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ABSTRACT: The complete genome sequence of theδ-proteobacteriumGeobacter sulfurreducensreveals a
large abundance of multiheme cytochromes. Cytochromec7, isolated from this metal ion-reducing bacterium,
is a triheme periplasmic electron-transfer protein withMr 9.6 kDa. This protein is involved in metal ion-
reducing pathways and shares 56% sequence identity with a triheme cytochrome isolated from the closely
relatedδ-proteobacteriumDesulfuromonas acetoxidans(Dac7). In this work, two-dimensional NMR was
used to monitor the heme core and the general folding in solution of theG. sulfurreducenstriheme
cytochromec7 (PpcA). NMR signals obtained for the three hemes of PpcA at different stages of oxidation
were cross-assigned to the crystal structure [Pokkuluri, P. R., Londer, Y. Y., Duke, N. E. C., Long, W.
C., and Schiffer, M. (2004)Biochemistry 43, 849-859] using the complete network of chemical exchange
connectivities, and the order in which each heme becomes oxidized was determined at pH 6.0 and 8.2.
Redox titrations followed by visible spectroscopy were also performed in order to monitor the macroscopic
redox behavior of PpcA. The results obtained showed that PpcA andDac7 have different redox
properties: (i) the order in which each heme becomes oxidized is different; (ii) the reduction potentials
of the heme groups and the global redox behavior of PpcA are pH dependent (redox-Bohr effect) in the
physiological pH range, which is not observed withDac7. The differences observed in the redox behavior
of PpcA andDac7 may account for the different functions of these proteins and constitute an excellent
example of how homologous proteins can perform different physiological functions. The redox titrations
followed by visible spectroscopy of PpcA and two mutants of the conserved residue F15 (PpcAF15Y and
PpcAF15W) lead to the conclusion that F15 modulates the redox behavior of PpcA, thus having an important
physiological role.

The microorganisms belonging to theGeobacteraceae
family play important roles in several metal biogeochemical
cycles and also in the bioremediation of radioactive metals
(1). Indeed, the members of this bacterial family can degrade
natural and contaminant organic matter coupled to the
reduction of a large variety of alternative terminal electron
acceptors, including metal oxides of Cr(VI), U(VI), and Fe-
(III). This feature presents opportunities for the development
of new bioremediation strategies for removing toxic chemi-
cals from subsurface environments, by directly reducing

soluble toxic metal oxides such as Cr(VI) and radioactive
soluble contaminants such as U(VI) to insoluble oxides [(Cr-
(III) and U(IV)], facilitating the removal of metal pollutants
from the environment. Another peculiarity of these micro-
organisms is their ability to reduce and dissolve insoluble
metal oxides (Fe(III)) coupled to the oxidation of organic
carbon (2-6).

The genome sequence of the bacteriumGeobacter sul-
furreducenswas recently completed and reveals that the
bacterium encodes for large numbers of multihemec-type
cytochromes (1). The abundance of multiheme cytochromes,
most of them located in the periplasm or in the outer
membrane, suggests that the electron transport pathways in
those bacteria are extremely versatile, allowing a precise and
adequate physiological response to the diverse metal ions
they can find in the natural environments.

To understand those electron transfer pathways, it is first
necessary to characterize the individual components of the
electron-transfer chain, which are mainly composed of heme
proteins. Various cytochromes isolated fromGeobacter
bacterium are involved in metal reduction, but little is known
about the electron-transfer mechanisms (8-13). One of those
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is the periplasmatic triheme cytochrome, cytochromec7,
which was purified fromG. sulfurreducensandGeobacter
metallireducensbacteria (13, 14). The G. sulfurreducens
triheme cytochromec7 (PpcA)1 is involved in the reduction
of metal ion species such as Fe(III) and U(VI) (11). The
gene that encodes for this cytochrome was cloned and
overexpressed inEscherichia coli(15). PpcA is a small
protein with 71 residues containing threec-type hemes with
bis-histidinyl axial coordination, and its crystal structure was
recently determined (16).

