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Abstract

The characterisation of individual centres in multihaem proteins is difficult due to the similarities in the redox and spectroscopic properties of
the centres. NMR has been used successfully to distinguish redox centres and allow the determination of the microscopic thermodynamic
parameters in several multihaem cytochromes c; isolated from different sulphate-reducing bacteria. In this article we show that it is also possible
to discriminate the kinetic properties of individual centres in multihaem proteins, if the complete microscopic thermodynamic characterisation is
available and the system displays fast intramolecular equilibration in the time scale of the kinetic experiment. The deconvolution of the kinetic
traces using a model of thermodynamic control provides a reference rate constant for each haem that does not depend on driving force and can be
related to structural factors. The thermodynamic characterisation of three tetrahaem cytochromes and their kinetics of reduction by sodium
dithionite are reported in this paper. Thermodynamic and kinetic data were fitted simultaneously to a model to obtain microscopic reduction
potentials, haem—haem and haem—proton interacting potentials, and reference rate constants for the haems. The kinetic information obtained for
these cytochromes and recently published data for other multihaem cytochromes is discussed with respect to the structural factors that determine
the reference rates. The accessibility for the reducing agent seems to play an important role in controlling the kinetic rates, although is clearly not
the only factor.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction small (13.5—15 kDa) soluble protein that contains four c-type

haems, covalently bound to the polypeptide chain through

Sulphate-reducing bacteria are anaerobes with a highly
versatile metabolism, having a large variety of electron transfer
proteins. Tetrahaem type I cytochrome c5 (Tplcs) is a periplasmic
protein found in all organisms belonging to the Desulfovibrio-
naceae family, where it is produced in large quantities [1]. It is a
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thioether bonds, with bis-histidinyl axial coordination. Tplc; is
considered to be the physiological partner of the periplasmic
hydrogenase and is an essential component of the electron
transport chain, coupling the oxidation of molecular hydrogen to
sulphate respiration that occurs in the cytoplasm [2,3].
Structures of cytochromes c; isolated from various sulphate-
reducing bacteria species have been determined by X-ray
crystallography [4—10] and by Nuclear Magnetic Resonance
(NMR) [11-13]. The architecture of the haem core is conserved
in these cytochromes despite the lack of homology in their
aminoacid sequence, and is also observed in other membrane-
associated cytochromes such as type II cytochrome ¢z (Tpllcs)
[7]. Due to their close proximity, the haems present homotropic


https://core.ac.uk/display/81972101?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:catarino@itqb.unl.pt
http://dx.doi.org/10.1016/j.bbabio.2007.06.005

1170 C.M. Paquete et al. / Biochimica et Biophysica Acta 1767 (2007) 1169-1179

redox cooperativity [14]. Furthermore, the reduction potential of
the haems is very negative and pH dependent in the physio-
logical pH range (redox—Bohr effect). These properties allow
Tplcs to receive the electrons and protons produced by hydro-
genase in the oxidation of molecular hydrogen and perform
energy transduction, activating protons which can drive ATP
synthesis [2].

Apart from NMR several techniques have been used to
study the electron transfer process in these proteins including
Mossbauer spectroscopy [15], electron paramagnetic resonance
(EPR) [16-20], cyclic voltammetry [21,22], pulse radiolysis
[23] and resonance Raman [24]. Discrimination of the midpoint
reduction potentials of the haems is usually difficult because of
their close proximity and the potentials obtained are generally
macroscopic, since interactions among the haems cannot be
considered. These methods also lack information to attribute
redox potentials to specific haems in the structure.

NMR spectroscopy however, can be used to follow individual
haems in the structure of multihaem proteins, particularly
through the resonances of methyl substituents. The four haem
irons in cytochromes c; are low spin, and the methyl resonances
are usually well resolved in the paramagnetic (S=1/2) oxidised
form. Dobson et al. [25] and McDonald et al. [26] used NMR to
study the intermediate oxidation stages which develop between
the fully reduced and the fully oxidised states of cytochrome c3
from Desulfovibrio vulgaris Hildenborough and Desulfovibrio
gigas. However, due to difficulties in achieving full reduction
and to poor sensitivity, these early reports are incomplete. Moura
et al. [27] analysed the complete NMR reoxidation pattern of
D. vulgaris Hildenborough cytochrome c; taking into account
the 16 redox microstates that correspond to different configura-
tions of oxidised and reduced haems in the four-centre molecule.

