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A B S T R A C T

The rising interest in the use of Geobacter bacteria for biotechnological applications demands a deep under-
standing of how these bacteria are able to thrive in a variety of environments and perform extracellular electron
transfer. The Geobacter metallireducens bacterium can couple the oxidation of a wide range of compounds to the
reduction of several extracellular acceptors, including heavy metals, toxic organic compounds or electrode
surfaces. The periplasmic c-type cytochrome PpcA from this bacterium is a member of a family composed of five
periplasmic triheme cytochromes, which are important to bridge the electron transfer between the cytoplasm
and the extracellular environment. To better understand the functional mechanism of PpcA it is essential to
obtain structural data for this cytochrome. In this work, the geometry of the heme axial ligands, as well as the
magnetic properties of the hemes were determined for the oxidized form of the cytochrome, using the 13C NMR
chemical shifts of the heme α-substituents. The results were further compared with those previously obtained for
the homologous cytochrome from Geobacter sulfurreducens. The orientations of the axial histidine planes and the
magnetic properties of the hemes are conserved in both proteins. Overall, the results obtained allowed the
definition of the orientation of the magnetic axes of PpcA from G. metallireducens, which will be used as con-
straints to assist the solution structure determination of the cytochrome in the oxidized form.

1. Introduction

The bacterium Geobacter metallireducens has an impressive re-
spiratory versatility [1]. In fact, in addition to the more frequent re-
spiratory processes that culminate with the intracellular reduction of
terminal acceptors, it can also utilize extracellular compounds [2].
Some extracellular terminal acceptors are either toxic or radioactive
[3–8] and for that reason several bioremediation applications are being
developed for their removal from the environment [9,10]. Moreover, G.
metallireducens produces one of the highest current densities in micro-
bial fuel cells, making it an interesting target for bioenergy applications
[11,12]. To develop these biotechnological applications it is important
to understand the structural/functional relationships of the different
electron transfer components of the so-called extracellular electron
transfer (EET) pathways. The bacterium G. metallireducens shares sev-
eral metabolic features with Geobacter sulfurreducens but it is capable of
oxidizing a wider range of organic compounds, allowing the bacterium
to strive in more differentiated environments [1]. These remarkable
features, together with the recent development of a genetic system for
the bacterium [13], have refocused attention on this organism within

the framework of the mentioned applications.
The genome of G. metallireducens encodes for 91 c-type cyto-

chromes, with 65 having more than one heme binding site [1]. Several
cytochromes from the inner-membrane, periplasm and outer-membrane
are conserved compared to G. sulfurreducens [1]. More specifically, the
periplasmic family of five triheme cytochromes, crucial to bridge the
electron flow between the inner- and outer-membrane electron transfer
components, is conserved. For this reason, this family of cytochromes
can be explored to develop rational Geobacter-mutated strains with
increased respiratory rates and optimal biotechnological applications.

The periplasmic c-type cytochrome PpcA from G. metallireducens
contains 70 amino acids (molecular weight of 9.7 kDa) and was recently
characterized [14,15]. As in the case of its homologue from G. sulfur-
reducens, PpcA from G. metallireducens contains three c-type low-spin
heme groups with bis-histidinyl axial coordination, being diamagnetic
(S= 0) and paramagnetic (S= 1/2) in the reduced and oxidized states,
respectively. However, the global redox potential of PpcA from G. me-
tallireducens is less negative [14,15]. The detailed thermodynamic
characterization of the two cytochromes showed that they share similar
redox potentials for heme IV, but distinct ones for hemes I and III (the
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numbering of the hemes derives from the superimposition of the hemes
in cytochromes c7 with those of the structurally homologous tetraheme
cytochromes c3 [16]).