A homologue triheme cytochromec7, isolated from the
periplasm of the sulfur-reducing bacteriumDesulfuromonas
acetoxidans, Dac7, has been the subject of several biochemi-
cal studies (17-19). Although a sulfur reductase activity has
been associated with this cytochrome (20), the physiological
function of Dac7 is still debated, and it was proposed (21)
that it might be similar to that of tetraheme cytochromec3

in sulfate-reducing bacteria, which is the partner of the
periplasmic hydrogenase. The crystal structure ofDac7 (22)
shows that the arrangement of the three hemes is conserved,
when compared with the heme core of tetraheme cyto-
chromesc3 isolated from theDesulfoVibrionaceafamily (for
a revision see ref23), with heme II deleted. Thus, in order
not to confuse the literature, throughout this article the PpcA
heme groups are numbered I, III, and IV, by analogy to the
structurally homologous hemes in tetraheme cytochromesc3.

The comparison of PpcA andDac7 crystal structures shows
that the spatial disposition of hemes III and IV is conserved,
but the relative location of heme I is quite different (16).
Hemes I and III and the conserved phenylalanine residue
F15 situated nearby form a structural motif that is present
not only in PpcA andDac7 but also in the other four
homologues of PpcA (16) and in cytochromec7 polymeric
forms, both isolated fromG. sulfurreducens(24), and in
tetraheme cytochromesc3.

In this work, the heme core and the general folding of
PpcA in solution were monitored by NMR, and the order of
oxidation of the three hemes was fully cross-assigned to the
crystal structure, for the first time in a multiheme cytochrome
isolated fromGeobacterspp. Furthermore, the influence of
the conserved residue F15 on the redox behavior of this
protein was monitored by studying two F15 mutants of PpcA.

MATERIALS AND METHODS

Sample Preparations. G. sulfurreducenscytochromec7

was produced inE. coli and purified by cation exchange and
gel filtration as described previously (15, 16). To prepare
the F15 mutants (PpcAF15Y and PpcAF15W), the Quik-
Change site-directed mutagenesis kit (Stratagene) was used.
Purification of the mutants was performed following the same
procedure used for the wild-type strain.

For NMR experiments carried out on the fully reduced
and fully oxidized PpcA, the protein solution buffer was
exchanged to 99.9%2H2O using ultrafiltration methods
(Amicon; YM-10); the final concentration is approximately
1 mM. For NMR experiments of partially oxidized sample,
the experimental conditions of the sample were optimized

(lowering protein concentration down to 0.5 mM, increasing
ionic strength up to 500 mM, and lowering temperature down
to 274 K) to allow the observation of the heme NMR signals
in all oxidation stages.

The reduced sample was obtained by adding gaseous
hydrogen in the presence of catalytic amounts of Fe-
hydrogenase isolated fromDesulfoVibrio Vulgaris (Hilden-
borough). The partially oxidized samples, used for NMR
redox titrations, were obtained by first removing the hydro-
gen from the reduced sample with argon and then adding
controlled amounts of air into the NMR tube with a syringe
through the serum caps.

For the reduced and partially oxidized samples, the pH
was adjusted inside an anaerobic chamber (Mbraun MB 150
I) by addition of small amounts of NaO2H or 2HCl. The pH
values reported are direct meter readings without correction
for the isotope effect.

NMR Studies of PpcA and Its F15 Mutants.1H NMR
spectra were obtained on a Bruker DRX500 spectrometer
equipped with a 5 mminverse detection probe head with
internalB0 gradient coils and a Eurotherm 818 temperature
control unit. Two-dimensional spectra of PpcA were acquired
at different temperatures (274 and 285 K) at pH 6.0 and 8.2.
All the 2D-NMR spectra were acquired collecting 4096 (t2)
× 512 (t1) data points to cover a sweep width of 7 kHz,
with 128 scans per increment. The2H2O nuclear Overhauser
enhancement spectroscopy (NOESY) spectra with 50 and
100 ms mixing time, total correlation spectroscopy (TOCSY)
spectra with 40 and 60 ms mixing time, and correlation
spectroscopy (COSY) spectra were acquired using standard
pulse techniques.1H chemical shifts were calibrated using
the water signal as internal reference.

NOESY and TOCSY spectra were carried out on the fully
reduced mutated proteins PpcAF15W and PpcAF15Y using
identical acquisition and processing parameters to those of
wild-type cytochrome.

Redox Titrations of PpcA Followed by NMR.The pattern
of reoxidation for each heme methyl group at 274 K at both
pH 6.0 and 8.2 was observed in 2D-exchange spectroscopy
(EXSY) experiments performed with 25 ms mixing time,
using 4096 (t2) × 512 (t1) data points to cover a sweep width
of 22.5 kHz, with 128 scans per increment.

