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Geobacter bacteria are able to transfer electrons to the
exterior of the cell and reduce extracellular electron acceptors
including toxic/radioactive metals and electrode surfaces, with
potential applications in bioremediation or electricity har-
vesting. The triheme c-type cytochrome PpcA from Geobacter
metallireducens plays a crucial role in bridging the electron
transfer from the inner to the outer membrane, ensuring an
effective extracellular electron transfer. This cytochrome
shares 80% identity with PpcA from Geobacter sulfurreducens,
but their redox properties are markedly different, thus deter-
mining the distinctive working redox potential ranges in the
two bacteria. PpcA from G. metallireducens possesses two extra
aromatic amino acids (Phe-6 and Trp-45) in its hydrophobic
heme core, whereas PpcA from G. sulfurreducens has a leucine
and a methionine in the equivalent positions. Given the
different nature of these residues in the two cytochromes, we
have hypothesized that the extra aromatic amino acids could
be partially responsible for the observed functional differences.
In this work, we have replaced Phe-6 and Trp-45 residues by
their nonaromatic counterparts in PpcA from
G. sulfurreducens. Using redox titrations followed by UV–
visible and NMR spectroscopy we observed that residue Trp-
45 shifted the redox potential range 33% toward that of PpcA
from G. sulfurreducens, whereas Phe-6 produced a negligible
effect. For the first time, it is shown that the inclusion of an
aromatic residue at the heme core can modulate the working
redox range in abundant periplasmic proteins, paving the way
to engineer bacterial strains for optimal microbial bio-
electrochemical applications.

Anaerobic environments are prolific in microbial commu-
nities that have developed different strategies to obtain energy
without using oxygen as terminal electron acceptor in respi-
ration processes. Dissimilatory metal-reducing organisms,
such as the ones belonging to the Geobacter genera, couple
cellular growth to the reduction of metals present in the
environment (1). This is only possible because of the devel-
opment of an extracellular electron transport chain that is
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capable of shuttling electrons from the cell’s interior to the
environment (2). Geobacter bacteria typically colonize aquatic
sediments, wetlands, rice paddies, and subsurface environ-
ments (2) where the concentration of Fe(III) in sediments
frequently exceeds that of other electron acceptors, such as
oxygen, nitrate, and sulfate (3, 4). This reduction is not only
highly advantageous for the bacteria but also plays an essential
role in the ecosystem’s geochemistry because it releases dis-
solved Fe(II) and Mn(II) as well as trace metals, metalloids, and
phosphate that adsorb onto Fe(III) and Mn(IV) oxides.

The Geobacter metallireducens bacterium presents the
unique ability of oxidizing an enormous variety of organic
compounds both aromatic (such as benzaldehyde, phenol,
benzene, and toluene) and nonaromatic (such as butanol,
ethanol, and propanol) compared with Geobacter sulfurredu-
cens, which is only able to oxidize acetate, formate, lactate, or
pyruvate (the latter only when hydrogen is the electron donor)
(2, 5). Both species are capable of utilizing Fe(III), Mn(IV), or
humic substances as terminal electron acceptors, as well as
water contaminants such as U(VI) and Tc(VII) (2). This
physiological hallmark has been used for the bioremediation of
waters contaminated with these compounds (6–8). However,
the biotechnological applications of Geobacter are not only
circumscribed to the bioremediation of contaminated waters,
as their extracellular electron transfer pathways can be used
for the sustainable production of electrical current from a wide
range of organic wastes in microbial fuel cell devices (9, 10).

To ensure the efficient extracellular electron transfer,
Geobacter bacteria rely on a complex network of c-type cy-
tochromes. In fact, c-type cytochromes comprise 2.2% and
2.6% of the genome of G. metallireducens and
G. sulfurreducens, respectively, and more than 86% of these
cytochromes possess more than one heme group (11). The
cytochromes are distributed along the inner membrane,
periplasm, and outer membrane and are responsible for
guiding the electron flow from the cytoplasm to the cell’s
exterior, constituting an excellent target for the improvement
of extracellular electron transfer effectiveness (11, 12). The
current model for electron transfer in Geobacter (Fig. 1)
postulates that electrons originating from the oxidation of
organic compounds are transferred to a menaquinone pool
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Figure 1. Electron transfer components of the extracellular electron transfer pathway in Geobacter bacteria. The NADH dehydrogenase (orange)
mediates electron transfer from the oxidation of organic compounds to the menaquinone pool (MQ/MQH2) located in the inner membrane. From there,
electrons are transferred to inner membrane–associated cytochromes (red), and the PpcA family (blue) is responsible for mediating electron transfer from
the inner membrane proteins to outer membrane complexes (pink). Electrically conductive filaments (green), which mediate electron transfer to electrodes,
are also depicted. The white hexagons represent the heme groups in the PpcA family of cytochromes.
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via an NADH dehydrogenase located in the inner membrane
(13). Depending on the redox potential of the final electron
acceptor, the electrons are transferred to either one of two
pathways: the CbcL-dependent pathway, which operates when
the final electron acceptors are at or below redox potentials
of −100 mV (versus the normal hydrogen electrode), whereas
the ImcH pathway is used when final electron acceptors are
above the referred redox potential (14, 15). The electrons are
then transferred from CbcL or ImcH to the PpcA c-type
cytochrome family located in the periplasm (9), and from
these to porin-cytochrome transouter membrane complexes
(such as the OmaB–OmbB–OmcB or OmaC–OmbC–
OmcC), which convey the electrons to the extracellular
electron acceptors (16). In addition to these electron transfer
proteins, Geobacter bacteria possess electrically conductive
filaments (17–19) that establish electrical contacts with
electrodes and flagella that allow them to move toward solid
extracellular electron acceptors (20).
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The PpcA family is composed by triheme cytochromes with
negative reduction potentials and bis-histidine axial coordi-
nated hemes (13). To maintain consistency with the literature,
the hemes in this family are numbered I, III, and IV, a desig-
nation that derives from their superimposition with those of
the structurally homologous tetraheme cytochrome c3 (21).
The PpcA family is one of the most conserved among Geo-
bacter (11). It is constituted by five cytochromes both in
G. sulfurreducens and G. metallireducens. In G. sulfurreducens,
the cytochromes are designated PpcA–PpcE, whereas in
G. metallireducens, they are designated PpcA–PpcF because of
the very low degree of homology between the PpcD from
G. sulfurreducens, and the fifth member from
G. metallireducens, the designation PpcF was adopted (22).