These differences are most likely related with predicted structural
differences near hemes I and III [15]. In order to further confirm this
hypothesis it is necessary to determine the structure of the cytochrome.
NMR is a particularly suitable technique for this goal and structure
calculation protocols have been established [17,18]. Either in the re-
duced or oxidized form, in addition to the standard protocols typically
used to determine the solution structure of non-hemic proteins, in the
case of cytochromes it is also necessary to assign the heme substituents
signals and determine the related structural restraints [19]. However, in
the paramagnetic oxidized form, the solution structure determination is
even more challenging. In fact, in addition to the heme ring-current
effects, the paramagnetic contributions caused by the presence of un-
paired electrons on the heme irons strongly contribute to the observed
chemical shift of the heme substituents and neighbor amino acids. In
fact, the same type of signals are (i) differently affected by the para-
magnetic center(s), (ii) show different levels of broadness and (iii) are
spread over the entire NMR spectral width, making their assignment
more complex. Furthermore, in the paramagnetic state, the dipolar
couplings caused by the unpaired electrons increase the relaxation rates
of nearby protons, reducing Nuclear Overhauser Effect (NOE) in-
tensities [17]. Consequently, it is also necessary to correct this para-
magnetic leakage [17,20,21]. In the particular case of the heme axial
ligands, the broadness of their side chain signals is enormous, which
impairs the observation of NOEs. Particularly, for bis-histidinyl axial
coordinated hemes, the orientation of the axial histidine rings cannot be
determined from the NOE constraints used for structure calculation.
Instead, this information can be indirectly obtained from the pattern of
paramagnetic shifts of the heme(s) α-substituents [22,23] (Fig. 1), that
will simultaneously allow the definition of (i) the electron structure of

the hemes, (ii) the orientation of the magnetic axes generated by the
unpaired electron(s), (iii) the shape of the magnetic susceptibility
tensor and (iv) the relative orientation of the aromatic planes of the
axial histidines [18,22–30].

In this work, the paramagnetic chemical shifts of the hemes signals
of PpcA from G. metallireducens were used to (i) determine the elec-
tronic structure of the three hemes, (ii) define the orientation of the
aromatic rings planes of the axial histidines and (iii) establish the or-
ientation of the magnetic axes relative to each heme group. The results
were compared to the ones previously obtained for the homologous
cytochrome from G. sulfurreducens [27] and constitute the foundations
towards the determination of the solution structure of the oxidized form
of PpcA from G. metallireducens.

2. Materials and methods

2.1. Expression and purification of triheme cytochrome PpcA from G.
metallireducens

Natural abundance and 13C isotopic labeled samples of PpcA from
G. metallireducens were produced as previously described [15]. Briefly,
Escherichia coli BL21 (DE3) cells previously transformed with the
plasmid pEC86 (encoding for the cytochrome c maturation gene cluster
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 am-
picillin resistance gene). The cells were then grown aerobically to mid-
exponential phase at 30 °C in 2xYT media, supplemented with chlor-
amphenicol and ampicillin. On one hand, for production of natural
abundance samples, the protein expression was induced with 10 μM of
isopropyl β‑D‑thiogalactoside (IPTG) and cultures growth overnight at
30 °C. On the other hand, to produce 13C isotopic labeled samples, the
cells were collected and resuspended in minimal media supplied with
4 g/L 13C6H12O6 (together with 1mM of the heme precursor δ‑amino-
levulinic acid, trace amounts of metal salts, biotin and thiamine), as 13C
source. In minimal media, the cells were then incubated at 30 °C and
protein expression was induced with 100 μM IPTG after 2 h. In both
cases, following overnight incubation, cells were harvested by cen-
trifugation at 4000×g for 20min and the periplasmic fraction was
isolated using lysis buffer (100mM Tris-HCl (pH 8.0), 0.5mM EDTA,
20% sucrose and 0.5 mg/mL lysozyme). The periplasmic fraction was
recovered by centrifugation at 14700×g, at 4 °C for 20min. The su-
pernatant was further ultracentrifuged at 225000×g, at 4 °C for 1 h.
The final supernatant obtained was dialyzed against 2×4.5 L of 10mM
Tris-HCl (pH 8.0) and loaded onto 2×5 mL Bio-Scale™ Mini UNO-
sphere™ S cartridges (BioRad), equilibrated with the same buffer. The
protein was eluted with a sodium chloride gradient (0–300mM) and the
obtained fraction was concentrated to 1mL before injection in a Su-
perdex 75 molecular exclusion column (GE Healthcare), equilibrated
with 100mM 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 re-
duced form at 552 nm, using the extinction coefficient of
118mM−1 cm−1 [15].