Redox Titrations Followed by Visible Spectroscopy. Anaer-
obic redox titrations of PpcA, PpcAF15W, and PpcAF15Y
were performed as described previously (25) with ∼18 µM
protein solutions in 100 mM TRIS/maleate buffer at pH 6.9
and 7.9. To check for hysteresis, each redox titration was
performed in both oxidative and reductive directions. To
ensure a good equilibrium between the redox centers and
the working electrode (26), a mixture of the following redox
mediators was added to the protein solution, all at∼4 µM
final concentration: methylene blue, gallocyanine, indigo
tetrasulfonate, indigo trisulfonate, indigo disulfonate, an-
thraquinone-2,7-disulfonate, 2-hydroxy-1,4-naphthoquinone,
anthraquinone-2-sulfonate, safranine O, diquat, benzyl vi-
ologen, neutral red, and methyl viologen. The solution
potentials were measured using a combined Pt/Ag/AgCl
electrode, calibrated with the quinhydrone couple, and the
visible spectra were recorded at 298( 1 K in a Shimadzu
UV-1203 spectrophotometer, placed inside an anaerobic
glovebox with O2 levels kept at<0.5 ppm. The reduced
fraction of the PpcA and mutated cytochromes was deter-

1 Abbreviations: PpcA,Geobacter sulfurreducenstriheme cyto-
chromec7; Dac7, Desulfuromonas acetoxidanstriheme cytochrome;
NOESY, nuclear Overhauser enhancement spectroscopy; TOCSY, total
correlation spectroscopy; COSY, correlation spectroscopy.
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mined using theR band peak at 551 nm. The optical
contribution of the mediators was subtracted by measuring
the height of the peak at 551 nm relative to the straight line
connecting the two isosbestic points (541 and 559 nm)
flanking theR band according to the method described in
the literature (25).

For each protein, the experiments were performed at least
two times, and the reduction potentials were found to be
reproducible within(2 mV.

Model for Calculation of the Macroscopic Reduction
Potentials.In the particular case of a triheme cytochrome,
three consecutive reversible steps of one-electron transfer
convert the fully reduced state (stage 0) to the fully oxidized
state (stage 3). Therefore, four macroscopic redox stages are
defined, and the relative populations of the four stages at
equilibrium, for any solution potential, are defined by three
macroscopic reduction potentials (E1, E2, andE3) according
to the Nernst equation (Figure 1). The three macroscopic
reduction potentials can be obtained by fitting the experi-
mental variation of the total reduced fraction of the protein
at each solution potential. This theoretical model has been
successfully applied to the determination of macroscopic
reduction potentials of several multiheme cytochromes (27-
30).

In previous studies (31), it was possible to further extend
the model to the calculation of the absolute values for
microscopic redox potential, heme-heme redox interactions,
and redox-Bohr interactions by fitting the pH dependence
of the observed heme methyl group paramagnetic shifts and
visible data sets (32). However, in the particular case of
PpcA, only at very low temperature values it was possible
to obtain the NMR data to monitor the heme redox behavior
in all redox stages. Unfortunately, under these experimental
conditions it was not possible to obtain stable visible redox
titrations and, therefore, to obtain data with the necessary
quality to be used in the calibration of the relative heme
reduction and heme interaction potentials.

RESULTS AND DISCUSSION

Cross Assignment of IndiVidual Heme Resonances to the
Three-Dimensional Structure. The specific assignments of
the individual heme proton resonances in the reduced form
of PpcA (Table 1) were made by examining the interheme

NOE connectivities in the 50 and 100 ms NOESY spectra
obtained for the reduced protein. To validate the assignments,
the observed proton interheme connectivities were then
compared with the distances obtained from the crystal
structure of PpcA (16). The observed proton interheme
connectivities agree with the ones expected from the crystal
structure heme core, and they are illustrated in Figure 2. Two
exceptions were found, for protons 82CH3

III and 81HIII , which
do not show the expected connectivities for 82CH3

I and 71-
CH3

I, respectively.
The assignment of the heme protons was also confirmed

by the analysis of the NOEs observed between those protons
and the aromatic ring protons from residues not coordinated
to heme groups. The amino acid sequence of PpcA (11)
reveals that, besides the His axial heme ligands, only two
other aromatic residues are present: F15 and F41. The
assignment of each phenylalanine residue was straightforward
(Table 1) by comparing the aromatic region in the NOESY
reduced spectra of PpcA and PpcAF15Y (cf. Figure 3). The
conserved residue F15 is immobilized between hemes I and
III, and therefore, its aromatic resonances are broadened and
the five aromatic protons distinguishable (Table 1). The

FIGURE 1: Model for the electronic distribution in a triheme protein.
The inner circles represent the three heme groups that can be
reduced (black circles) or oxidized (open circles).E1, E2, andE3
are the macroscopic reduction potentials connecting the four stages
of oxidation (S0-3), each including the microstates with the same
number of oxidized hemes.

