from G. metallireducens (pH 5.8, 15°C).

(A) The 1D 1H-NMR spectra, acquired at different stages of oxidation, illustrate the redox titration of the cytochrome. The peaks

corresponding to the heme methyls 21CH3
I , 121CH3

III and 21CH3
IV (labeled accordingly to the IUPAC nomenclature for

tetrapyrroles [52]) are marked by green, orange and blue circles, respectively. These heme methyls are also highlighted with the

same color code in the heme core of PpcA from G. sulfurreducens (PBD code: 2MZ9 [53]). (B) In the expansions of the 2D
1H-EXSY NMR spectra, the cross-peaks resulting from intermolecular electron transfer between the different oxidation stages

(0–3) are indicated by dashed lines for heme methyls 21CH3
I (green), 121CH3

III (orange) and 21CH3
IV (blue). The hemes are

numbered I, III and IV, a designation that derives from the superimposition with those of the structurally homologous tetraheme

cytochromes c3 [54].
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following a strategy previously described [42–44] (Supplementary Table S1). The chemical shifts of the heme
methyls in the oxidized state were then used to follow signals backward to their position at intermediate oxida-
tion states. This strategy allowed us to monitor the stepwise oxidation of each heme in the pH range of 5.8–8.9.
As an example, the heme oxidation profiles of the cytochrome, at pH 5.8, are illustrated by the heme methyls
21CH3

I , 121CH3
III and 21CH3

IV in Figure 3B. The correspondent oxidation fraction values are listed in Table 1. In
the typical arrangement of the heme core of a triheme cytochrome, the selected methyl groups for each heme
point away from neighboring hemes (see Figure 3A) and, consequently, the extrinsic contribution to their
chemical shifts from the oxidation of neighboring hemes is minimized. The analysis of Table 1 confirms that
the extrinsic shifts for the selected heme methyls are not significant, since the sums of the oxidation fractions
at each oxidation stage are close to integers and, therefore, each methyl reflects the oxidation state of its own
heme. The heme oxidation fractions obtained at pH 5.8 show that heme IV clearly dominates the first oxidation
step (68%). The largest fractional oxidation of heme I is obtained in the second step (63%), followed by heme
III in the last step (84%).

Thermodynamic properties
To determine the thermodynamic parameters of PpcA, the pH dependence of the heme methyl chemical shifts,
in the pH range of 5.8–8.9, together with the data from visible redox titrations obtained at pH 7 and 8 [39],
was fitted to the model summarized in the Materials and Methods section (Figure 4). The quality of the fittings
obtained clearly shows that the thermodynamic properties of PpcA are well described by the model that consid-
ers three heme groups and one redox-Bohr center (Figure 2). The thermodynamic parameters and the macro-
scopic pKa values associated with the four stages of oxidation are indicated in Table 2. The parameters show
that the microscopic reduction potentials of the hemes are different and negative: −80, −70 and −113 mV for
hemes I, III and IV, respectively. Compared with the data available for homologous cytochromes, the reduction
potentials of the hemes in PpcA from G. metallireducens are considerable less negative, though at a smaller
extent for heme IV (cf. Tables 2 and 3). The structural analysis carried out by the comparison of the heme sub-
stituents and backbone NMR chemical shifts of PpcA from G. metallireducens, with those obtained for the
homologous cytochrome from G. sulfurreducens showed that the non-conserved residues are responsible for
important local conformational changes in the vicinity of hemes I and III [39], which might explain the differ-
ences observed in the reduction potential values.
The thermodynamic parameters of PpcA from G. metallireducens also showed that the redox interactions for

each pair of hemes are positive, indicating that the oxidation of one heme makes difficult the oxidation of its
neighbor. As expected from the heme core architecture (see Figure 3A), the higher redox interaction values are
of the same magnitude and are observed for the closest pairs of hemes: I–III (35 mV) and III–IV (37 mV).
Furthermore, the redox-Bohr interactions are negative, which indicates that the removal of proton(s), upon
deprotonation of the redox-Bohr center, lowers the affinity for electrons by the heme groups (lower reduction

Table 1 Redox-dependence of the heme methyl proton chemical shifts and heme oxidation
fractions of PpcA from G. metallireducens (pH 5.8 and 15°C).
The heme methyls 21CH3

I , 121CH3
III and 21CH3

IV were chosen to monitor each heme oxidation through
the four oxidation stages (see text). The heme oxidation fractions, xi, in each stage of oxidation were
calculated according to the equation xi = (δi− δ0)/(δ3− δ0), where δi, δ0 and δ3 are the observed
chemical shifts of the heme methyl in stage i, 0 (fully reduced) and 3 (fully oxidized), respectively. The
heme methyl signal not detected is indicated by ‘n.d.’.