2.2. NMR spectroscopy

We have previously shown that the integrity of PpcA from G. me-
tallireducens is maintained after lyophilization [14,15]. Therefore, nat-
ural abundance samples were lyophilized twice and prepared either at
80 μM (samples for 2D 1H-EXchange SpectroscopY (EXSY) experiments)
or 1mM of protein (samples for 2D 1H,13C-Heteronuclear Single
Quantum Coherence (HSQC), 2D 1H-Nuclear Overhauser Effect Spec-
troscopY (NOESY) and 2D 1H-TOtal Correlation SpectroscopY (TOCSY)
experiments), in 80mM phosphate buffer, pH 8.0, with NaCl (250mM
final ionic strength) in pure 2H2O (99.9% atom, CIL isotopes). 13C

Fig. 1. Diagram of heme c showing the parameters β and θ. The heme α-sub-
stituents are numbered according to the IUPAC-IUB nomenclature for tetra-
pyrroles [55]. The heme pyrrole rings are labeled (blue letters) according to the
Brookhaven Protein Data Bank standard atom nomenclature for metal-sub-
stituted protohemes. The black arrow represents the orientation of the rhombic
perturbation and the black line represents the NC-NA direction. The two orange
lines represent the projection of the axial histidines planes on the heme.
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labeled samples were prepared with the same buffer and 1mM of
protein, in 92% H2O/8% 2H2O. The partially oxidized samples were
prepared using the following protocol: first, the NMR tubes were sealed
with a gas-tight serum cap and the air was flushed out to avoid possible
oxidation of the samples. The samples were then reduced directly in the
NMR tube with gaseous hydrogen in the presence of catalytic amounts
of hydrogenase from Desulfovibrio vulgaris (Hildenborough). The hy-
drogen was then removed from the NMR tube with nitrogen and con-
trolled amounts of air were added into the sample with a Hamilton
syringe. The pH values of all the samples were verified with a glass
micro electrode. All the NMR experiments were acquired on a Bruker
Avance III 600MHz spectrometer equipped with a triple-resonance
cryoprobe (TCI) at 288 and 298 K. The 1H chemical shifts were cali-
brated using the water signal as internal reference and the 13C chemical
shifts were calibrated through indirect referencing [31]. All the spectra
were processed using TopSpin3.5.7™ (Bruker BioSpin, Karlsruhe, Ger-
many) and analyzed with the program Sparky (T. D. Goddard and D.G.
Kneller, SPARKY 3, University of California, San Francisco). For the
assignment of the heme α-substituents of the protein in the fully oxi-
dized state, the following set of 2D NMR experiments was acquired for
natural abundance samples: 2D 1H,13C-HSQC, 2D 1H-NOESY and 2D
1H-TOCSY. The 2D 1H,13C-HSQC 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 in-
crement. The 2D 1H-NOESY spectra were acquired with a mixing time
of 80ms, 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 45ms, collecting 2048
(t2)× 512 (t1) data points to cover a sweep width of 28.8 kHz, with 160
scans per increment. Moreover, to help discriminate between the
polypeptide chain and heme signals, 2D 1H,13C-HSQC spectra were
acquired on 13C labeled samples. These spectra were acquired col-
lecting 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 8
scans per increment. Finally, 2D 1H-EXSY spectra were acquired at
different levels of oxidation with a mixing time of 25ms, collecting
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 be-
fore and after each 2D NMR spectrum to check for any changes in the
oxidation level of the sample during the 2D NMR experiment. The 1D
1H-NMR spectra were acquired with water pre-saturation collecting
32 k data points to cover a spectral width of 33 kHz. All NMR experi-
ments set-ups are part of the Bruker standard pulse sequence library.
The procedure used for the specific assignment of the heme signals is
described in Section 3.1.

2.3. Determination of the axial ligands geometry

The 13C chemical shifts of the heme α-substituents of PpcA at 288
and 298 K were fitted to a model of the heme molecular orbitals, which
are semi-empirically related to the axial ligand geometry. The model
used in this work to obtain structural information on the heme axial
ligands was previously described [30]. Briefly, when the heme is oxi-
dized the unpaired electron on the iron d-orbitals is partially deloca-
lized into the porphyrin π-orbitals. The 13C nuclei of the α-substituents
of the hemes experience Fermi contact shifts proportional to the frac-
tion of occupancy of the unpaired electron in the adjacent carbon be-
longing to the conjugated π system. The shape of the frontier molecular
orbitals of the porphyrin can therefore be deduced from the pattern of
paramagnetic shifts. This shape is defined by the orientation of the
rhombic perturbation (θ, also labeled as π in the literature [32]) that
mixes the frontier molecular orbitals of the heme and the energy
splitting of these orbitals (∆E). The orientation of the rhombic pertur-
bation is known to agree with the orientation of the bisector of the
acute angle (β) defined by the normal to the planes of the axial ligands
in several bis-histidinyl cytochromes [33]. This orientation is defined