Table 1: Proton Chemical Shifts of Heme Substituents and
Aromatic Resonances inGeobacter sulfurreducensTriheme
Ferrocytochrome, at pH 6.0 and 274 Ka

heme I heme III heme IV

5H 9.75 10.67 9.10
10H 9.24 9.95 9.41
15H 9.33 9.54 9.49
20H 9.60 10.22 9.50
21CH3 3.64 4.43 3.71
71CH3 3.66 4.22 3.10
121CH3 2.63 3.59 4.04
181CH3 3.44 3.92 3.42
31H 6.39 6.98 6.12
81H 6.40 6.68 6.35
32CH3 2.19 1.76 2.14
82CH3 1.88 3.07 1.62
aromatic protons
F15 (2-H) 5.67

(3-H) 6.33
(4-H) 6.02
(5-H) 1.88
(6-H) 6.30

F41 (2,6-H) 7.77
(3,5-H) 8.11
(4-H) 8.41

a The hemes and aromatic protons are numbered according to
IUPAC-IUB nomenclature for tetrapyrroles (45).

FIGURE 2: Heme core architecture of theGeobacter sulfurreducens
PpcA. Dashed lines indicate the interheme NOEs used in the
specific assignments of the heme protons in the reduced cytochrome.
To clarify the text, residues F15 and F41 are also shown.
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unusual low field chemical shifts observed for F15 aromatic
protons are due to the large ring current effects produced by
hemes I and III.

The observed connectivities between the aromatic protons
of both F15 (data not shown) and F41 and those of the heme
protons (Figure 3) are in agreement with the crystal structure,
confirming the assignment of the individual heme proton
resonances. Additional connectivities between F41 aromatic
ring protons and the heme methyl group 121CH3

I are
observed (Figure 3).

The comparison of PpcA andDac7 crystal structures shows
that the general fold of both proteins is similar, except for
the specific region comprising residues E32-F41. This is
not surprising when it is taken into account that those proteins
share 56% identity and conserve the relative location of the
axial ligands and heme binding motifs (16). However, the
spatial position of heme I in PpcA andDac7 is different,

probably due to the insertion of two extra residues before
and after the binding site of heme I (16). In fact, the edge-
to-edge distance between hemes I and IV is larger in PpcA
(13.6 Å) when compared withDac7 (11.4 Å); it increases
by approximately 2 Å the distance between the heme methyls
12CH3

I and 12CH3
IV. This observation is corroborated by

the NMR data, since, in contrast to what was observed in
Dac7 (18), no NOE connectivity is observed between heme
methyls 12CH3I and 12CH3

IV in PpcA (cf. Figure 2).
The accuracy of the heme proton assignment was tested

by comparing the observed heme proton chemical shifts with
the calculated ones from the crystal structure of PpcA (Figure
4). These shifts correlate well even for the protons subject
to the larger ring current shifts, such as 82CH3

I, 21CH3
III ,

and 82CH3
IV, showing that the solution and crystal structures

are similar and that the overall heme core architecture and
protein folding are essentially maintained in solution.

FIGURE 3: Regions of NOESY spectra of PpcA (A) and PpcAF15Y (B) in the reduced form at 274 K and pH 6.0. The aromatic ring
protons of F41 and F15 are indicated. Connectivities between the assigned aromatic protons of F41 and heme protons are indicated: 1 and
2 show the connectivities between F41 aromatic protons and 121CH3

