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Abstract Flavocytochrome c; from Shewanella fiigidimarina
(fce3) is a tetrahaem periplasmic protein of 64 kDa with fuma-
rate reductase activity. This work reports the first example of
NMR techniques applied to the assignment of the thermody-
namic order of oxidation of the four individual haems for such
large protein, expanding its applicability to a wide range of pro-
teins. NMR data from partially and fully oxidised samples of
fces and a mutated protein with an axial ligand of haem IV re-
placed by alanine were compared with calculated chemical shifts,
allowing the structural assignment of the signals and the unequiv-
ocal determination of the order of oxidation of the haems. As
oxidation progresses the fcc; haem domain is polarised, with
haems I and II much more oxidised than haems III and IV, haem
IV being the most reduced. Thus, during catalysis as an electron
is taken by the flavin adenosine dinucleotide from haem IV, haem
III is eager to re-reduce haem IV, allowing the transfer of two
electrons to the active site.

© 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Flavocytochrome c; isolated from the bacterium Shewanella
frigidimarina (fccs) is a 64-kDa monomeric and soluble peri-
plasmic enzyme with unidirectional fumarate reductase activity
[1]. This electron transfer protein is produced in large amounts
by Shewanella spp. under anaerobic growth, and shows unique
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features when compared with other bacterial flavocytochromes
that are multimeric, membrane bound and have bi-directional-
ity activity [1,2]. The crystal structure of fcc; shows that it folds
in three domains: the N-terminal haem domain containing
four c-type haems with bis-histidinyl axial coordination; the
flavin domain which contains a non-covalently bound flavin
adenosine dinucleotide (FAD), located at the active site; and
a mobile clamp domain (Fig. 1A) [3]. The spatial architecture
of the five redox centres allows efficient conduction of electrons
through the haem domain to the flavin active site, where fuma-
rate is reduced to succinate (Fig. 1B) [3]. The electron transfer
protein fcc; has been characterised structurally, thermodynam-
ically and kinetically [1,3—12], but microscopic characterization
of the individual haem redox centres has not been achieved. A
macroscopic redox characterization of fcc;, obtained by vol-
tammetry studies, allowed the reduction potential of FAD to
be determined [1], but not specifically those of each haem
group. That study [1] also showed that only the FAD quinone
and hydroquinone forms were observed on the time scale of
the experiments, indicating that two electrons are accepted
by FAD, in a cooperative fashion.

Detailed characterization of the mechanism of redox pro-
teins containing several cofactors requires information on the
redox condition of each centre in each of the various micro-
scopic states of the protein. This is not easy when the centres
are all of the same nature, making spectroscopic distinction
difficult. The sensitivity of NMR to the environment of the nu-
clei gives this technique the required spectral discrimination.
NMR has been used to determine the thermodynamic order
in which each haem becomes oxidised at different oxidation
stages throughout a redox titration (referred in the previous lit-
erature as order of oxidation of the haems [13-16]), as well as
to probe in detail the network of redox and redox-Bohr (elec-
tron—proton) interactions of the centres of relatively small pro-
teins, up to 16 kDa molecular weight, containing up to four
haem groups or two [4Fe-4S] centres [13-28]. However, many
proteins and enzymes of physiological interest do not fall in
this favourable weight range for NMR studies. This work re-
ports the first application of NMR techniques to the assign-
ment of the order of oxidation of the individual haems of
fces (64 kDa) and the concomitant elucidation of the haem
redox behaviour of this large protein.
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Fig. 1. Structural features of fcc; [3]. (A) Domain structure of fccs.
The three domains of fcc; are coloured: haem domain (blue), flavin
domain (green), and clamp domain (magenta). Haems are shown in
red and FAD in yellow. (B) Spatial disposition of the five redox centres
of the enzyme, labelled accordingly. The edge-to-edge distances
between neighbouring centres are shown.

2. Materials and methods

2.1. Protein purification

The recombinant fcc; was purified as described in [4]. A mutated
flavocytochrome c¢3, in which the axial ligand of haem IV (His61)
was replaced by the amino acid alanine (fcc;H61A), was produced
and purified as described in [11].

