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Abstract The unambiguous assignment of the nuclear mag-
netic resonance (NMR) signals of the a-substituents of the
haems in the tetrahaem cytochrome isolated from Shewanella
frigidimarina NCIMB400, was made using a combination of
homonuclear and heteronuclear experiments. The paramagnetic
13C shifts of the nuclei directly bound to the porphyrin of each
haem group were analysed in the framework of a model for the
haem electronic structure. The analysis yields g-tensors for each
haem, which allowed the assignment of some electron paramag-
netic resonance (EPR) signals to specific haems, and the orien-
tation of the magnetic axes relative to each haem to be estab-
lished. The orientation of the axial ligands of the haems was
determined semi-empirically from the NMR data, and the struc-
tural results were compared with those of the homologous tet-
rahaem cytochrome from Shewanella oneidensis MR-1 showing
significant similarities between the two proteins.

© 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

The study of haem proteins is of great interest for biological
sciences due to their metabolic importance in a wide range of
biological tasks, such as electron transfer [1], small molecule
binding and transport [2], catalysis and energy conservation
[3], and cell signalling [4].

The tetrahaem cytochrome isolated from Shewanella frigidi-
marina NCIMB400 (Sfc) is one among several periplasmic
c-type cytochromes that is produced by the bacterium under
anaerobiosis [5]. This cytochrome was shown to be involved in

*Corresponding author. Fax: (351)-21-4428766.
E-mail address: cas@itgb.unl.pt (C.A. Salgueiro).

Abbreviations: Sfc, Shewanella frigidimarina NCIMB400 tetrahaem
cytochrome; NOESY, nuclear Overhauser spectroscopy; TOCSY, to-
tal correlation spectroscopy; HMQC, heteronuclear multiple quantum
coherence; Soc, Shewanella oneidensis MR-1 tetrahaem cytochrome

the respiration of Fe(II) [6], one of the several terminal res-
piratory electron acceptors that this organism can utilise [7,8].
Sequence analysis and electron paramagnetic resonance (EPR)
studies suggested that all the haem groups in Sfc are axially
coordinated by two histidine residues [6], and this was con-
firmed by a preliminary determination of the reduced Sfc
haem core architecture in solution by nuclear magnetic reso-
nance (NMR) techniques [9]. This structural study revealed
that the haem core architecture of Sfc is similar to that of
the N-terminal domain of the soluble fumarate reductase fla-
vocytochrome ¢z [10], also produced by S. frigidimarina under
anaerobic growth conditions [11,12]. The recently determined
crystal structure of a similar cytochrome from Shewanella
oneidensis MR-1 is in agreement with these findings [13].

NMR is an important tool for structural and functional
studies of haem proteins, and the electronic structure of low
spin paramagnetic haems can be determined on the basis of
13C NMR data. This provides information on the orientation
of the haem axial ligands and the magnetic properties of the
unpaired electron [14-17]. Empirical equations have also been
presented that allow the geometry of the axial ligands to be
determined using the observed 'H chemical shift of the haem
methyls at 298 K [18,19]. Since the orientation of the magnetic
axes can be deduced from the orientation of the axial ligands
[20], both approaches allow the information contained in
paramagnetic shifts to be used for solution structure refine-
ment [21-24].

In this work, the electronic structure of the four haems in
the Sfc was determined and used to establish the orientation
of the planes of the axial histidines, and the orientation of the
magnetic axes relative to each haem. The g-tensors for each
haem were calculated, which allowed the assignment of the
some EPR signals to the structure.

2. Materials and methods

The Sfc was purified as described previously [6]. The protein was
lyophilised twice with 2H,O (99.96% atom), dissolved in the same
solvent to a final concentration of approximately 3 mM, and the
pH adjusted to 6.1 by addition of 0.1 M NaO?H or 2HCI without
correction for the isotope effect.

NMR experiments were performed on a Bruker DRX500 spectrom-
eter equipped with a 5 mm inverse detection probe head with internal
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Fig. 1. "H-'*C HMQC spectrum of Sfc obtained at 35.7°C. Labels indicate the haem substituents according to [IUPAC-IUB nomenclature with
roman numbers for the four haems in the order of their binding sites in the protein sequence.

By gradient coils and a Eurotherm 818 temperature control unit at
25.1°C and 35.7°C. Nuclear Overhauser spectroscopy (NOESY) spec-
tra were collected with a mixing time of 35 ms and a sweep width of
40 kHz in both dimensions. Total correlation spectroscopy (TOCSY)
experiments were performed with 30 ms mixing time and a sweep
width of 14.7 kHz. The 'H-13C heteronuclear multiple quantum co-
herence (HMQC) spectra obtained from natural abundance samples
were acquired with a sweep width of 40 kHz in F, and 30.7 kHz in Fj.