IV; 3, 4, and 5 connect F41 aromatic protons and 121CH3
I; 6, 7, and

8 indicate the connectivities between F41 aromatic protons and 32CH3
III .
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Order of Oxidation of the Heme Groups. All the heme
irons of PpcA have bis-histidinyl axial coordination and are
low spin in both the reduced and oxidized forms. Thus, the
protein is diamagnetic when reduced (Fe(II),S ) 0) and
paramagnetic when oxidized (Fe(III),S) 1/2). These features
are convenient for NMR studies, since widely different well-
resolved spectra are obtained for both oxidation states,
making it possible to assign the order by which the hemes
are oxidized. Nonetheless, the full assignment of the heme
order of oxidation depends on the intermolecular electron
exchange rate, which should be intermediate to slow, on the
NMR time scale, so that signals of different heme groups
can be followed throughout the complete reoxidation (33).
However, PpcA shows both fast intra- and intermolecular
electron exchange on the NMR time scale (data not shown)
under the typical experimental conditions used for related
studies in several multiheme cytochromes (protein concentra-
tion in the range 1-2 mM, 298 K, and 100 mM ionic
strength), and thus, it was not possible to obtain NMR cross-
peaks for the heme groups in all oxidation stages due to
excessive exchange broadening of the NMR signals. To
overcome this difficulty, the experimental conditions of the
sample were optimized (decreasing protein concentration,
increasing ionic strength, and decreasing temperature) and
monitored by EXSY NMR. This optimization study showed
that the experimental conditions which allow the observation
of the heme NMR signals in all oxidation stages for PpcA
are (i) ionic strength 500 mM NaCl, (ii) protein concentration

0.5 mM, and (iii) temperature 274 K. Under these optimized
experimental conditions, the minimum and maximum values
for the intra- and intermolecular electronic exchange are 3.8
× 104 s-1 and 4.7× 103 s-1, respectively, allowing the
averaging of the signals of the eight redox microstates in
four groups of macroscopic oxidation stages (Figure 1). The
substituents of each heme have different chemical shifts in
the four macroscopic oxidation stages, and since these
paramagnetic shifts are proportional to the degree of oxida-
tion of that particular heme group, they can be used to
monitor the oxidation of each heme throughout a redox
titration (33, 34).

As the reoxidation of a multihem protein proceeds, the
heme methyl signals become very shifted from the diamag-
netic region of the spectra, thus being the most adequate
heme substituents to monitor a reoxidation by exchange
NMR spectroscopy (33). In the case of PpcA, the heme I
signals in oxidation stage 1 are sharp enough to allow the
observation of strong cross-peaks connecting the methyl
signals of heme I in stages 0 and 1. On the contrary, for
hemes III and IV, the existence of broader signals in
oxidation stage 1 does not allow the observation of exchange
cross-peaks between stages 0 and 1, preventing the assign-
ment of the signals to stage 0. However, in the fully oxidized
stage (stage 3) the heme methyl signals are again sharp
enough to give exchange NMR cross-peaks connecting stages
3, 2, and 1. Thus, to make it possible to monitor the oxidation
of hemes III and IV, it was necessary to assign heme protons
in the fully oxidized PpcA (data not shown) using the
procedure described by Turner et al. (35) for multiheme
cytochromes. With the assignment of each heme methyl
group in the fully oxidized protein (oxidation stage 3) it was
possible to trace back the heme methyl signals from the fully
oxidized sample to stage 1 in partially oxidized samples of
PpcA, in which stages 3, 2, and 1 coexist.

The paramagnetic chemical shifts of heme methyls 12CH3
I,

71CH3
III , and 121CH3

IV were used to calculate the oxidation
fraction of each heme at different stages of oxidation at pH
6.0 and 8.2 (Table 2). Due to the large line widths of the
NMR signals in stage 1, it was not possible to observe cross-
peaks for heme IV at pH 6.0 and heme III at pH 8.2 (Table
2). Nonetheless, by the fact that the sum of the heme

FIGURE 4: Comparison between the calculated and observed
chemical shifts for the heme substituents of reduced PpcA. The
chemical shifts of the heme substituents were calculated by
correcting the heme protons’ reference shifts (9.36 ppm for meso
protons, 6.13 ppm for thioether methines, 3.48 ppm for methyls,
and 2.12 ppm for thioether methyls (42)) with the ring current shifts
calculated from the PpcA crystal structure (16), according to the
procedures described by Messias et al. (43) and Turner et al. (44).
The meso protons, thioether methines, methyls, and thioether
methyls are represented by squares, triangles, circles, and diamonds,
respectively. The dashed line has a unit slope.