In 1984, Santos et al. [14] used NMR data to calculate nine
thermodynamic parameters for D. gigas cytochrome c3: three
relative reduction potentials and six haem—haem interacting
potentials for each pH value studied. However, the absolute values
for the reduction potentials were not measured and the interactions
appeared to be pH dependent, although with large uncertainties.
Coletta et al. [28] therefore proposed a thermodynamic model
with distinct acidic and basic forms and sought to determine its
parameters from the same NMR data set and potentiometric
titrations followed by visible spectroscopy, but the 21 parameters
(four haem reduction potentials and six haem—haem redox
interaction potentials for each form plus one pK,) are ill-defined.
In fact there is no evidence for a major conformational change
between acidic and basic forms and the pH dependence can be
explained by interactions between the ionisable group and each of
the four haems [29]. This leads to a model that involves five
charged centres (four haems with their reduction potentials and
one acid—base centre with its pK,) and pairwise interactions
between them (six haem—haem interactions and four redox—Bohr
interactions), reducing the number of parameters to 15. This
model, and its extension to include two ionisable centres, has been
used for the detailed characterisation of several tetrahaem
cytochromes c; [9,29—32] and also a trihaem cytochrome ¢ [33].

Kinetic data on the electron transfer between small artificial
electron donors and cytochrome c; has also been obtained using

several techniques [9,23,32-42]. In some of these studies the
kinetic traces are treated as sums of exponentials [34,37]; the
rate constants obtained would be those of individual haems only
if there is no haem—haem interaction and no intramolecular
electron transfer, otherwise there is no simple relationship. In
fact, electron transfer within cytochromes c¢; tends to be
extremely fast and so the process of reduction (or oxidation)
of each molecule is properly described as a series of one-
electron steps [35]. The rate constants for the consecutive steps
are measurable, particularly with the use of samples that are
partially reduced [39,40,42], but the rates only correspond to the
reduction rates of individual haems if the redox potentials are
widely separated and the rates follow the order of reduction,
such that the first haem to be reduced is also the fastest, and so
on. Catarino et al. [39] used a thermodynamic approach to
deconvolute the rate constants for the reduction of the individual
haems of D. gigas cytochrome c3, again assuming different
properties for acidic and basic forms of the protein. It is clear
that it is not generally possible to separate the contributions of
different centres to the kinetic traces without having a complete
thermodynamic characterisation, which was not available at the
time. The thermodynamic model of pairwise interactions [29] is
sufficiently simple for all of the parameters to be determined,
and it provides the necessary basis for analysing kinetic
properties. Catarino and Turner [41] used the thermodynamic
parameters to determine the concentrations of all of the redox
microstates in the protonated and deprotonated forms and used
Marcus theory [43] to determine the contribution of the driving
force to the rate of reduction of each haem in each one-electron
step (there are 64 such steps in the presence of one acid/base
group). The remaining factor in the individual rates is a
reference rate constant that reflects the different environment of
each haem. Since each kinetic trace provides a maximum of four
parameters, it is assumed that each haem has a different
reference rate constant that remains constant throughout the
reduction and is not changed by protonation. This model has
been used to characterise the kinetic behaviour, including its pH
dependence, of several tetrahaem cytochromes c; [9,32], and of
a trihaem cytochrome c3 [33].

In this work an extensive set of data obtained for different
cytochromes c3 is fitted simultaneously to the thermodynamic
and kinetic models as a rigorous test of their applicability, and
the resulting kinetic parameters are discussed with respect to the
protein structures.

2. Materials and methods

2.1. Thermodynamic studies

2.1.1. Sample preparation

The NMR samples of cytochrome c¢; from and D. gigas and D. vulgaris
Hildenborough were prepared in the reduced and intermediate stages of
oxidation at different pH values as previously described [29]. The ionic strength
was adjusted to 50 mM by addition of KCI.

2.1.2. NMR spectroscopy

Two-dimensional 1H-NMR spectra were collected in a Bruker DRX-
500 spectrometer at 298.0+ 1.0 K. The NMR data were obtained as previously
described [44].
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2.1.3. Visible spectroscopy

Anaerobic redox titrations of the cytochromes c3 followed by visible
spectroscopy were performed at 298.0+1.0 K as described in the literature [9].
D. gigas and D. vulgaris Hildenborough cytochrome c¢; solutions were prepared
in 50 mM Tris/maleate buffer at pH 6.5 and 7.8, and Desulfovibrio desulfuricans
ATCC 27774 cytochrome c; solutions were prepared in 100 mM Tris/maleate
buffer at pH 6.4 and 7.9. All buffers and protein solutions were prepared inside
an anaerobic chamber. To ensure rapid equilibration between the electrode and
the redox centres of the protein a mixture of redox mediators was selected
according to the procedures defined in the literature [45]: methyl viologen,
neutral red, diquat, safranine O, anthraquinone 2,7-disulfonate, anthraquinone 2-
sulfonate, indigo tetrasulfonate, indigo disulfonate and indigo trisulfonate were
used for all experiments. To this mixture were added phenosafranine for the
titrations performed at pH 6, and methylene blue and gallocyanine for the ones
performed at pH 7. Different concentration ratios of protein versus mediators
were tested in order to check for possible effects resulting from specific
interaction of mediator molecules with the protein. For each protein and pH
value the redox titrations were repeated at least twice, both in the oxidative and
reductive directions to check for hysteresis and reproducibility.