The cytochrome PpcA from G. sulfurreducens has been
extensively studied and shares 80% of amino acid sequence
identity with PpcA from G. metallireducens, differing only in
13 residues. A preliminary structural study has suggested that
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these two proteins share a high structural homology with some
differences near hemes I and III (23). However, a detailed
functional characterization has shown that these two proteins
possess markedly different mechanistic properties (24). In fact,
the order of oxidation of the heme groups is different (IV–I–
III in PpcA from G. metallireducens and I–IV–III in PpcA
from G. sulfurreducens) as well as their apparent midpoint
redox potential values (−93 mV for PpcA from
G. metallireducens and −138 mV for PpcA from
G. sulfurreducens, at pH 8). Given the high structural similarity
between the two cytochromes, their different redox properties,
and the fact that PpcA from G. metallireducens possesses two
extra aromatic amino acids at the heme core (Fig. 2A), it was
our goal to determine the impact of these two residues in the
functional properties of PpcA from G. metallireducens. For
this, we have replaced the amino acids Phe-6 (F6) and Trp-45
(W45) by their counterparts Leu-6 (L6) and Met-45 (M45) in
PpcA from G. sulfurreducens. We have constructed two single
mutants (PpcAF6L and PpcAW45M) and a double mutant
(PpcAF6LW45M) to probe the effect of each single mutation
and their joint effect. For each mutant, we first evaluated the
structural impact of the mutations using NMR spectroscopy.
Then, the effect of the mutations in the midpoint redox po-
tential value was probed by potentiometric titrations followed
Figure 2. Mutagenesis of residues Phe-6 and Trp-45 in PpcA from Geobac
triheme cytochromes from G. metallireducens (Gm) and G. sulfurreducens (Gs).
attached residues, respectively. The heme numbering and respective attache
sequence. The percentage of sequence identity relative to PpcA from G. met
aromatic region in the 1D 1H NMR spectra of wildtype PpcA from G. metallired
The chemical shift differences observed for the aromatic protons of the same re
current shifts of the replaced aromatic neighbors (Phe-6 and/or Trp-45).
by UV–visible spectroscopy. For the mutant(s) with the biggest
impact on this value, a detailed thermodynamic characteriza-
tion was obtained using a combination of NMR and UV–
visible spectroscopic data. The data obtained allowed us to
elucidate the role of the extra aromatic residues in PpcA from
G. metallireducens, and their contribution to the modulation
of the distinct functional properties shown by this cytochrome
and its homolog in G. sulfurreducens.
Results

Probing the structural impact of the mutations

The structural impact of the introduction of mutations in
position 6 or/and 45 was evaluated using NMR spectroscopy.
The NMR signals of the side chain’s aromatic protons cover a
very typical region in the 1H-NMR spectrum and, upon suc-
cessful introduction of the mutations, the side-chain signals of
the replaced aromatic amino acids were no longer observable
in the 1D 1H NMR spectra (Fig. 2). This was further corrob-
orated in the 2D 1H and 15N-heteronuclear single quantum
coherence (HSQC) spectra in which the characteristic signal
H

ε1 from Trp-45 at 10.2 ppm was absent in the PpcAW45M
and PpcAF6LW45M mutants but present in the PpcAF6L
mutant (Fig. 3).
ter metallireducens. A, alignment of the amino acid sequences of the PpcA
The black and gray boxes highlight the nonconserved residues and heme-
d residues are indicated at the bottom of the last cytochrome amino acid
allireducens obtained from the BLAST (30) is indicated. B, expansion of the
ucens (PpcA Gm) and its mutants PpcAF6L, PpcAW45M, and PpcAF6LW45M.
sidue, particularly to those of Phe-41, result from the elimination of the ring-
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After confirming the successful replacements of the targeted
amino acids, we proceeded to assign the heme substituent and
backbone signals of each mutant using, respectively, 2D 1H,
1H-TOCSY, 2D 1H, 1H-NOESY spectra, and 2D 1H, 1H-
TOCSY, 2D 1H, 1H-NOESY, and 2D 1H, 15N-HSQC spectra.
The assigned signals were deposited in the Biological Magnetic
Resonance Data Bank under the accession numbers 50730
(PpcAF6L), 50731 (PpcAW45M), and 50732
(PpcAF6LW45M).

The signal dispersion in the 2D 1H, 15N-HSQC spectra of
the mutants is very similar to that of the wildtype protein
(Fig. 3). The most affected NH signals are Glu-3 to Ala-8 and
Ile-38 to Gly-52 in PpcAF6L and PpcAW45M, respectively
(Fig. 3, A and B). In the double-mutant PpcAF6LW45M, the
most affected regions are a combination of the most affected
ones in the single mutants (Fig. 3C).
Figure 3. Impact of the F6L, W45M, and F6LW45M mutations on the ba
reduced mutants—PpcAF6L (blue contours—panel A), PpcAW45M (green conto
cytochrome (gray contours). The most affected signals are connected by a stra
observed for the mutants and wildtype cytochrome (Δδcomb) are also repres
equation Δδcomb = [(ΔδH)2 + wi (ΔδN)

2]1/2, where ΔδH is the difference betwee
weighting factor that accounts for the differences in nuclei sensitivity (31). HS
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We further analyzed the effects of the mutations on the
heme substituent signals (Fig. 4). Compared with the wildtype
protein, the rmsds of the mutants are low: 0.05, 0.08 and
0.10 ppm for PpcAF6L, PpcAW45M, and PpcAF6LW45M,
respectively, although slightly higher for the double mutant, as
expected from the substitution of two aromatic rings and
elimination of their ring-current effect contribution to the
observed chemical shifts. The good correlation obtained for
the chemical shifts of heme protons in the mutant and wild-
type cytochromes (Fig. 4A) indicates that the heme cores were
unaffected by the mutations. In PpcAF6L, the most affected
substituents are 121CH3