relative to the NC-NA axis of the porphyrin, with positive angles be-
tween NC-NB-NA (Fig. 1) [29]. The energy splitting parameter ∆E has a
similar value to the rhombic splitting of the Kramers doublets that arise
from mixing dxz and dyz orbitals of the iron when it is in a cubic crystal
field with axial and rhombic distortions, and was found to relate to the
acute angle β between the axial ligand planes via the empirical equation
∆E=(5+ cos4θ) cosβ [22]. This information allows the magnetic axes
to be placed relative to the heme frame, considering that the χzz axis is
normal to the heme plane and that the rhombic perturbation and the
χyy axis are related by a counter-rotation [23,26,28]. Several studies of
cytochromes with hemes with various distortions and χzz axes tilted
away from the normal to the heme plane have demonstrated a good
correlation between the axial ligand orientations, the magnetic sus-
ceptibility tensor, and the heme molecular orbitals, thus confirming the
validity of the approach [22,23,29]. The fits were performed in Mi-
crosoft Excel and the errors of the parameters were assessed by random
variation of the input chemical shifts with a standard deviation of
1 ppm. Average values of chemical shifts measured in several cyto-
chromes were used as diamagnetic reference (12.1 ppm for methyls,
36.5 ppm for thioethers and 22.5 ppm for α-propionates [29]) and the
hyperfine coupling constant was fixed at −36MHz [22]. The results
were cross-checked by an empirical fit of the 1H chemical shifts of the
heme methyl groups at 298 K [33].

3. Results and discussion

3.1. Resonance assignment of the heme α-substituents

The assignment of the heme α-substituents in the oxidized state
benefits from the unambiguous assignment of the heme methyls in the
fully reduced state of the protein [15]. These signals can be followed to
their final position in the fully oxidized state using 2D 1H-EXSY NMR
spectra, a procedure well established for low-spin multiheme cyto-
chromes, as previously demonstrated [34,35]. In the particular case of
PpcA from G. metallireducens, only nine heme methyl signals could be
assigned to their final position in the paramagnetic form of the protein:
21CH3, 121CH3 and 181CH3 from heme I, 71CH3 and 121CH3 from heme
III and all the four heme methyls from heme IV. The remaining three
heme methyl signals (71H3I, 21CH3III and 181CH3III) have small para-
magnetic contributions and appear in crowded regions of the spectra
(Fig. 2), making it difficult to assign via 2D 1H-EXSY NMR experiments.
Thus, these heme methyls, together with the remaining α-substituents
(the thioether methines 31H and 81H, as well as the α-propionates
131CH2 and 171CH2 for all three hemes), were specifically assigned in
the oxidized state by combining data from 2D 1H,13C-HSQC, 2D 1H-
NOESY and 2D 1H-TOCSY experiments, using strategies that were
previously described [30,36–38]. Briefly, the combined analysis of 2D
1H,13C-HSQC spectra acquired for labeled and unlabeled samples allows
for a straight discrimination between the heme substituents and poly-
peptide chain signals. Since the heme precursor (δ‑aminolevulinic acid)
added into the minimal media is not labeled, the heme signals are not
observable in spectra acquired with a relatively small number of ac-
cumulations in 13C labeled samples. Therefore, by simple comparison of
the two NMR spectra, the heme substituents signals and those of the
polypetide chain can be discriminated. After this procedure, the as-
signments are obtained using the intraheme TOCSY and NOESY con-
nectivities, as previously described [30,36,38]. Fig. 2 and Table 1 re-
port the assignment of 93% of the paramagnetic α-substituents. The
small fraction of unassigned signals is located in highly crowded
spectral regions and could not be assigned with confidence, even using
the different strategies presented.

3.2. Geometry and magnetic properties of the axial ligands of PpcA

The model presented to analyze the 13C chemical shifts of the heme
signals in terms of the heme molecular orbitals is only valid for low-spin
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hemes [30]. The cytochrome PpcA was previously reported to be low-
spin in the reduced (S=0) and oxidized (S=1/2) states [15]. This was
independently confirmed in this work by measuring the temperature
dependence of the heme methyl substituents (Supplementary Fig. S1).
The data obtained showed that all heme methyl signals display a linear
dependence of their chemical shifts with temperature, indicating that
there are no significant contributions from high-spin states [39].