The reduced fraction of the cytochrome c; was determined by integrating the
area of the o peak above the line connecting the flanking isosbestic points in
order to subtract the optical contribution of the redox mediators. The data
presented here were obtained with protein concentrations of ca. 40 uM and 1.2—
2 puM for each mediator.

2.2. Kinetic studies

2.2.1. Sample preparation

Stock solutions of cytochromes c¢; from D. vulgaris Hildenborough, D.
gigas and D. desulfuricans ATCC 27774 were degassed with cycles of vacuum
and argon in order to remove dissolved oxygen and transported into an anaerobic
chamber. The buffer solutions were prepared inside the anaerobic chamber with
degassed water. Tris/maleate buffer in the pH range 5.5-8.5 was used in all
kinetic experiments and the actual pH of the reaction was measured after
each experiment. The concentration of the buffers after mixing was 50 mM
for D. vulgaris Hildenborough and D. gigas cytochromes c3, and 100 mM for
D. desulfuricans ATCC 27774 cytochrome c3. The concentration of protein was
determined after each experiment by UV-visible spectroscopy using &ss,=
120 000 M~ ' cm™" for the reduced protein. The concentration of the protein
was 1-2 uM after mixing.

The reducing agent, sodium dithionite, was recrystallised to give > 95% pure
material. The recrystallisation of commercial sodium dithionite was based on the
work of C. McKenna [46] adapted to be performed inside an anaerobic chamber.
Solid sodium dithionite was added to degassed Tris/maleate buffer 5 mM at pH
8.5, inside the anaerobic chamber, to give the approximate desired concentra-
tion. The ionic strength of this buffer was set to 100 mM with KCIl, for the
experiments with D. desulfuricans ATCC 27774 cytochrome c;. For each
experiment the actual concentration of the reducing agent was measured, inside
an anaerobic chamber, by UV-visible spectroscopy using 314=8 000 M ' cm
[47]. The concentration of sodium dithionite was 100—200 uM after mixing. The
nature of the reducing species was determined according to the method of
Lambeth and Palmer [48].

2.2.2. Data collection

Rapid mixing kinetic experiments were carried out on a HI-TECH Scientific
SF-61 stopped-flow instrument inside an anaerobic chamber where the oxygen
level was kept below 0.2 ppm. The data were acquired at 552 nm using a large
excess of dithionite to guarantee irreversible pseudo first order kinetics in
practice. The temperature was kept at 298.0+ 1.0 K using an external circulating
bath.

The reference value for the optical density (OD) of the protein in the fully
oxidised state was obtained by mixing the protein with potassium ferricyanide,
and the reference value for the OD in the fully reduced state was obtained from
the final absorbance taken at effectively infinite time after each experiment.

To perform rapid mixing kinetics with various degrees of reduction of the
starting material a few microliters of a concentrated sodium dithionite solution
was added to the protein solution before the experiment to give the desired
degree of reduction.

The experimental data obtained for the different cytochromes c; at different
pH values was normalised in order to have oxidised fraction versus time. The
time scale was corrected for the dead time of the apparatus.

2.2.3. Thermodynamic and kinetic modelling

The data from redox titrations followed by NMR and by visible spectro-
scopy and from kinetic experiments were fitted simultaneously to a
thermodynamic model [29] and to a kinetic model [41]. These models consider
5 or 6 [31] charged centres interacting with each other, which correspond to the
four haems and one or two acid base groups.

Working in conditions of fast intramolecular electron exchange and slow
intermolecular electron exchange in the NMR timescale, a separate set of NMR
resonances is observed for the protons of the haems in each of the five oxidation
stages (numbered 0—4, according to the number of oxidised haems). The
resonance positions and line widths of one methyl group from each haem can be
followed in different stages of oxidation, at different pH values. These chemical
shifts depend on the ratio between the molar fraction of the microstates in which
the haem considered is oxidised and the states in which the same haem is reduced.
Thus the shifts are governed by the relative microscopic redox potentials of the
haems in that stage of oxidation. The choice of the methyl group to be followed is
important and it should preferably point towards the protein surface to minimise
the contribution from the extrinsic dipolar shifts caused by nearby oxidised
haems. Nevertheless, the chemical shifts were corrected for these extrinsic
paramagnetic shifts using methods described in the literature [49].