I, 121CH3
IV, and 21CH3

III (Fig. 4, B and
C). In PpcAW45M, the most affected substituent is 32CH3

III,
followed by 10HI, 31HIII, 81HI, 121CH3

I, and 121CH3
IV. Finally,

in PpcAF6LW45M, the most affected substituents are a
combination of the most affected ones in the single mutants:
ckbone signals. Comparison between the 1H, 15N-HSQC spectrum of fully
urs—panel B), or PpcAF6LW45M (orange contours—panel C)—and wildtype
ight line. The differences between the combined 1H and 15N chemical shifts
ented. The combined chemical shift differences were calculated using the
n 1H shifts, ΔδN the difference between 15N shifts, and wi = |γ 15N |/|γ 1H| is a
QC, heteronuclear single quantum coherence.



Figure 4. Impact of the F6L, W45M, and F6LW45M mutations on the heme core architecture. A, comparison of the heme proton chemical shifts of the
PpcA mutants (δMUT) and those of wildtype (δWT). Green, orange, and blue symbols correspond to hemes I, III, and IV, respectively. B, variation of the heme
proton chemical shifts between the mutants’ heme substituents (δMUT) and those of the wildtype (δWT). The green, orange, and blue bars correspond to
hemes I, III, and IV, respectively. C, structural location of the most affected substituents and the observed interheme NOE connectivities. The carbon atoms
bonded to the affected protons are colored accordingly to the extent to which the substituents are affected: red (Δ > 0.17 ppm) and orange (0.17 ppm > Δ
> 0.10 ppm).

Modulation of the redox properties of Geobacter cytochromes
21CH3
III, 32CH3

III, 81HI, 10HI, and 121CH3
I are the most

affected, followed by 31HIII, 121CH3
IV, and 20HIII.
Impact of residues Phe-6 and Trp-45 in the global redox
properties of PpcA

After confirming that the overall folding and heme core
were conserved in the mutated cytochromes, the functional
impact of each substitution was probed by determining their
apparent redox potential value (Eapp) through potentiometric
titrations followed by UV–visible spectroscopy (Fig. 5). This
permitted us to screen the effect of the substitutions on the
overall (also designated macroscopic) redox behavior of the
proteins and to select the mutants for a redox characterization
at the microscopic level to determine the redox properties
associated with each redox center. Indeed, the redox curves
depicted in Figure 5 only describe the macroscopic redox
behavior of the proteins and, in the case of triheme
cytochromes, three consecutive one-electron transfer steps
convert the fully reduced state in the fully oxidized state (see
Experimental procedures section and Fig. S1). Thus, in simple
terms, from these redox curves, we can obtain qualitative in-
formation about the hemes that dominate the electron transfer
in each oxidation step.

The Eapp values correspond to the point at which the
oxidized and reduced fractions of the cytochromes are equal
and are listed in Table 1. To better illustrate the effect of the
replacements on the redox curves, the fitting of the potentio-
metric redox titrations of the three mutated proteins is
compared with those previously obtained for PpcA cyto-
chromes from G. metallireducens and G. sulfurreducens in
Figure 5 (bottom-right panel). The shape of the curve and the
Eapp value of PpcAF6L are similar to the wildtype cytochrome
(−90 and −93 mV, respectively). This suggests that the residue
Phe-6 has a negligible impact in the modulation of the redox
potential of the hemes and, hence, on the less negative working
J. Biol. Chem. (2021) 296 100711 5



Figure 5. Redox titrations followed by UV–visible spectroscopy for PpcAF6L (squares), PpcAW45M (circles), and PpcAF6LW45M (triangles) at pH 8,
15 �C. The solid lines indicate the fitting of the experimental data to a Nernst equation considering three redox centers. The apparent macroscopic redox
potential (Eapp) and the macroscopic redox potentials corresponding to the first (E1), second (E2), and third (E3) oxidation steps are indicated in Table 1. The
bottom-right panel depicts a comparison of the Nernst fitting of all mutants and wildtype PpcA from Geobacter metallireducens (Gm) and G. sulfurreducens
(Gs).

Modulation of the redox properties of Geobacter cytochromes
potential range of PpcA from G. metallireducens compared
with its homolog in G. sulfurreducens. On the contrary, both
the shape and the Eapp value of PpcAW45M differ substantially
from the wildtype cytochrome. The more negative Eapp value
observed for PpcAW45M (−108 mV) clearly indicates that the
residue Trp-45 contributes to the less negative Eapp value of
PpcA from G. metallireducens. This is further corroborated by
the analysis of the double mutant’s redox curve, which has a
comparable shape to that of PpcAW45M but an Eapp value
Table 1
Apparent and macroscopic reduction potentials (versus normal
hydrogen electrode) for mutants PpcAF6L, PpcAW45M, and
PpcAF6LW45M at pH 8, 15 �C

Protein Eapp (mV) E1 (mV) E2 (mV) E3 (mV)

PpcAF6L −90 (3) −152 (3) −91 (3) −18 (3)
PpcAW45M −108 (1) −155 (1) −110 (1) −53 (1)
PpcAF6LW45M −99 (1) −151 (1) −100 (1) −46 (1)
PpcA Gm (23) −93 (4) −150 (4) −95 (4) −20 (4)
PpcA Gs (26) −138 (5) −182 (5) −139 (5) −93 (5)

The apparent reduction potentials (Eapp) correspond to the point at which the oxidized
and reduced fractions are equal. E1, E2, and E3 are the macroscopic reduction potentials
for the first, second, and third oxidation steps, respectively (Fig. S1). Standard errors are
indicated in parenthesis. The values for PpcA from G. metallireducens (Gm) and PpcA
from G. sulfurreducens (Gs) were previously determined and are included for
comparison.
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(−99 mV) between those of the single mutants PpcAW45M
(−108 mV) and PpcAF6L (−90 mV), indicating that the
observed effect of the two mutations is additive.