Oxidation stage

Chemical shift (ppm) xi

Σ xiI III IV I III IV

0 3.55 3.51 3.65 0 0 0 0

1 6.93 n.d.1 11.03 0.20 0.121 0.68 1.00

2 17.78 5.33 13.76 0.83 0.16 0.94 1.93

3 20.71 15.18 14.43 1 1 1 3

1The chemical shift of methyl 121CH3
III in the oxidation stage 1 is located underneath the water signal and is not

observable. Thus, the oxidation fraction of heme III was estimated from the values obtained for the other hemes.
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potential values) and vice versa. Heme IV shows the higher redox-Bohr interaction (−49 mV), which suggests
that the redox-Bohr center is located in its vicinity. This was independently confirmed by the analysis of the
pH dependence of all heme methyl chemical shifts in the oxidized state, which showed that methyl 121CH3

IV is
clearly the most affected one (Figure 5).

Figure 4. Fitting of the thermodynamic model to the experimental data for PpcA from G. metallireducens.

The solid lines are the result of the simultaneous fitting of the NMR (A) and visible data (B). In the panel (A), the figures show

the pH dependence of heme methyl chemical shifts at oxidation stages 1 (Δ), 2 (□) and 3 (○). The chemical shift dependence

of the heme methyls in the fully reduced stage (stage 0) is not plotted since they are unaffected by the pH. In the panel (B), the

figure corresponds to the reduced fractions of the cytochrome, determined by visible spectroscopy at pH 7 (○) and pH 8 (□).

In both panels, the open and filled symbols represent the data points in the reductive and oxidative titrations, respectively.

Table 2 Thermodynamic parameters for PpcA from G. metallireducens in the fully
reduced and protonated form.

Energy (meV)

Heme I Heme III Heme IV Redox-Bohr center

Heme I −80 (6) 35 (4) 3 (5) −22 (6)

Heme III −70 (7) 37 (7) −23 (7)

Heme IV −113 (6) −49 (6)

Redox-Bohr center 463 (13)

Diagonal values (in bold) correspond to the oxidation energies of the hemes and deprotonating energy of
the redox-Bohr center. Off-diagonal values are the redox (heme–heme) and redox-Bohr (heme–proton)
interaction energies. All energies are reported in meV, with standard errors given in parenthesis.
The macroscopic pKa values of the redox-Bohr center in each stage of oxidation, calculated from the
redox-Bohr center parameters, are the following: 8.1 (stage 0); 7.3 (stage 1); 6.9 (stage 2) and 6.5 (stage 3).

The pKa of the reduced and oxidized protein is given by gHF=(2:3RT) and gH þ P3
i¼1

giH

� �
F=(2:3RT),

respectively.
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Effect of the pH on the heme oxidation profiles
We have shown recently that the visible redox titration curves are pH-dependent (redox-Bohr effect) [39]. The
data obtained in the present work clearly confirms this observation, as the macroscopic pKa values of the
redox-Bohr center are significantly different in the reduced and oxidized states (8.1 and 6.5, respectively — see
Table 2). From the thermodynamic parameters (Table 2), it is possible to establish the order of oxidation of the
hemes for the fully reduced and protonated protein, which is IV–I–III (−113, −80 and −70 mV, respectively).
As mentioned before, the negative redox-Bohr interactions decrease the affinity of the hemes for electrons. This
is, in fact, reflected in the heme reduction potentials of the fully reduced and deprotonated protein, which can
be obtained by the simple sum of the heme reduction potentials of the fully reduced and protonated state with
their respective redox-Bohr interactions: −162, −102 and −93 mV for hemes IV, I and III, respectively (see
Table 2).
Since the solution pH modulates the affinity of the hemes for electrons in PpcA, we further analyzed the

individual heme oxidation profiles inside and outside the physiological pH range (Figure 6). The shape of the
heme redox curves differs from a pure Nernst curve, which indicates that the heme electron affinity is also
modulated by the heme–heme redox interactions. This is particularly notorious for heme III at pH 5 (see

Figure 5. pH dependence of the heme methyl proton chemical shifts of PpcA from G. metallireducens in the oxidized

state.

The chemical shift variations were calculated between pH 8.1 and 5.8. The green, orange and blue bars represent the

variations observed for the hemes I, III and IV methyl substituents, respectively. Complete lists of the assigned heme methyls

are provided in Supplementary Tables S1 and S2.

Table 3 Heme reduction potentials of triheme cytochromes from
G. metallireducens (Gm), G. sulfurreducens (Gs) and
Desulfuromonas acetoxidans (Da) in the fully reduced and
protonated state.
The values are relative to the NHE.