2.2. NMR sample preparation

For all NMR studies, the protein solutions were exchanged several
times into 99.9% *H,O using ultrafiltration methods (Amicon; YM-
10). Samples with a final protein concentration of 0.5 mM were used.
The ionic strength was adjusted to approx. 100 mM by addition of
NaCl in 2H,0. Reduction of the samples was achieved by the reaction
with gaseous hydrogen in the presence of catalytic amounts of the en-
zyme hydrogenase (isolated from Desulfovibrio gigas and Desulfovibrio
vulgaris). Partially oxidised samples were obtained by first flushing out
the hydrogen from the reduced sample with argon and then adding
controlled amounts of air into the NMR tube with a syringe through
the serum caps as previously described [27].

2.3. NMR spectroscopy

'"H NMR spectra were obtained in a 500-MHz Bruker DRX500
spectrometer equipped with a 5-mm inverse detection probe head with
internal B, gradient coils and a Eurotherm 818 temperature control
unit. For specific detection of high spin signals, '"H NMR spectra were
recorded in a 300-MHz Bruker AMX300 equipped with a 5-mm in-
verse detection probe head. Chemical shifts are reported in parts per
million (ppm), relative to tetramethylsilane, and the proton spectra
were calibrated using the water signal as internal reference.

2.3.1. NMR of oxidised fcc; and fcc;H61A. One-dimensional (1D)
spectra of fccy and fecc;H61A were acquired at 298 K at pH 7.0 and
8.5. The 1D spectra of fccs and fecsH61A obtained at 500 MHz were
acquired by collecting 64k data points to cover a sweep width of 32
kHz, with 128 scans. In order to evaluate the existence of low field high
spin signals, additional 1D spectra of fcc; and fcc;HO61A were also col-
lected at 300 MHz using a sweep width of 60 kHz.

2.3.2. NMR redox titrations of fccs and fec;H61A.  To establish the
complete pattern of oxidation for each haem methyl group, several 2D-
exchange spectroscopy (EXSY) NMR data sets were collected at 298 K
and pH 7.0 and 8.5, in the 500-MHz spectrometer. These spectra were
acquired with 25 ms mixing time using 4096 (#,) x 1024 (¢,) data points
spanning a sweep width of 32 kHz, with 128 scans per increment.

2.4. Predictions of chemical shifts for the haem methyls

The chemical shifts of the haem methyls were calculated at 298 K
using the geometry of the haem axial ligands from the crystal structure.
These were used as input for the empirical equation reported in the lit-
erature [29].
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3. Results and discussion

The haem core architecture of the four haem groups in the
N-terminal domain of fccs is similar to that found in a small
periplasmic tetrahaem cytochrome isolated from the same bac-
terium [15]. In the small tetrahaem cytochrome, all of the haem
irons have bis-His axial coordination and they are low spin,
both in the reduced and oxidised forms. Thus, the protein is
diamagnetic when reduced (Fe(Il), S =0) and paramagnetic
when oxidised (Fe(III), S = 1/2). This is convenient for NMR
studies, since widely different well-resolved spectra are ob-
tained for both oxidation states, making it easier to assign
the order in which specific haems within the structure are oxi-
dised. In fccs, the haem groups are always also low spin, but
because of the large molecular weight and the associated slow
tumbling rate of the protein, it was not possible to obtain suf-
ficiently well-resolved spectra to assign the haem resonances
unequivocally in both forms. However, after a careful optimi-
zation of the experimental conditions in partially oxidised fccs
samples (protein concentration, ionic strength, temperature,
and pH), it was possible to reduce the line width of the
NMR signals and observe cross-peaks connecting haem signals
in different degrees of oxidation using 2D-EXSY NMR exper-
iments (Fig. 2). The NMR spectra of partially oxidised fccs
samples at pH 8.5 showed that the protein exhibits fast intra-
molecular (>9.23x10* s7!) and slow intermolecular
(<1.51 x 10* 571 electron exchange on the NMR time scale.
In these conditions, signals from the sixteen redox microstates
are averaged in five oxidation stages, each including the micro-
states with the same number of oxidised haems [18]. Therefore,
the substituents of each haem have different chemical shifts in
the five stages and since these paramagnetic shifts are propor-
tional to the degree of oxidation of that particular haem group,
they can be used to monitor the oxidation of each haem
throughout the redox titration [13].