Thermodynamic characterization of redox centers in
PpcAW45M

Compared with the wildtype cytochrome, the macroscopic
redox behavior of the PpcAW45M was the most distinct and
shifted by 33% the working redox potential range of the
protein toward the one observed for PpcA from
G. sulfurreducens (Table 1). For this reason, this mutant was
selected for a detailed thermodynamic characterization in
experimental conditions that match those previously reported
for the wildtype protein (24). Therefore, the same set of heme
methyl groups (21CH3

I, 121CH3
III, and 21CH3

IV) was used to
probe the individual heme oxidation profiles in 2D 1H, 1H-
EXchange SpectroscopY (EXSY) NMR spectra acquired in the
pH range of 6.1 to 8.5. We were able to obtain well-resolved
2D 1H, 1H-EXSY NMR spectra in the indicated pH range,
which permitted us to obtain discrete NMR signals for all
oxidation stages. As an example, the oxidation profiles of the
hemes at pH 6.1 and the correspondent oxidation fraction in
each oxidation stage, together with those of the wildtype
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protein, are illustrated in Figure 6. The heme oxidation
fractions show that heme IV dominates the first oxidation
step (52%), followed by heme I in the second (47%) and then
by heme III in the third (60%). Compared with the wildtype
protein, the oxidation fractions of heme III are the most
affected ones (cf. solid and dashed lines in Fig. 6B). The
higher oxidation fraction values of heme III in the mutant
suggest that the reduction potential of this heme is decreased.
Compared with heme III, the oxidation fractions of the other
hemes also vary, though in a lesser extent. These changes
occur to compensate the variation of oxidation fractions of
heme III since in oxidation stages 1 and 2 only a total of one
and two hemes can be oxidized, respectively. The analysis of
the slopes of the lines connecting each stage of oxidation in
Figure 6B also provides the order of oxidation of the heme
groups. In fact, and despite the changes in the hemes’
oxidation profiles, the oxidation of hemes IV, I, and III
dominate the first, second, and third stages of oxidation,
respectively, and thus the heme oxidation order is conserved
in the mutant and wildtype cytochromes: IV–I–III.

To quantify the variation of the redox centers’ thermody-
namic parameters in PpcAW45M, the pH dependence of the
heme methyl NMR signals, measured at different oxidation
stages together with UV–visible redox titration data, was fitted
to the thermodynamic model summarized in the Experimental
procedures section (Fig. 7). The thermodynamic parameters
and macroscopic pKa values of the redox–Bohr center are
indicated in Tables 2 and 3, respectively. As indicated in
Figure 7, the data obtained from the NMR and UV–visible
potentiometric redox titrations are well described by the
thermodynamic model.
Figure 6. Heme oxidation profile of PpcAW45M. A, expansion of 2D 1H, 1H-E
that result from intermolecular electron transfer between the oxidation stages
21CH3

I (green), 121CH3
III (orange), and 21CH3

IV (blue). Roman (I, III, and IV) and
stages, respectively. The crosspeaks to oxidation stage 0 are not shown to not o
(solid symbols and lines) and PpcA from Geobacter metallireducens (Gm) (open
colored green, orange, and blue, respectively. The heme oxidation fractions we
and δ3 are the observed chemical shifts of each methyl in stages i, 0, and 3,
Discussion

The introduction of mutations maintains the global fold of the
mutant proteins

In the present work, the aromatic residues at position 6
(F6) and 45 (W45) in PpcA from G. metallireducens were
replaced by the counterparts in PpcA from G. sulfurreducens
(L6 and M45, respectively—see Fig. 2A). NMR spectroscopy
is a sensitive technique to probe conformational changes
caused by the replacement of residues in proteins. This is
particularly notorious in the case of small low-spin triheme
cytochromes, as it is the case of PpcA from
G. metallireducens. In fact, the relatively small number of
amino acid residues per heme group yielded well-resolved
NMR spectra, which permitted us to evaluate the impact of
the replacements in the cytochrome’s heme core and poly-
peptide chain. For all mutants, the introduction of the mu-
tation produced an alteration in the backbone signals of the
amino acids located in the vicinity of the mutations (Fig. 3).
In the case of PpcAF6LW45M, the most affected backbone
signals are a combination of the most affected ones of each of
the two single mutants.

Concerning the heme core, the good correlation obtained
for the chemical shifts of heme protons in the mutant and
wildtype cytochromes (Fig. 4) indicates that the heme cores
were unaffected by the mutations. In fact, the signals are only
marginally affected in the three mutants. The rmsd value of
PpcAF6LW45M (0.10 ppm) is slightly higher in comparison
with the other values of the mutants since there was substi-
tution of two aromatic rings and elimination of their ring-
current effect contribution to the observed chemical shifts.
XSY NMR spectrum of PpcAW45M obtained at 15 �C, pH 6.1. The crosspeaks
1 to 3 are indicated, and connected by dashed lines, for the heme methyls
Arabic (1, 2 and 3) numbers indicate the heme number and the oxidation
vercrowd the figure. B, comparison of the oxidation fractions of PpcAW45M
symbols and dashed lines). The oxidation fractions of hemes I, III, and IV are
re calculated according to the equation xi = (δi − δ0)/(δ3 − δ0), where δi, δ0,
respectively. EXSY, EXchange SpectroscopY.