One-dimensional (1-D) '"H NMR spectra were measured at various
temperatures to follow the temperature dependence of the paramag-
netically shifted haem methyl signals.

'H chemical shifts were calibrated using the water signal as internal
reference [25], and the '3C chemical shifts calibrated using the [3-13C]
signal of lactate at 20.6 ppm.

3. Results

3.1. Resonance assignment
The 16 haem methyl proton signals were assigned in the
diamagnetic ferrocytochrome using two-dimensional NMR

Table 1
Structural assignment of the 'H and '*C resonances to the substituents of the four haems of Sfc at 25.1 and 35.7°C, pH=6.1
T (°O) Group Haem I Haem II Haem III Haem IV
EYs 'H BC TH B3 H B3 'H
35.7
2! —224 9.25 —354 14.66 —34.6 17.19 —23.1 7.37
3! 0.43* 1.34* 15.24* —3.43*
7! —21.6 18.54 —22.3 12.21 —-114 9.88 —44.8 23.11
8! —13.81* —1.77*
12! —29.7 11.70 —514 23.57 —47.1 18.72 —32.7 12.07
13! 12.6 —2.21 —17.6 7.51 26.5% —0.40* —-1.2 1.93
—2.88 5.74 —2.95% —1.66
17! —20.3 12.84 —2.38 4.33 —3.0 6.85 -16.9 10.96
10.84 1.08 4.60 6.93
18! —68.0 36.29 —45.7 21.6 —66.5 37.09 —61.9 32.00
25.1
2! —24.0 9.50 —37.7 15.10 —36.3 17.75 —24.3 7.10
3! —0.91* 1.09 15.39% —3.94%
7! —22.6 18.90 —23.0 11.96 —-12.2 10.00 —47.6 23.85
8! —15.98* —2.27*
12! -31.7 12.10 —54.5 24.40 —49.6 19.30 —34.3 11.89
13! 12.7 —2.49 —18.94 7.41 26.0 —0.57 —1.6 1.42
—3.48 5.55 —3.37 —2.35
17! —21.8 12.93 —34 4.09 —3.7 6.86 —18.6 11.00
10.81 0.57 4.40 6.90
18! —71.8 37.50 —47.9 22.24 —69.5 38.40 —65.4 33.20

The symbol * denotes tentative assignments.
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spectroscopy techniques [9]. All but three haem methyl groups
were cross-assigned to their positions in the spectrum of the
fully oxidised protein using two-dimensional NMR exchange
experiments [9]. The three haem methyls that can not be fol-
lowed are 2!CHY!, 7'CHY, and 12!CHI' (roman numbers
refer to the haem order attachment to the polypeptide chain).
These haem methyl groups have small paramagnetic chemical
shifts at lower fractions of protein oxidation and appear in a
very crowded region of the NMR spectra. In fact, haem III
was shown to be the last haem to oxidise, which explains the
small chemical shift of its methyls in the early stages of oxi-
dation [9].

The 3C resonances of the nuclei directly attached to the
porphyrin rings, and respective protons, were specifically as-
signed by combining the data from NOESY, TOCSY and 'H-
3C HMQC (Fig. 1) experiments obtained for the oxidised
protein, following the strategy described for Desulfovibrio vul-
garis cytochrome c3 [15,26]. This strategy was successfully
applied to Sfc and confirmed independently the specific as-
signment of the haem methyl groups followed by 2-D NMR
exchange experiments. The 'H and *C chemical shifts mea-
sured for the carbons directly bonded to the porphyrin ring
and respective protons in the Sfc oxidised cytochrome are
listed in Table 1 (IUPAC-IUB nomenclature is used through-
out the paper for the haem substituents). The data reported as
tentative were not used in the calculations of the haem elec-
tronic structure.

3.2. Determination of the haem electronic structure

The model for analysing the '*C shifts of haem signals in
terms of the haem molecular orbitals can only be applied
when there is no contribution of high-spin states to the ob-
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Fig. 2. Temperature dependence of the downfield shifted haem
methyl signals of Sfc. Labels as in Fig. 1.
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Fig. 3. Experimental and calculated *C shifts of haem substituents
and orientation of the axial ligands derived from these data. A:
Paramagnetic '*C shifts of the o-substituents of the porphyrin. The
values were calculated from the experimental data reported in Table
1 corrected for the diamagnetic references (12.1 ppm for methyls,
36.5 ppm for thioethers and 22.5 ppm for o-propionates) reported
in the literature [27]. For each of the four haems, the left column
represents the experimental shift by the length of the lines directed
towards the pyrrole carbons that bear the substituent, with the iron
at the origin. The right column shows the calculated contact shifts
from the fitting reported in Table 2. For clarity, the lines for haem
1 were labelled according to IUPAC-IUB nomenclature for the pyr-
role carbon that bears the substituent. B: Orientation of the axial
histidine planes projected onto the haem determined from the fitting
of the 3C NMR data to the model of haem molecular orbitals. The
histidine planes of haems I and III are occluded. The orientations
of the rhombic perturbation and of the magnetic yy, axis are also
shown. The haem pyrrole rings are labelled according to the nomen-
clature of Fisher.