The orientations of the hemes axial histidines planes were deduced
from the pattern of 13C NMR paramagnetic shifts of the hemes α-sub-
stituents at two different temperatures (288 and 298 K). The results
reported in Fig. 3 and Table 2 show that the geometries of the axial
histidines planes are different for the three heme groups of PpcA from
G. metallireducens. This is observed for the projection on the heme plane
of the acute angle between the heme axial histidine planes (β), as well

as for the orientation of those planes relative to the NC-NA axis of the
porphyrin. Furthermore, the orientation of the rhombic perturbation
(θ) is also represented and the length of the line is proportional to the
magnitude of the orbital energy splitting between the frontier mole-
cular orbitals (∆E). Lower ∆E values result in more axial hemes,
whereas higher ∆E values result in more rhombic ones. These results
were confirmed by applying the empirical equation δi (ppm)= cosβ [38
sin2 (θi – Φ) – 4.1 cos2 (θi – Φ) – 15.9]+ 13.8 [33] to the 1H chemical
shifts of the heme methyl groups at 298 K, where β is the acute angle
between the heme axial histidine planes, θi refers to the position of the
ith methyl substituent (average of the methyl protons positions [33])
and Φ is equivalent to the angle between the bisector of the angle β and
the NC-NA axis of the porphyrin. Fig. 3 also shows that the orientations
of the axial histidines planes are highly similar between the homo-
logous cytochromes from G. metallireducens and G. sulfurreducens. This
is expected considering the high sequence identity (80%) shared be-
tween the two proteins. In both cytochromes, (i) heme I presents a si-
milar orientation between the axial histidine planes (similar β values),
(ii) heme III is the most rhombic of the three hemes (higher ∆E values)
and shows a narrow distribution in the acute angle between the histi-
dine planes (β) and a θ angle close to 70° and (iii) in heme IV, the higher
β values (> 80°) indicate that the histidine planes are almost perpen-
dicular to each other. The magnetic properties of the hemes are also
conserved.

Despite this, the redox potentials of the two homologous cyto-
chromes showed considerable differences, with those of PpcA from G.
metallireducens being considerably less negative [14]. There are several
factors capable of tuning the hemes reduction potentials, namely (i) the
number and nature of protein axial ligands to iron [40–42], (ii) the
heme solvent exposure [43–45], (iii) the distribution of polar and
charged groups in the heme neighborhood [46,47], (iv) the axial imi-
dazole ligand plane orientation (particularly in the case of bis-histidinyl
coordinated hemes) [48,49], among others (for a review, see [50]). The
axial imidazole ligand plane orientation affects the heme reduction
potential by altering the orientation and stability of the heme iron d-
orbitals [48,49]. The high degree of conservation of the axial histidines
planes of the homologous PpcA cytochromes indicates that the differ-
ences in the redox potentials are not related with alterations in the
orientation of the hemes axial ligands (Table 2 and Fig. 3) and are

Fig. 2. Superimposed 2D 1H,13C-HSQC
spectra of labeled (black contours) and un-
labeled (blue contours) samples of PpcA
from G. metallireducens in the oxidized state
at pH 8.1 and 298 K. The heme substituents
are labeled according to the IUPAC-IUB
nomenclature [55]. Roman numerals in-
dicate the hemes in their order of attach-
ment to the CXXCH motif in the polypeptide
chain. The peaks of the protons connected
to the same carbon atoms (CH2 groups) are
linked by a straight line. The detailed as-
signment is presented in Table 1.

Table 1
1H and 13C chemical shifts (ppm) of the α-substituents of the three hemes of
PpcA from G. metallireducens at 288 and 298 K (pH 8.1, 250mM ionic strength).

T (K) Group Heme I Heme III Heme IV

13C 1H 13C 1H 13C 1H

288 21 −41.77 20.69 −21.81 10.28 −33.11 14.14
31 – – −22.90 −1.43 −8.86 0.02
71 −15.60 5.57 −40.97 16.43 −25.29 11.50
81 −3.26 −4.81 – – −8.17 −0.29
121 −59.09 25.98 −27.40 15.20 −40.26 17.12
131 −15.89 0.77 −62.60 14.97 −18.47 3.90

9.79 22.69 4.46
171 −3.07 −1.59 −17.02 3.06 −17.21 3.06

1.91 5.29 4.82
181 −37.98 15.20 −2.74 0.64 −39.48 15.77

298 21 −39.52 19.96 −21.03 10.22 −31.95 13.99
31 – – −21.19 −1.13 −7.48 0.29
71 −15.53 6.09 −39.50 16.17 −24.24 11.34
81 −2.34 −4.31 – – −6.82 0.00
121 −56.44 25.08 −26.55 14.99 −38.96 16.91
131 −14.55 0.98 −60.06 14.84 −17.14 4.05

9.52 22.14 4.64
171 −3.03 −1.05 −15.89 3.15 −16.08 3.31

2.39 5.29 4.98
181 −37.48 15.42 −2.93 1.01 −38.22 15.62
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probably explained by the non-conserved residues located in the vici-
nity of hemes I and III [15].