J. Biol. Chem. (2021) 296 100711 7



Figure 7. Fitting of the thermodynamic model to the experimental data for PpcAW45M. The black solid lines represent the simultaneous fitting of the
NMR (A) and UV–visible data (B), and the red dashed lines indicate the fitting for the wildtype protein (24). Panel A depicts the variation of the heme methyl
chemical shifts at oxidation stages 1 (triangles), 2 (squares), and 3 (circles). The chemical shift of heme methyls in the fully reduced state is not plotted since
they are unaffected by the pH. Panel B depicts the redox titrations followed by UV–visible spectroscopy for PpcAW45M at pH 7 (squares) and pH 8 (triangles).
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In all mutants, the most affected signals correspond to the
substituents facing the hydrophobic core of the protein, which
have NOE connectivities with the mutated residues in the
wildtype protein (Fig. 4, B and C). It is worth noting that, for
both single mutants, the differences between the wildtype and
the mutants’ chemical shifts are of the same magnitude (with
Table 2
Thermodynamic parameters determined for PpcAW45M in the fully re

Protein’s redox centers Heme I Hem

PpcAW45M (this work)
Heme I −95 (4) 2
Heme III −9
Heme IV
Redox–Bohr center

PpcA Gm (24)
Heme I −80 (6) 3
Heme III −7
Heme IV
Redox–Bohr center

PpcA Gs (32)
Heme I −154 (5) 2
Heme III −13
Heme IV
Redox–Bohr center

All energies are reported in mili electronvolt, with standard errors given in parentheses. Th
and the deprotonating energy of the redox–Bohr center. The off-diagonal energy values
energies. The thermodynamic parameters of wildtype PpcA from G. metallireducens (Gm
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exception of 32CH3
III substituent in W45M), which indicates

that the mutations have a comparable impact in the heme
substituent chemical shifts. In the double mutant, the differ-
ences between the wildtype and the mutant’s chemical shifts
are slightly higher because of the simultaneous removal of two
aromatic amino acids.
duced and protonated form

Energy (meV)

e III Heme IV Redox–Bohr center

3 (2) 7 (3) −19 (6)
4(4) 26 (3) −19 (6)

−112 (4) −47 (6)
447 (8)

5 (4) 3 (5) −22 (6)
0 (7) 37 (7) −23 (7)

−113 (6) −49 (6)
463 (13)

7 (2) 16 (3) −32 (4)
8 (5) 41 (3) −31 (4)

−125 (5) −58 (4)
495 (8)

e diagonal energy parameters in bold correspond to the oxidation energies of the hemes
correspond to the redox (heme–heme) and redox–Bohr (heme–proton) interaction
) and of PpcA from G. sulfurreducens (Gs) are also indicated for comparison.



Table 3
Macroscopic pKa values of the redox–Bohr center in PpcAW45M
mutant from Geobacter metallireducens

Protein

Oxidation stage

ΔpKa0 1 2 3

PpcAW45M (this work) 7.8 7.2 6.7 6.3 1.5
PpcA Gm (24) 8.1 7.3 6.9 6.5 1.6
PpcA Gs (32) 8.6 8.0 7.2 6.5 2.1

The values were calculated with the parameters presented in Table 2. For comparison,
the macroscopic pKa values of the cytochromes PpcA from G. metallireducens (Gm)
and PpcA from G. sulfurreducens (Gs) are also indicated.
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Trp-45 is a key regulator of the redox properties of PpcA

The initial screening of the impact of the mutations on the
overall or macroscopic redox behavior of each mutant indi-
cated that residues 6 and 45 have opposite effects in the
modulation of the redox properties of PpcA from
G. metallireducens and that, in the case of a double mutation,
their effect is additive (Table 1 and Fig. 5). In the case of
PpcAF6L, the redox curve is similar to the one obtained for the
wildtype cytochrome, though shifted to slightly higher redox
potential values. On the contrary, PpcAW45M and
PpcAF6LW45M mutants have their redox curves shifted to
more negative values. In addition, the mutants’ curves are
steeper compared with the wildtype, particularly in the last
third of oxidation, at higher redox potential values, a region
that is essentially dominated by the oxidation of the heme with
the highest redox potential value (see the arrow in Fig. 5).
Therefore, from the analysis of the macroscopic redox curves,
it can be predicted that the redox potential values of the hemes
are more negative but less separated compared with the
wildtype cytochrome. Since the more pronounced effects were
observed for PpcAW45M, this mutant was selected to test
these hypotheses. To attain this, a thermodynamic character-
ization at the microscopic level of the PpcAW45M mutant was
pursued, including the determination of the reduction poten-
tial values of the individual hemes and their redox and redox–
Bohr interactions.

The thermodynamic parameters obtained for PpcAW45M
are listed in Table 2 and show that in the fully reduced and
protonated form, just like in the wildtype protein, the redox
potentials of the hemes in PpcAW45M are all negative and
different from each other. In addition, the redox interactions
between each pair of hemes are positive, indicating that the
oxidation of a particular heme stabilizes the reduced form of
its neighbor. The strongest redox interactions are observed
between the hemes that are closer in proximity: I–III and III–
IV. However, and despite this apparent conservation of the
redox properties in the mutant and wildtype cytochromes, the
values clearly show that the redox potential of heme III, fol-
lowed by that of heme I, are considerably more negative in the
mutant, whereas that of heme IV is essentially unaltered.
These results are in line with the spatial location of Trp-45
near hemes I and III.

The redox–Bohr interactions between the hemes and the
redox–Bohr center are negative, which means the oxidation of
the hemes facilitates the deprotonation of the acid–base center
and vice versa. The highest redox–Bohr interaction value is
observed for heme IV, similarly to the wildtype protein, indi-
cating that the mutation does not impact the redox–Bohr
center and its interactions’ network. This is also corrobo-
rated by the pKa values determined for the redox–Bohr center
in the different oxidation stages (Table 3). In fact, the pKa

values cover a similar region, and the total redox–Bohr effect is
essentially the same (1.5 and 1.6 pH units for PpcAW45M and
wildtype protein, respectively).