From the analysis of 2D-EXSY NMR spectra of partially
oxidised samples, it was possible to follow seven haem methyl
resonances (labelled A—G) in different oxidation stages to their
final positions in the oxidised protein (Table 1, Figs. 2 and 3).
However, the lack of haem methyl assignments in the fully
reduced and fully oxidised forms of fccsy prevents the use of
the conventional strategy to assign the order of oxidation
of the haem groups [13]. To overcome this difficulty, mutants
of the axial ligands of each haem were produced to assist in
the specific assignment of the haem methyl signals. However,
the only mutated enzyme obtained was that with the axial li-
gand of haem IV exchanged. All attempts to produce the re-
combinant proteins with mutations at the other haems (I, II,
and III) gave rise to extremely low levels of expression and
very unstable proteins that could not be purified. Conse-
quently, a new assignment strategy was applied which com-
bines: (i) NMR information obtained for both native fccy
and the mutant (fcc;H61A) with haem IV high spin and (ii)
paramagnetic chemical shift predictions for each haem methyl
substituent of fccs.

3.1. Cross-assignment of the haem signals to the crystal
structure and order of oxidation of the haem groups
In order to make the specific assignment of the haem methyl
signals (A-G), the paramagnetic chemical shifts of each haem
methyl group (Table 2) were predicted using an empirical
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Fig. 2. Region of 2D-EXSY spectra of fccs poised at different oxidation levels at pH 8.5 and 298 K. (A) The spectrum shows cross-peaks connecting
oxidation stages /-3. (B) The spectrum shows cross-peaks connecting oxidation stages 2—4. The lines connect signals for one methyl group of haem I
(dashed lines) and II (solid lines) in different oxidation stages. The Roman and Arabic numbers indicate the haem groups and the oxidation stages,
respectively. 1D spectra of the samples are plotted at the edge of the corresponding half-spectra.

Table 1

Redox-dependent 'H haem methyl chemical shifts and haem oxidation fraction of S. frigidimarina flavocytochrome 3, at pH 8.5 and 298 K

Oxidation Chemical shift (ppm) X;

stage A B C D E F G A B C D E F G
Haem I Haem III Haem III Haem IV Haem III Haem II Haem IV

0 322 (348) (348) (3.48) (3.48) 3.62 (348 O 0 0 0 0 0 0

1 7.56  n.o. n.o. n.o. n.o. 14.35 n.o. 0.147 n.a. n.a. n.a. n.a. 0.739 n.a.

2 27.60 13.73 10.37 n.o. n.o. 1491 n.o. 0.828 0.364 0.337 0.043% n.a. 0.778 0.043%

3 3145 20.06 14.77 12.83 1450 1649 8.46  0.959 0.589 0.552 0.499 0.597 0.887 0.473

4 32.66 31.63 2394 2220 2193 18.13 14.00 1 1 1 1 1 1 1

The haem methyls A-G are labelled according to their position in the oxidised form. The haem fractions of oxidation, x;, in each stage of oxidation
are calculated according to the equation x; = (6,—00)/(d4— ), Where J;, dy, and d4 are the observed chemical shifts of the haem methyl in stages i, 0,
and 4, respectively [13]. The chemical shifts indicated in parentheses correspond to the diamagnetic reference for haem methyl protons [30].

n.o., not observed; n.a., not applicable.

#Since the sum of the haem oxidation fractions in stage 2 is close to 2, this value was estimated by subtracting the sum of oxidation fraction of haem I
(methyl A), haem II (methyl F), and haem III (average of methyls B and C).

equation that uses as input the geometry of the axial ligands in 18'CH} (32.7 ppm), but the experimental data (Table 1) show
the fccs crystal structure. From the analysis of chemical shift that two signals, A and B, fall in this region (32.66 and 31.63
predictions (Table 2), the most shifted signal is haem methyl ppm, respectively). However, the analysis of the haem methyl
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Fig. 3. Low-field region of 300 MHz 1D-"H NMR spectra of the oxidised fccs (lower spectrum) and fecsH61A (upper spectrum) at pH 7.0 and 298
K. The haem methyl signals are labelled alphabetically (A-G).