served chemical shifts [15]. Fig. 2 shows the temperature de-
pendence of the 'H signals arising from the haem methyls. All
signals, including those at lowest field, display a linear depen-
dence of the chemical shift with temperature, which indicates
that there are no contributions from high-spin states in the
temperature range 5-35.7°C.

Fig. 3A represents schematically the experimental and cal-
culated paramagnetic '>C shifts of the carbons directly
bonded to the porphyrin ring and shows that the pattern of
shifts is well described by the model for the haem molecular
orbitals [15]. The results of the fit of the model to the 1*C data
at the two temperatures are reported in Table 2.

The parameter 6 represents the orientation of the rhombic
perturbation that mixes the frontier molecular orbitals of the
haem. It is defined relative to the Nc—Np axis of the porphyr-
in with positive angles between Nc, Ng and Na [27]. The
orientation of the rhombic perturbation has been found to
agree with the orientation of the bisector of the angle defined
by the normals to the planes of the axial ligands [19]. Also, in
several bis-histidine cytochromes for which the principal axes
of the magnetic susceptibility tensor have been determined



R.O. Louro et al|[FEBS Letters 531 (2002) 520-524

Table 2

523

Parameters obtained by fitting the model of haem molecular orbitals to the *C shifts of the haem substituents, and geometric parameters of

the axial ligands derived from those parameters

Parameter Haem I Haem II Haem III Haem IV
0 (°) —17.6 (0.3) =53 (1) —29.5 (0.4) —13.3 (0.3)
AE (kJ/mol) 6.5 (0.2) 1.66 (0.04) 5.6 (0.2) 4.0 (0.1)
B 0 73 0 34

The values in parentheses indicate the standard error associated with the molecular orbital parameters assuming that the chemical shifts have
an experimental uncertainty of 1 ppm. The hyperfine coupling constant (Qcc) was set to the value of —36 MHz, previously determined from a

large collection of multihaem cytochromes ¢ [16].

independently, 6 agrees very well with the negative in-plane
rotation of the axis yyy.

It has been shown that the energy splitting of the frontier
molecular orbitals (AE) has a similar value to the rhombic
splitting of the Kramers doublets that arise from mixing d,.
and d,. orbitals of the iron when it is in a cubic crystal field
with axial and rhombic distortions [27]. Hence, the g-tensor
associated with each haem can be calculated from the data
reported in Table 2 by assuming the value of 2.834 for the
axial splitting, obtained by fitting data from several bis-histi-
dine haems, with A equal to 279 cm™! [17].

Finally, AE has been found to relate to the acute angle
between the axial ligand planes via the empirical equation
AE = (5+cos46)cos B [16].

4. Discussion

Fig. 1 shows the assignment of the great majority of the
paramagnetically shifted resonances in the 'H-3C HMQC
spectrum. As reported in Table 1, only a few haem signals
are either unassigned or remain tentative, and these are lo-
cated in spectral regions which are crowded either in the pro-
ton or carbon frequency or both.

The results reported in Table 2 show that haems I and III
are very similar with respect to the orientation of the haem
axial ligands. Indeed, as shown in Fig. 3, the axial histidines
are expected to have parallel planes that lie within the sector
defined by the vectors Na—Fe and Fe-Np. Haems with paral-
lel histidine ligands have rhombic EPR signals [28] and, given
the approximations in the calculation [27,29], the results are in
good agreement with the principal values g.=2.83, g, =2.22
and g, =1.53 observed in the EPR spectrum [6] (Fig. 4). The
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Fig. 4. X-band EPR spectrum of Sfc measured at pH 7.0 at 10 K
[6]. Arrows indicate the spectral features discussed in the text.

g-values calculated for haems I and III are reported in Table 3
and it is evident that the EPR signals arising from these two
haems must be strongly overlapped. It should be noted that
the energy splitting of the orbitals obtained for haem I is
slightly larger than the expected maximum of 6 kJ/mol for
bis-histidine coordination of a low spin haem [16]. The energy
splitting is determined from the anisotropy of the shifts of the
haem substituents, which the model assumes will have inver-
sion symmetry with respect to the iron, and from the temper-
ature dependence of those shifts. Fitting the data at each
temperature did not alter the resulting splitting, which indi-
cates that the pattern of shifts is indeed more anisotropic than
expected. It is common to observe some asymmetry between
the shifts of diametrically opposed substituents, which may be
caused by the presence of other paramagnetic haems or dis-
tortions of the haem macrocycle [16]. The analysis of '*C
shifts normally has the advantage of averaging pairs of sub-
stituents but, in this case, the 8!CH resonance was not found.
The 'H shifts of 18!CHj are also unusually large in haems I
and III, exceeding the maximum values predicted by the em-
pirical formulae [18,19] by about 2 ppm.