Effect of the mutation on the cytochrome’s functional
mechanism at physiological pH

From the thermodynamic values indicated in Table 2, it is
now possible to evaluate the functional mechanism of
PpcAW45M at physiological pH, including (i) the profile of the
oxidation curve for each individual heme, which directly pro-
vides their redox potential values and order of oxidation as
well as (ii) the relative contribution of each microstate during
the oxidation (Fig. 8). It is important to stress that, because the
individual heme redox potential values are modulated both by
redox interactions and redox–Bohr interactions, the potentials
at pH 7 differ from those observed for the fully reduced and
protonated protein (reported in Table 2). The data obtained
showed that the redox potential values of the hemes cover a
smaller range (−123 to −67 mV) compared with the wildtype
cytochrome (−121 to −18 mV) (Fig. 8, upper panels). A com-
parison of the microscopic reduction potential values (eapp) of
PpcAW45M and the wildtype protein shows that the reduction
potential of heme IV is essentially unaltered (−123
versus −121 mV in the mutant and wildtype, respectively),
whereas the reduction potential values of hemes I and III are
decreased by 11 and 49 mV, respectively (Fig. 8, upper panel).
The narrow range observed for the mutant is then explained
by the significant decrease of the redox potential value of heme
III (−67 versus −18 mV in the wildtype). Despite these signif-
icant changes in the overall oxidation profiles, the order of
oxidation of the hemes is conserved: IV–I–III (Fig. 8). How-
ever, this does not imply that the functional mechanism of the
protein is also conserved, since important changes were
observed in the redox properties of hemes I and III. The
functional mechanism of the mutant can be evaluated by
determining the relative contribution of each of the 16 possible
microstates along the redox cycle of the protein (Fig. S1). A
well-defined electron pathway is favored when one microstate
clearly contributes (highest molar fraction) over that of
another microstate within the same oxidation stage, thus fa-
voring the directionality of electron transfer. In the wildtype
cytochrome (Fig. 8), due to the considerable separation of the
heme redox potential values, the microstate with heme IV
oxidized (P4H) will dominate the first oxidation stage (S1),
followed by the microstate with both hemes IV and I oxidized
(P14) in the second oxidation stage (S2) and finally by the
oxidation of heme III (P134). Thus, a well-defined preferential
electron transfer pathway is established: P0H → P4H → P14 →
P134 (Fig. 8, lower panel). This pathway is no longer observed
in PpcAW45M (Fig. 8, lower panel). In fact, because of the
J. Biol. Chem. (2021) 296 100711 9



Figure 8. Effect of the Trp-45 mutation in the microscopic properties of PpcA at pH 7. The upper panel shows the individual heme oxidation profiles for
both the PpcAW45M mutant and wildtype cytochromes. The green, orange, and blue curves correspond, respectively, to hemes I, III, and IV. The curves were
calculated as a function of the solution potential using the parameters indicated in Table 2. The midpoint reduction potentials (eapp) of the individual hemes
are also indicated. The lower panel shows the molar fractions of the 16 individual microstates of PpcAW45M mutant and wildtype cytochromes. The curves
were also calculated as a function of the solution potential using the parameters indicated in Table 2. The protonated and deprotonated microstates are
depicted in solid and dashed lines, respectively (Fig. S1). To not overcrowd the figure, only the relevant microstates are labeled.

Modulation of the redox properties of Geobacter cytochromes
decrease of the redox potential values of hemes III and I, the
contribution of the microstates with these hemes oxidized in
the oxidation stage 1 is higher compared with the wildtype
protein. Consequently, the fractional contribution of the
dominant microstate P4H is much lower in the mutant and
equals that of the microstate P4 (Fig. 8, lower panel). Thus, the
preferred pathway observed for the wildtype protein is no
longer observed in the mutated protein. Thus, the data ob-
tained clearly indicate that the tryptophan residue at position
45 plays a crucial role in the regulation of the working redox
potential range of PpcA and in the maintenance of a well-
defined electron transfer pathway.

Conclusions and implications

Electrochemical measurements on naturally grown biofilms
of G. sulfurreducens’ cells on electrode surfaces showed an
optimal electron transfer to the electrode at −0.15 V (25). This
potential was correlated with the working redox potential
10 J. Biol. Chem. (2021) 296 100711
range of the abundant periplasmic PpcA cytochrome (26),
establishing this cytochrome as one of the main targets for the
control of the working redox potential range in Geobacter
cells. This is particularly useful as one of the means for
improving Geobacter-based microbial bioelectrochemical ap-
plications in which a fine tuning of the redox properties of the
electron transfer proteins can be explored. The markedly
different functional properties of PpcA from
G. metallireducens and PpcA from G. sulfurreducens are
striking when considering that these proteins only differ in 13
amino acids, constituting a useful model for testing the impact
of specific residues in their overall redox behavior. We inves-
tigated the role of Phe-6 and Trp-45 in the modulation of the
functional properties of PpcA from G. metallireducens by
replacing these amino acids by their counterparts in PpcA
from G. sulfurreducens—Leu-6 and Met-45. We constructed
two single mutants—PpcAF6L and PpcAW45M—and a dou-
ble mutant—PpcAF6LW45M—and confirmed by NMR that
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the mutations did not introduce significant structural modifi-
cations. The impact of the mutations in the macroscopic redox
behavior of the protein was probed by redox titrations fol-
lowed by UV–visible spectroscopy, showing that only
PpcAW45M produced a marked alteration in the redox profile
of the protein to more negative heme redox potentials in
comparison with the wildtype protein. A full thermodynamic
characterization of the PpcAW45M mutant showed that Trp-
45 is determinant in the modulation of the redox properties of
heme III and, in less extent, heme I. This study provides a
better understanding on the fundamental factors that modu-
late the redox properties of cytochromes with a pivotal role in
Geobacter’s electron transfer chain, setting the stage for the
rational engineering of cytochromes with specific working
redox potential windows. Consequently, the design of peri-
plasmic proteins with enhanced electron transfer driving force
from upstream or downstream partners will contribute to the
creation of Geobacter cells with improved electron transfer
capabilities. Overall, this work highlights the key role played by
a specific aromatic residue in the modulation of the redox
properties of highly abundant and homolog periplasmic cyto-
chromes, offering new directions for the rational modulation
and tuning of the electron transfer flow in Geobacter.