Cytochrome

Heme reduction potentials (mV)

Heme I Heme III Heme IV

Gm PpcA (present work) −80 −70 −113

Gs PpcA [50] −154 −138 −125

Gs PpcB [50] −150 −166 −125

Gs PpcD [50] −156 −139 −149

Gs PpcE [50] −167 −175 −116

Da c7 [51] −201 −200 −142
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arrow in Figure 6). In fact, at low pH, the eapp values (i.e. the point at which the oxidized and reduced fractions
of each heme group are equally populated) of the first two hemes to oxidize (hemes I and IV) are close to each
other. Consequently, as their oxidation progresses, the oxidation curve of heme III shifts to higher reduction
potential values as a result of the large redox interactions with hemes I and IV (35 and 37 mV, respectively).
Overall, the individual heme oxidation profiles in the pH range of 5–9 show that the relative order of oxida-

tion remains unaltered (Figure 6). This is explained by the largest redox-Bohr interaction showed by heme IV
(−49 mV), the first heme to oxidize, compared with the nearly identical redox-Bohr interactions of hemes I
and III (−22 and −23 mV, respectively). Although the order of oxidation of the heme groups is independent of
the pH, the redox-Bohr center still plays a role in the modulation of the eapp values, as they decrease with the
solution pH (Figure 6). Owing to the higher redox-Bohr interaction, this is particularly notorious for the heme
IV curve, which progressively deviates from those of the other hemes with the increase in pH (Figure 6).

Functional mechanism at physiological pH
The redox-Bohr effect is functionally relevant if observed at the physiological pH range for cellular growth. The
growth of G. metallireducens cells occurs in the pH range of 6.0–8.5, with optimum growth at pH 7 [45,46].
Therefore, to further rationalize the effect of the protonation/deprotonation of the redox-Bohr center in the
functional mechanism of the cytochrome PpcA, the fractional contributions of the 16 microstates were

Figure 6. Redox-dependence of the heme oxidation fractions of PpcA from G. metallireducens at different pH values.

The curves were calculated as a function of the solution reduction potential (relative to NHE) using the parameters listed in

Table 2. The midpoint reduction potentials of the hemes (eapp) are also indicated.
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determined at pH 5, 7 and 9 (Figure 7A). The analysis of this figure shows that the relevant microstates are
quite distinct at different pH values. At values outside the physiological pH range, the dominant microstates
are all protonated (pH 5) or deprotonated (pH 9). However, at pH 7, stage 0 is dominated by the protonated
form P0H and stage 1 is dominated by the oxidation of heme IV (P4H), while keeping the redox-Bohr center
protonated. Stage 2 is then dominated by the oxidation of heme I and deprotonation of the acid–base center
(P14), which remains deprotonated in stage 3 (P134). Therefore, at pH 7, the following route is defined for the
electrons: P0H→ P4H→ P14→ P134 (Figure 7B). This clearly indicates that at physiological pH, a concerted e−/
H+ transfer occurs between oxidation stages 1 and 2.

Conclusions
In this work, we used NMR and visible spectroscopic techniques to probe the functional properties of the
triheme cytochrome PpcA from G. metallireducens. To achieve this, the assignment of the heme methyl NMR
signals was carried out for the fully reduced and oxidized states. These assignments constituted the starting
points for the thermodynamic studies, performed by probing the heme methyl chemical shift variation during
the protein oxidation at different pH values. These data, together with data obtained from visible redox titra-
tions, were fitted with the thermodynamic model that allowed the determination of the heme reduction poten-
tials, the heme interactions and the properties of the redox-Bohr center. The data obtained showed that the
heme reduction potentials of the cytochrome PpcA are strongly modulated by heme–heme interactions and by
interactions with the redox-Bohr center located in the vicinity of heme IV.
The order of oxidation of the hemes is pH-independent. However, the cytochrome is designed to perform

e−/H+ transfer only within the cellular optimal pH range for growth, reinforcing the physiological significance
of the redox-Bohr effect observed. Compared with other triheme cytochromes, the heme reduction potentials
of PpcA from G. metallireducens are considerable less negative. Previous studies on G. sulfurreducens biofilms
have shown that the electrochemical responses are mainly driven by the highly abundant periplasmic

Figure 7. Electron/proton transfer pathways of PpcA from G. metallireducens.

(A) Redox-dependence of the molar fractions of the 16 microstates of the cytochrome, at different pH values. The curves were

calculated as a function of the solution reduction potential (relative to NHE) using the parameters listed in Table 2. Solid and

dashed lines indicate the protonated and deprotonated microstates, respectively (see Figure 2). For clarity, only the dominant

microstates are labeled. (B) Preferential electron/proton-coupled transfer pathway of PpcA from G. metallireducens, at

physiological pH. The figure is represented with the same features of Figure 2, although in a simpler extend, for clarity. The

dominant microstates are highlighted by red circles.
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cytochromes [47–49]. Overall, the data obtained for PpcA G. metallireducens suggest that the bacterium is opti-
mized to function at less negative redox potential windows and the higher reduction potential values of the
cytochrome also suggest that the electron transfer from cytoplasmic electron donors toward periplasmic cyto-
chromes is accomplished with a higher driving force to confer extracellular electron transfer directionality.
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