The NMR data indicate that haem IV has a value of 6
similar to that observed for haem I, with a smaller value of
AE from which we predict a dihedral angle of 34° between the
axial ligand planes and a value of 3.21 for g.. The broad
shoulder observed in the EPR spectrum at g>3 certainly
includes a contribution from this haem. Furthermore, the val-
ue of g, at 2.10 may be responsible for the asymmetry of the
strong signal at g=2.20.

Haem II has a very small value of AE, which makes this
haem the most nearly axial of the four and predicts a large
dihedral angle 8 between the axial ligand planes (see Fig. 3B).
The calculated g-values are g.=3.61, g, =1.48 and g, =0.28.
The values of g, and g, are too low to be easily observable in
the EPR spectrum, and the g. signal, which may be broadened
by slight heterogeneity of the ligand orientations in the frozen
sample, may be associated with the broad shoulder that also
includes the g.-value of haem IV. The orientation of the
rhombic perturbation becomes less well defined as the haem
approaches axial symmetry, which is reflected in the larger
standard error associated with the parameter 6 for haem II

Table 3

g-Values calculated for the four haems using the energy of rhombic
splitting obtained from the model for the haem molecular orbitals
with an axial splitting of 2.834, with A=279 cm™! [17]

g-value Haem 1 Haem 11 Haem 111 Haem IV
g- 2.89 3.61 2.99 3.21
gy 2.31 1.48 2.26 2.10
g 1.49 0.28 1.38 1.10
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and, hence, for the orientation of the ligands. In the limit, the
rhombic perturbation vanishes and its orientation is totally
undetermined, but the conclusion that the ligand planes
have near-perpendicular relative orientations remains valid.

The geometry of the axial ligands of cytochromes may also
be determined from the paramagnetic 'H shifts of the haem
methyls at 298 K using the empirical methods described in the
literature [18,19]. However, given the close spatial proximity
of haems II and III in this multihaem cytochrome, particu-
larly for pyrrole rings A and B [9], and the greater sensitivity
of 'H to extrinsic pseudo-contact shifts generated by neigh-
bouring haems, those methods are not expected to give reli-
able results.

Recently, a structure of the soluble periplasmic tetrahaem
cytochrome from S. oneidensis MR-1 (Soc) was published [13].
In that work, the authors state that haems I and III have
parallel axial ligands and haems II and IV have perpendicular
axial ligands. This statement is in qualitative agreement with
the EPR spectrum for that protein [30], which is similar to the
EPR spectrum of Sfc with a clear set of rhombic and axial
signals. Thus, the structural information obtained in this work
and from the X-ray structure of Soc, together with the spec-
troscopic information obtained by EPR for the two proteins
shows that the two proteins are very similar with respect to
the orientation of the axial histidines of the haems, as well as
the relative orientations of the haems themselves. This is not
always the case as was observed for the cytochromes ¢3 from
the Desulfovibrionaceae family in which there is considerable
scatter in the orientation of the axial histidines in structurally
homologous proteins [16].

5. Conclusions

This study allowed the electronic structure of the paramag-
netic haems of Sfc to be determined, which defines the orien-
tation of the axial ligands relative to the haem plane [15]. The
results show that the Sfc and Soc are very similar with respect
the geometry of the haem ligands. These data are also impor-
tant for refining solution structures of the ferricytochrome
given the difficulty in measuring NOE volumes in the vicinity
of the paramagnetic haem. First, the orientations of the axial
histidines may be constrained within the range of experimen-
tal error. Since the analysis considers only the ligand plane,
the results are eight-fold degenerate with respect to the actual
orientation of the & and g carbons of the axial histidines.
However, the degeneracy may be lifted by reference to pre-
liminary calculated structures [24,31]. Furthermore, this anal-
ysis provides constraints on the orientation of the magnetic
susceptibility tensor of each haem, which determines the pseu-
do-contact shifts experienced by nuclei throughout the pro-
tein. The z axis is typically found within a few degrees of the
normal to the haem plane, and the y axis is rotated through
the negative of the angle 6. Constraining the orientation of the
magnetic axes improves both convergence and resolution
when pseudo-contact shifts, which provide important addi-
tional geometric constraints, are included in the calculation
of solution structures of molecules with paramagnetic centres
[23].
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