Experimental procedures

Mutagenesis of residues Phe-6 and Trp-45

The primers responsible for the substitution of residues Phe-
6 (F6) and Trp-45 (W45) were designed by the QuikChange
Primer Design program (Agilent Technologies) and synthe-
sized by Invitrogen. For the F6L mutation, the primers used
were 5’-CCGCTGACGAGCTTACCTTAAAGGCAAAGAA
CG-3’/5’-CGTTCTTTGCCTTTAAGGTAAGCTCGTCAGC
GG-3’, and for the W45M mutation, the primers used were 5’-
ATCGAGGGCTTTGGCAAGGATATGGCTCACAAGACT
TG-3’/5’-CAAGTCTTGTGAGCCATATCCTTGCCAAAGC
CCTCGAT-3’. For the double mutation F6LW45M, the
plasmid containing the successful mutation for W45M was
used as a template for the introduction of the second mutation
using the same set of primers for the point mutation F6L. The
mutations were introduced following the NZYMutagenesis
kit (NZYTech) protocol using as template the pCSGmet2902
plasmid (27) containing the ppcA gene fromG.metallireducens.
The presence of desired mutations was confirmed by DNA
sequencing in both strands by STAB VIDA.

Overexpression of 15N-labeled and natural abundance
cytochromes

The mutated proteins’ expression and purification protocols
followed that of wildtype PpcA, described by Portela et al. (23).
Briefly, competent Escherichia coli BL21(DE3) cells harboring
the plasmid pEC86 were transformed with 50 ng of
pCSGmet2902 plasmid containing the desired mutation(s) and
resistance to ampicillin. Cells were grown in liquid 2xYT
medium supplemented with 100 μg/ml of ampicillin (NZY-
Tech), 34 μg/ml of chloramphenicol (NZYTech) until they
reached an absorbance between 1.5 and 1.8 at 600 nm. For the
overexpression of natural abundance protein, protein over-
expression was induced with a final concentration of 100 μM
of IPTG (NZYTech), and cells were incubated overnight at 30
�C, 160 rpm. For the overexpression of 15N-labeled protein,
upon reaching an absorbance between 1.5 and 1.8 at 600 nm,
cells were collected by centrifugation, washed twice with
250 ml of salt solution 1× M9, and then transferred to minimal
medium M9 (in a ratio of 250 ml of minimal medium for each
liter of 2xYT medium) supplemented with 100 μM FeS-
O4∙7H2O (Merck), 1 mM δ-aminolevulinic acid (Merck),
4 mg/l D-glucose (VWR Chemicals), and 1 mg/l 15NH4Cl
(Cambridge Isotope Laboratories [CIL]). After 90 min of in-
cubation, protein expression was induced with a final con-
centration of 100 μM IPTG, and cells were grown overnight at
30 �C, 160 rpm.

For both overexpression protocols, cells were harvested by
centrifugation, and the periplasmic fraction was isolated using
lysis buffer containing 200 mM Tris–HCl (NZYTech), pH 8,
0.2 mM EDTA (Amresco), 20% sucrose (VWR Chemicals),
and 0.5 mg/ml of lysozyme (Fluka). After centrifugation, the
red supernatant was ultracentrifuged and then dialyzed twice
in 10 mM Tris–HCl, pH 8 buffer.

Protein purification encompassed first a cation exchange
chromatography step using 2 × 5 ml Bio-Scale Mini UNO-
sphere S Cartridges (BioRad) equilibrated in the same dialysis
buffer and a second step using a Hiload 16/60 Superdex 75
column (GE Healthcare), equilibrated with 100 mM sodium
phosphate buffer, pH 8.

The protein purity was evaluated by SDS-PAGE gel (5%
acrylamide stacking gel and 15% acrylamide running gel)
stained with BlueSafe (NZYTech).
Redox titrations followed by UV–visible spectroscopy

The redox titrations of PpcAF6L, PpcAW45M, and
PpcAF6LW45M mutants were followed by UV–visible spec-
troscopy inside an anaerobic LABstar glove box (MBraun) with
argon circulation and oxygen levels kept under 0.5 ppm, as
previously described for the wildtype protein (23). The UV–
visible spectra were acquired with a Thermo Scientific Evo-
lution 300 UV–Visible spectrophotometer, and the sample
temperature was maintained at 15 �C by using an external
circulating bath. Solutions containing 10 μM of protein were
prepared in 80 mM phosphate buffer with NaCl (250 mM final
ionic strength) either at pH 7 or 8. The reduction potential
value of the solution was measured using a combined Pt/Ag/
AgCl electrode (Crison), calibrated at each titration with
freshly prepared saturated solutions of quinhydrone (Merck) at
pH 7 and 4 and checked at the end for stability. In order to
ensure a good equilibrium between the redox centers and the
working electrode, a mixture of the following redox mediators
was added to the protein solution, all with approximately 2 μM
final concentration: gallocyanine (E0’ = +21 mV), methylene
blue (E0’ = +11 mV), indigo tetrasulfonate (E0’ = −30 mV),
indigo trisulfonate (E0’ = −70 mV), indigo disulfonate
(E0’=−110mV), 2-hydroxy-1,4-naphthoquinone (E0’=−152mV),
anthraquinone-2,6-disulfonate (E0’=−184mV), anthraquinone-2-
J. Biol. Chem. (2021) 296 100711 11
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sulfonate (E0’ = −225 mV), safranine O (E0’ = −280 mV), neutral
red (E0’ = −325 mV), benzyl viologen (E0’ = −345 mV), diquat
(E0’ = −350 mV), and methyl viologen (E0’ = −440 mV). Each
titrationwas performed at least two times both in the oxidative and
reductive directions to check for hysteresis and reproducibility
using sodium dithionite (Thermo Fisher Scientific) as reducing
agent and potassium ferricyanide (Merck) as oxidizing agent. The
reduced fraction of protein was determined by integrating the area
of the α-peak (552 nm) above the line connecting the flanking
isosbestic points (545 and 560 nm) to subtract the optical contri-
bution of the redox mediators.

NMR studies

All NMR experiments were carried out on a Bruker Avance
600 MHz spectrometer equipped with a triple-resonance
cryoprobe (TCI).