Table 2 L

Predicted 'H chemical shifts for each haem methyl in the oxidised S. reoxidation patterns (Table 1) shows that the pattern of methyl
frigidimarina flavocytochrome c3 B is (i) completely different from that of methyl A, which ex-
Haem methyl I I I v cludes the possibility of these signals belonging to the same
2ICH, 109 2.0 251 200 haem. and (}1) similar to methyl signals C anq E, whlch have
7'CH, 15.0 59 59 70 chemical shifts of 23.94 and 21.93 ppm, respectively. Since only
12'CH; 12.3 234 26.5 21.4 haem III is expected to have three haem methyl signals above
18'CH; 32.7 13.7 22.0 13.1 22.0 ppm (Table 2), this correlates well with signals B, C and E.
The haem methyls are numbered according to IUPAC-IUB nomen- Therefore, signal A was assigned to 181CH; and methyls B, C
clature for tetrapyrroles [31]. and E to haem III.
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Fig. 4. Low-field region of a 300-MHz 1D-"H NMR spectra of the oxidised fccs (lower spectrum) and fecsH61A (upper spectrum) at pH 7.0 and 298
K showing in detail high spin haem methyl signals for fcc;H61A.
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The remaining haem methyl signals, which include signals
from haems II and IV, appear in more crowded regions of
the NMR spectrum (Fig. 3) and, although correlating well with
the predictions (Table 2), this is not sufficient to allow unambig-
uous cross-assignment. In order to distinguish between the sig-
nals of haems IV and II, it was necessary to compare the NMR
spectra of fccy and feccsHO61A. This strategy can be used, since
previous studies showed that the crystal structure of fcc; and
fccsHO61A has no significant structural alterations apart from
the haem IV axial coordination [11]. In the mutated flavocyto-
chrome, haem IV is a five-coordinated high spin haem and so
the NMR signals of the haem substituents are shifted to low
field (Fig. 4). Comparison of the 1D-NMR spectra of fccs
and fccsH61A (Fig. 3) shows that regions at approximately
22 and 18 ppm are clearly affected, indicating the presence of
haem IV signals. From this analysis, haem methyl signals D
(22.20 ppm) and F (18.13 ppm) are the best candidates for haem
IV. Nonetheless, analysis of the haem oxidation fraction values,
in oxidation stages 2 and 3 (Table 1), shows that signals D and
F behave quite differently and, therefore, must belong to differ-
ent haem groups. Thus, in order to elucidate which signal (D or
F) belongs to haem IV, 2D-EXSY NMR experiments in par-
tially oxidised fcc;HO61A were performed. Comparative analy-
sis of 2D-EXSY NMR spectra of fcc; and fcc;H61A (data
not shown) reveals that the cross-peak corresponding to methyl
F, connecting stages 0 and /, is present in both spectra. Due to
the high spin character of haem IV in fcc;H61A, this cross-peak
could not belong to haem IV. Thus, signal F must be assigned
to haem II and, by exclusion, signal D to haem IV. Finally, sig-
nal G was also assigned to haem IV, since it shows a similar oxi-
dation profile to that of signal D.

The assignment strategy applied in this work allowed the
unambiguous attribution of the four different oxidation pro-
files to the respective haem groups in the fccs crystal structure
(Table 1). The analysis of the haem oxidation fractions of fcc;
(Table 1) reveals that haem II (methyl F) is the more oxidised
haem in stage I, the largest fractional oxidation of haem I
(methyl A) is obtained in the step between stages / and 2,
which is followed by haem III (methyls B, C, E — stage 3)
and haem IV (methyls D, G — stage 4).

4. Conclusions

Specific assignments of haem methyl signals to the crystal
structure of fccs allowed the haem oxidation fractions to be
determined, and consequently, the order in which the haems
are oxidised. The analysis of the redox behaviour of the haem
groups during the redox cycle of fccz showed that haems I and
II are almost completely oxidised at stage 3 (96% and 89%,
respectively), while haems III and IV are only approximately
58% and 49% oxidised, respectively, in this oxidation stage.
Since the haem oxidation fractions are similar at pH 8.5 (Table
1) and 7.0 (data not shown), which is close to the pH (7.2) at
which this enzyme presents its maximum catalytic efficiency [1],
the haem redox behaviour can contribute to our understanding
of the functionality of this enzyme. The haem oxidation pro-
files show that a polarization occurs within the N-terminal
haem domain of fccy as the oxidation progresses, making
two of the haems (haems I and II) much more oxidised when
compared with the other two (haems III and IV), haem IV
being the most reduced. Since haem IV is simultaneously the
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closest haem to FAD and presents the highest reduction poten-
tial within the tetrahaem domain, thus, during catalysis as an
electron is taken by the FAD from haem IV, haem III is energ-
ised to promptly re-reduce haem IV, allowing the transfer of
two electrons to the active site. In this manner, electrons are
always available for transfer from haem IV to FAD, thus max-
imising the availability of the reduced FAD at the enzyme ac-
tive site, where fumarate is reduced to succinate.
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