Table 2: Redox-Dependent Heme Methyl Chemical Shifts in the
Triheme Cytochrome fromG. sulfurreducens, at pH 6.0 and 8.2
(Values Indicated in Parentheses)a

chemical shift (ppm) xioxidation
stage I III IV I III IV Σxi

0 2.63 4.22 4.04 0 0 0 0
(2.63) (4.22) (4.04) (0) (0) (0)

1 14.76 7.32 n.o. 0.600 0.208 0.192c 1
(11.12) (n.o.)b (10.97) (0.426) (0.153)c (0.421) (1)

2 21.38 10.76 12.18 0.927 0.438 0.573 1.94
(20.49) (7.84) (17.53) (0.897) (0.241) (0.819) (1.96)

3 22.85 19.14 18.25 1 1 1 3
(22.55) (19.22) (20.52) (1) (1) (1) (3)

a The heme methyls 121CH3
I, 71CH3

III , and 121CH3
IV were chosen

to monitor each heme oxidation through the four oxidation stages. The
heme fractions of oxidation,xi, in each stage of oxidation are calculated
accordingly to the equationxi ) (δi - δ0)/(δ3 - δ0), whereδi, δ0, and
δ3 are the observed chemical shifts of the heme methyl in stagesi, 0,
and 3, respectively (33). b n.o.) not observed.c Estimated values (see
text).
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oxidation fractions in oxidation stage 2 is close to 2 (Table
2), it proves that the influence of the oxidation of neighboring
hemes on the paramagnetic shift of the heme methyl groups
121CH3

I, 71CH3
III , and 121CH3

IV (extrinsic shifts) is not
significant. Consequently, in oxidation stage 1 the sum of
the heme oxidation fractions is close to 1, allowing for the
estimation of heme III and heme IV oxidation fractions at
pH 8.2 and pH 6.0, respectively (Table 2).

From the analysis of the heme oxidation fractions obtained
at pH 6.0, it is clear that heme I is the heme that becomes
more oxidized in the first oxidation step; the largest fractional
oxidation of heme IV is obtained in the second step, followed
by heme III. Thus, it follows that the order of heme oxidation
in PpcA differs from that observed inDac7, in which heme
I and III are the first to oxidize to a similar extent, followed
by heme IV (19). This analysis was performed with a PpcA
sample at 500 mM ionic strength, since, as stated before,
this is the minimum value for which it is possible to observe
the heme NMR signals in all oxidation stages. Previous
studies carried out on a relatedDesulfoVibrio Vulgaris
(Miyazaki) cytochromec3 showed that microscopic reduction
potentials might depend on the ionic strength (36). However,
from the analysis of the EXSY NMR data obtained for PpcA
samples with lower ionic strength than 500 mM (data not
shown), it was possible to observe that the order by which
the hemes become oxidized does not change.

Redox-Bohr Effect in PpcA. Previous work carried out
for the homologue cytochromeDac7 showed that there is
no significant redox-Bohr effect in the physiological pH
range (19). To evaluate the existence of the redox-Bohr
effect in PpcA, the order of heme oxidation was also
determined at pH 8.2 (Table 2). Contrarily to the case of
Dac7, in PpcA the results obtained at pH 8.2 showed a
dramatic change in the oxidation fractions of the hemes when
compared with those obtained at pH 6.0 (Table 2 and Figure
5). In oxidation stage 1 at pH 8.2, the oxidized fractions of
hemes I and IV are respectively 42.6% and 42.1% compared
with 60% and 19.2%, respectively, measured at pH 6.0. Thus,
in comparison with the case of pH 6.0, the oxidized fraction
of heme I decreases, and that of heme IV increases. On the
other hand, the oxidized fraction of heme III is much less
affected by the pH, being 15.3% and 20.8%, at pH 8.2 and

6.0, respectively. Hence, an increase of approximately 2 pH
units leads to the increase of the microscopic reduction
potential of heme I relative to that of heme IV in such a
way that both hemes are oxidized nearly to the same extent
in oxidation step 1. At pH 8.2, in the second step of
oxidation, heme I is further oxidize by 47.1% and heme IV
by 39.8%, so that at oxidation stage 2 they are 89.7% and
81.9% oxidized, respectively. In oxidation stage 2, heme III
is only 24.1% oxidized at pH 8.2, whereas at pH 6.0 it was
43.8%. From these results, it is clear that as the oxidized
fraction of heme IV in oxidation stage 1 increases (it is more
than two times more oxidized at pH 8.2), heme III has a
lower tendency to oxidize, reflecting an increase in its
reduction potential relative to that of the other hemes. This
is clearly illustrated in Figure 5 by comparing the oxidation
fraction profiles of the three heme groups at pH 6.0 and 8.2.
The changes observed in the redox oxidation profile of the
hemes upon pH increase are due to the deprotonation of an
ionizable center that modulates the reduction potentials of
the individual hemes (redox-Bohr interaction). As a result
of the existence of redox-Bohr interactions, heme III
dominates even more firmly the oxidation of the protein in
the final oxidation step, indicating that, at this pH, its
reduction potential is even more separated from those of
hemes I and IV.