NMR experiments were carried out in the reduced state to
evaluate the impact of the replacements on the global fold
and heme core of the proteins. For these experiments,
samples containing approximately 0.8 mM of protein were
prepared in 45 mM sodium phosphate buffer with NaCl
(100 mM final ionic strength), pH 7.1, either in 92% H2O/8%
2H2O to assist the assignment of the mutants’ backbone
amide signals, or in 2H2O (99% atom) for the assignment of
the mutants’ heme substituent signals. For samples prepared
in 2H2O, the protein was previously lyophilized twice and
suspended in the appropriate buffer prepared exclusively on
2H2O (CIL isotopes). Similarly to the wildtype protein, 1D
1H-NMR spectra were acquired before and after the lyoph-
ilization process for each mutant to confirm the integrity of
the proteins. To fully reduce the samples, the NMR tubes
were first sealed with a gas-tight serum cap, and the air was
flushed out to avoid sample reoxidation. Reduction was
achieved in the presence of gaseous hydrogen and catalytic
amounts of hydrogenase from Desulfovibrio vulgaris (Hil-
denborough), as previously described (26). The pH of the
samples was adjusted prior to its reduction using small
amounts of NaO2H or 2HCl and was confirmed after the
reduction in an anaerobic LABstar glovebox (MBraun). For
the assignment of the heme substituent signals in the
reduced state, 2D 1H,1H-TOCSY (60 ms) and 2D 1H,1H-
NOESY (80 ms) in 2H2O were acquired. For backbone amide
signal attribution in the reduced state, 2D 1H,1H-TOCSY
(60 ms), 2D 1H,1H-NOESY (80 ms), and 2D 1H,15N-HSQC
spectra were acquired. In both cases, the TOCSY and
NOESY spectra were acquired with 2048 (t2) × 512 (t1) data
points to cover a spectral width of 8.42 kHz, with 128 scans
per increment. The 2D 1H,15N-HSQC spectra were acquired
with 2048 (t2) × 128 (t1) data points to cover a spectral width
of 8.42 kHz in 1H and 4.87 kHz in 15N with 160 scans per
increment. For comparison with the NMR data obtained for
the wildtype cytochrome, all experiments were carried out at
25 �C.

The samples for the NMR redox titrations were prepared
with 80 μM of protein in 80 mM sodium phosphate buffer
prepared in pure 2H2O (CIL isotopes), at six pH values
12 J. Biol. Chem. (2021) 296 100711
(between 6.1 and 8.5), with NaCl (250 mM final ionic
strength). The samples were fully reduced following the pro-
cedure indicated previously and partially oxidized by first
removing the hydrogen from the sample with argon and then
by introducing controlled amounts of air with a Hamilton
syringe. The NMR redox titrations for observation of the
stepwise oxidation of the protein followed the same procedure
described for the wildtype protein (24). The oxidation patterns
of the same set of heme methyls used for the wildtype cyto-
chrome were monitored by 2D 1H,1H-EXSY spectra at 15 �C.
The 2D 1H,1H-EXSY spectra were acquired with a mixing time
of 25 ms, collecting 2048 (t2) × 256 (t1) data points to cover a
sweep width of 27.6 kHz, with 256 scans per increment. 1D
1H-NMR spectra were acquired before and after each 2D 1H,
1H-EXSY spectrum to ensure the maintenance of the oxida-
tion state of the sample.

The assignment of the NMR signals was obtained as
described for the wildtype protein (23, 24). 1H chemical
shifts were referenced to 2,2-dimethyl-2-silapentane-5-
sulphonate at 0 ppm, and 15N chemical shifts were cali-
brated through indirect referencing (28). The NMR spectra
were processed using TOPSPIN software (Bruker Biospin)
and analyzed with Sparky software (T. D. Goddard and D.
G. Kneller; Sparky 3).

Thermodynamic model

In the present work, the thermodynamic characterization of
the mutant PpcAW45M followed the same methodology
employed to characterize the wildtype protein (24). This
methodology was described in detail in the wildtype study and
here is briefly summarized for clarity.

In a triheme cytochrome, four different redox stages
coexist in solution as a consequence of the three consecutive
one-electron transfer reversible steps that convert the fully
reduced state (stage 0, S0) in the fully oxidized state (stage 3,
S3) (Fig. S1). Each stage contains the microstates with the
same number of oxidized hemes and, in addition, for each
microstate, the protonable center(s) in the protein that
modulate the hemes’ reduction potential (redox–Bohr effect)
can be protonated or deprotonated, leading to a minimum of
16 possible microstates (Fig. S1). Due to the close spatial
disposition of the heme groups within the protein (23), the
reduction potential of each heme is modulated by the
oxidation stage of its neighbor (redox interactions) and by
the pH solution (redox–Bohr interactions). Thus, the energy
of each microstate is described in the full range of pH and
solution potential as a sum of ten parameters: three reduc-
tion potentials, one pKa of the redox–Bohr center, three
redox interactions, and three redox–Bohr interactions.
When the interconversion between microstates within the
same oxidation stage—intramolecular electron exchange—is
fast on the NMR timescale, and the interconversion between
microstates of different oxidation stages—intermolecular
electron exchange—is slow, the individual heme signals in
the different oxidation stages can be discriminated in 2D 1H,
1H-EXSY NMR spectra. Moreover, the NMR paramagnetic
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shifts caused by the oxidation of a particular heme are
proportional to its degree of oxidation and, therefore, can be
used to monitor its oxidation profile. The heme methyl
NMR signal resonances are easily identifiable in the NMR
spectra since their largest paramagnetic shifts move the
signals to less crowded regions of the spectra at low field,
making them the ideal candidates for probing the stepwise
oxidation of the hemes throughout the redox titration. In
order to determine the absolute potentials of the hemes, the
information of the NMR redox titrations—indicating the
relative heme reduction potentials and heme redox in-
teractions—has to be complemented with the determination
of the total reduced protein fraction through redox titrations
followed by UV–visible spectroscopy. Just like for the
wildtype protein, the NMR chemical shifts of the heme
methyls 21CH3

I, 121CH3
III, and 21CH3

IV were monitored
through each oxidation stage, in 2D 1H, 1H-EXSY NMR
spectra, in a pH range of 6.1 to 8.5 and then fitted simul-
taneously with UV–visible redox titrations performed at pH
7 and 8. The experimental uncertainty was evaluated from
the line width of each NMR signal at half height, and an
uncertainty of 3% was given to the UV–visible data points of
the total optical signal.
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in the Biological Magnetic Resonance Data Bank under
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remaining data are contained within the article.
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