The orientation of the heme coordinating histidines determined in
the present work for the fully oxidized cytochrome might differ from
those in the fully reduced protein. The structural data obtained for
triheme cytochromes in both redox states showed that the most sig-
nificant structural changes are mainly confined to the side chains of the
non-axial heme coordinating residues. However, redox-linked

conformation changes associated to the orientation of the heme axial
histidines have also been detected. This is the case of the triheme cy-
tochrome c7 from Desulfuromonas acetoxidans [16,51,52] and PpcA from
G. sulfurreducens [53]. Thus, given the high sequence identity between
the homologous cytochromes from G. metallireducens and G. sulfurre-
ducens, it is expected that similar redox-linked conformational changes
in the axial ligands of PpcA from G. metallireducens will be found. The
determination of the structure of the reduced form of PpcA from G.

Fig. 3. Orientation of the heme axial ligands, and
experimental and calculated shifts of the hemes α-
substituents of PpcA from G. metallireducens (Gm).
The orientations of the axial histidines planes de-
termined in this work are represented in the first
column (in orange), together with the orientation of
the rhombic perturbation (θ) and the χyy magnetic
axis for each heme. The length of the line corre-
sponding to the rhombic perturbation is proportional
to the magnitude of the orbital energy splitting be-
tween the frontier molecular orbitals (∆E). The last
two columns represent the experimental and calcu-
lated 13C NMR paramagnetic shifts of the heme α-
substituents at 298 K, respectively (also see
Supplementary Table S1). Each line is oriented from
the center of the heme to the respective carbon with
length proportional to the paramagnetic shift. The
heme pyrrole rings are identified (blue letters) ac-
cording to the Brookhaven Protein Data Bank stan-
dard atom nomenclature for metal-substituted pro-
tohemes and the heme α-substituents are identified
according to the IUPAC-IUB nomenclature [55]. The
axes are defined relative to the NC-NA vector, with a
positive angle for a rotation in counter clockwise
direction. The same set of data is also presented for
PpcA from G. sulfurreducens (Gs) [27], for compar-
ison.
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metallireducens is therefore required to confirm this redox-linked de-
pendency of the axial ligands.

4. Conclusions

In this work, the assignment of the hemes α-substituents of PpcA
from G. metallireducens in the oxidized state, together with the use of a
model of the heme molecular orbitals, allowed the determination of the
hemes axial histidine planes and magnetic properties. The results
showed that the hemes axial histidine planes and the magnetic prop-
erties are conserved when compared with the homologous cytochrome
from G. sulfurreducens. As noted above, a previous study demonstrated
that there are significant structural differences between the homo-
logous PpcA cytochromes, located in the vicinities of hemes I and III
[15]. Another study demonstrated that the reduction potential of heme
IV is almost identical in both proteins, whereas the heme I and III re-
duction potentials differ considerably [14]. Therefore, it is believed that
the overall differences in reduction potential between the two homo-
logous cytochromes are most likely related with structural differences
located near hemes I and III. The results obtained demonstrated that the
orientation of the axial ligands is not the factor that determines the
differences in the reduction potential of the two proteins.

The determination of the solution structure of the cytochrome from
G. metallireducens in both redox states will be useful not only to map
redox-linked conformation changes, but also to elucidate the origin of
the differences observed in the redox properties of the two cyto-
chromes.

Accurate information on the geometry of the heme axial ligands is
essential for the solution determination of structures of paramagnetic
heme proteins [18,54]. This is particularly relevant for the heme li-
gands since paramagnetic relaxation bleaches NOE connectivities to the
imidazole protons of the axial histidines, leaving the geometry of the
heme pocket poorly defined. The determination of the magnetic prop-
erties of PpcA from G. metallireducens presented in this work will allow
future estimations of pseudocontact shifts, a crucial step to calculate
paramagnetic structural constraints that will be included in the re-
finement process of the solution structure for the oxidized form of the
cytochrome.
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