The analysis of the pH influence on the chemical shifts
of the heme methyls 12CH3I, 71CH3

III , and 121CH3
IV (Table

2) and all the remaining heme methyls (data not shown) in
the fully oxidized protein showed that 121CH3

IV is the most
sensitive. The large pH dependence of 121CH3

IV (2.27 ppm)
suggests that the ionizable center responsible for the regula-
tion of the reduction potentials of PpcA heme groups is
located close to this heme methyl, which corroborates the
large pH dependence of the oxidized fraction of heme IV
(Table 2 and Figure 5). From the analysis of PpcA crystal
structure, the best candidate to be responsible for the redox-
Bohr effect is the carboxylate group of heme IV propionate
13 (IUPAC-IUB nomenclature). To monitor the effect of
the protonation of this carboxylate group, heteronuclear
multiple quantum coherence NMR experiments were carried
out at pH 6.0 and 8.2 (data not shown). Nonetheless, this
could not be confirmed, since the NMR signals of the heme
IV propionate cannot be confidently assigned at any pH due
to the broadness and overlap of the heme propionate signals.

In conclusion, the heme oxidation profiles in PpcA are
extremely sensitive to the pH, indicating that the behavior
of the redox centers is finely tuned by the pH of the
bacterium periplasm. This may prove to be important to
ensure an efficient electron transfer to metal ion species.

Redox Titrations Followed by Visible Spectroscopy of
PpcA and Its F15 Mutants. The redox titrations of PpcA
show that the curve obtained at pH 6.9 is clearly shifted to
less negative reduction potential values, when compared to
the one obtained at pH 7.9 (Figure 6A). This can be
monitored by the apparent midpoint reduction potential,Eapp

(i.e., the point at which the oxidized and reduced fractions
of the protein are equal), which increases by 19 mV, and by
the macroscopic reduction potentials, which are less negative
at pH 6.9 (Table 3). The pH dependence of the redox titration
curves in the physiological range (redox-Bohr effect) was
also observed for tetraheme cytochromesc3 (25, 29, 32, 37)
but not in the PpcA homologueDac7 (19). The redox-Bohr

FIGURE 5: Oxidation fraction of the PpcA heme groups in the four
oxidation stages at pH 6.0 (solid line and solid symbols) and 8.2
(dashed line and open symbols). Hemes I, III, and IV are represented
by squares, triangles, and circles, respectively.
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effect allows both a fine regulation of the reduction potential
and the coupling between electronic and protonic energy, a
key process in bioenergetics (38, 39).

As mentioned before, hemes I and III and F15 form a
conserved structural motif that is present in several multi-
heme cytochromes. This is the case ofD. Vulgaris tetraheme
cytochromec3, in which F20 is located in an identical spatial

position between hemes I and III, as F15 is in PpcA.
Biochemical studies were carried out in F20 mutatedD.
Vulgaris (Hildenborough) cytochromec3 by Saraiva et al.
(40) and Dolla et al. (41).

In the present work, to probe a putative functional
importance of the conserved phenylalanine residue F15 in
PpcA, two different single mutated cytochromes were
produced by replacing F15 by tryptophan and tyrosine. The
NOESY spectra of PpcAF15Y (Figure 3B) and PpcAF15W
(data not shown) are very similar to those of the wild-type
(Figure 3A), showing that the general folding and heme core
architecture are not affected by the mutations. This is clearly
illustrated by the excellent correlation observed between the
chemical shifts of the heme protons and the F41 aromatic
protons of the mutated cytochromes and those of PpcA
(Figure 7). The only signal that is significantly affected in
relation to the wild-type protein is heme methyl 12CH3

I in
PpcAF15W, reflecting a local structural modification intro-
duced by the larger volume of the tryptophan side chain.

The redox titration of the mutated cytochromes reveals
significant modifications of the redox behavior when com-
pared with that of the wild-type protein (Figure 6). The
replacement of F15 by tryptophan has a strong effect on the
global redox behavior of the protein. Indeed, in PpcAF15W

FIGURE 6: Redox titrations followed by visible spectroscopy for
PpcA (A), PpcAF15W (B), and PpcAF15Y (C) at pH 6.9 (0) and
7.9 (Ã). The molar fraction of the total reduced protein was fitted
to the model described in MATERIALS AND METHODS. Solid
lines indicate the results of the fits for the three macroscopic
reduction potentials.

Table 3: Macroscopic Reduction Potentials and Apparent Midpoint Reduction Potentials for PpcA, PpcAF15W, and PpcAF15Y at pH 6.9 and
7.9a

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

pH 6.9 pH 7.9 pH 6.9 pH 7.9 pH 6.9 pH 7.9 pH 6.9 pH 7.9

PpcA -136 -155b -184 -200 -136 -155 -90 -110
PpcAF15W -152 -154 -209 -209 -146 -148 -115 -117
PpcAF15Y -122 -142 -184 -198 -116 -138 -80 -99
Dac7

c -168 -168 -219 -218 -169 -169 -112 -112
a The macroscopic reduction potentials are the result of the fitting of the reduced fraction of PpcA, PpcAF15W, and PpcAF15Y at each pH

value. The apparent midpoint reduction potentials (Eapp) correspond to the point at which the oxidized and reduced fractions are equal. The reduction
potential values are relative to the standard hydrogen electrode.b Reference24. c Values calculated from the experimental data published by Correia
et al. (19).

FIGURE 7: Comparison between the chemical shifts observed for
heme and F41 aromatic protons of reduced PpcAF15Y (filled
squares) and PpcAF15W (open down triangles) and those of PpcA.
The dashed line in the figure has a unit slope.
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the redox-Bohr effect is no longer observed in the physi-
ological pH range, as illustrated by the similarity of all three
macroscopic reduction potentials at pH 6.9 and 7.9 (cf. Figure
6A and B; Table 3). Although nonpolar, the presence of an
extra NH group in the side chain and also the larger volume
of the tryptophan residue (228 Å3), when compared with the
phenylalanine volume (190 Å3), can easily introduce local
structural modifications affecting the degree of protonation
of the protein and the concomitant control of the protein
redox behavior.

On the other hand, the replacement of F15 by a tyrosine
also has a strong effect on the global redox behavior of the
protein. Surprisingly, given the more hydrophilic character
of tyrosine, this mutation leads to a general increase of the
macroscopic reduction potentials (cf. Figure 6A and C, Table
3), shifting to a similar extent the redox curves at both pH
values. Although both residues have a similar volume (190
and 194 Å3, respectively, for phenylalanine and tyrosine),
the above observation coupled with NMR results, which
show that only minimal structural rearrangements occur in
PpcAF15Y (Figure 7), suggests that other factors dominate
the changes in the redox behavior of this mutated protein.

The different redox behavior observed upon replacement
of the conserved residue F15 in PpcA may result from several
simultaneous effects: (i) different H-bond capability of the
new amino acid residues when compared with F15; (ii)
different solvent accessibility for heme propionates; and (iii)
local conformational changes. Altogether, the data obtained
for the mutated proteins suggest that F15 plays an important
role in the modulation of the PpcA redox behavior. The
replacement of a single residue, F15, changes the global
redox network tuned to control thermodynamically the
electron transfer and may affect the functionality of the
protein.

CONCLUSIONS

Specific assignments of NMR resonances to individual
heme protons of PpcA allowed the qualitative comparison
of the spatial arrangement of the heme core in solution and
in the crystal. From the analysis of the interheme NOEs
cross-peaks between heme protons and aromatic residues, it
was concluded that both the relative position of the three
hemes and the general folding of the polypeptide chain are
similar in solution and in the crystal.

The results obtained showed that despite the structural
similarities observed between PpcA andDac7 these two
proteins have different redox properties: the order by which
the hemes become oxidized is different (I, IV, III in PpcA
and I-III, IV in Dac7); the heme oxidation fractions and
the macroscopic reduction potentials in PpcA are pH
dependent (redox-Bohr effect), whereas inDac7 they are
essentially pH independent, in the physiological pH range.
The differences observed in the redox properties of PpcA
andDac7 may be attributed to different residues surrounding
the hemes, as a result of the different primary structures and/
or changes in the heme-heme iron distances. The different
redox behaviors of those two cytochromes may account for
the different functional properties of these proteins, being
an excellent example of how structurally related proteins can
display functional plasticity leading to different physiological
functions.

The results obtained with the mutated proteins PpcAF15W
and PpcAF15Y show that the conserved residue F15 has an
important function in the control of the redox equilibrium
in PpcA, by modulating the reduction potentials, and thus
has an important physiological role in this protein.
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