The observation of intermediate stages of oxidation in the NMR data only
establishes the relative reduction potentials of the haems. The calibration of the
absolute potentials and of the haem—haem interactions was done using data from
redox titrations followed by visible spectroscopy.

The complete kinetic scheme for electron transfer between a four centre
protein and a one-electron donor is extremely complex and intractable. Even
with the simple collisional approach and no pH dependence, 16 microstates
with 32 possible electron transfer microsteps must be considered. However if
the electron transfer between protein molecules is slow and the intramolecular
electron transfer between the centres is fast on the time scale of the ex-
periment, this complex system collapses into a simple kinetic scheme of 4
consecutive macroscopic electron transfer steps and so it yields only 4
measurable rate constants [41]. Under these conditions the distribution of
electrons inside the multicentre protein is thermodynamically controlled within
each redox stage, and the rate constant of each step is a population weighted
average of the rate constants of the microscopic electron transfer steps that
contribute to that particular step. The relation between rates of different
microsteps where the same haem is being reduced can be obtained using
Marcus theory for electron transfer [43] and a set of reasonable assumptions
[41]. The rate constants of the microsteps depend on the thermodynamic
driving force, on the reorganisation energy (1) and on structural factors that
account for distance, orientation and binding affinity between the electron donor
and the protein. Assuming that the reorganisation energy and the structural
factors do not change during the reduction process, the rate constant of a
particular microstep, &, (i is the centre that is being reduced in microstep j), can
be expressed as a reference rate constant, &7, multiplied by an exponential factor
that accounts for the driving force associated with electron transfer in that
microstep (Eq. (1)):

dF (| e _dF
2RT A 22

In Eq. (1) & is the microscopic midpoint potential of centre i when it is
reduced in microstep j, ep is the midpoint potential of the electron donor (—0.3
V) [50], and A is the reorganisation energy, taken as 1 eV [51]. In model 1 [41]
the values of e, and A are assumed to be constant during the reduction process
and each centre is assigned a reference rate constant, making up the 4 variables
available to describe the system.

According to this model, the shape of the kinetic curves also contains
information about the midpoint potentials of the redox centres, their pH
dependence, and the interactions between them. Therefore, the NMR, visible,
and kinetic data were fitted simultaneously, using the Marquardt method, to
obtain the thermodynamic parameters and the reference rate constants of the
centres.

kf = klexp (1)
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3. Results

Two-dimensional exchange-correlated NMR spectra of
cytochromes ¢z from D. vulgaris Hildenborough and D. gigas
were obtained under conditions (ionic strength and temperature)
of fast intramolecular electron exchange and slow intermole-
cular electron exchange in the time scale of the experiments.
The chemical shift and the line width of one methyl group
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resonance from each haem were measured in each stage of
oxidation at different pH values. New NMR experiments for D.
vulgaris Hildenborough and D. gigas cytochromes c; were
performed at a higher ionic strength than those published
previously [29,30] to match the experimental conditions used in
the visible redox titrations and kinetic experiments. Since the
results showed that the increase in ionic strength had no
significant effect on the chemical shifts of the methyl groups, old
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Fig. 1. pH dependence of the "H-NMR chemical shifts of one methyl group from each of the four haems in different stages of oxidation (stages 1 (A), 2 (O), 3 ([J) and
4 (O)): (A) D. gigas cytochrome c3 with M18' I, M7' 11, M12" 11T and M18' 1V; (B) D. vulgaris Hildenborough cytochrome ¢ with M2' I, M18' II, M12' III and
M18' IV; (C) D. desulfuricans ATCC 27774 cytochrome ¢ with M18' I, M18" I, M12" 11l and M18" IV. The full lines represent the best fit of the data using the

parameters reported in Table 1.
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Fig. 1 (continued).

and new NMR data were used together in the fittings (Fig. 1).
The NMR data used for the characterisation of D. desulfuricans
ATCC 27774 cytochrome c3 were those previously published
[31] (Fig. 1).

The redox titrations followed by visible spectroscopy allow
the calibration of the relative values of redox potentials and
interactions to the absolute redox scale. The data used for the
fittings (Fig. 2) are fully reversible, reproducible, and free of
distortions caused by interaction with the redox mediators since
it did not change with further decreasing the ratio of mediators
versus protein.

The kinetic data for the fully oxidised samples are shown in
Fig. 3. The traces are typically biphasic, which indicates that the
rates of only two out of the four possible electron transfer steps
can be measured from a single trace. However, this information
is supplemented by experiments with partially reduced starting
materials (data not shown) and, most importantly, the traces are
pH dependent.

The observed rate constants obtained from exponential
fittings of kinetic traces acquired at a single pH for different
sodium dithionite concentrations show a linear dependence on
the square root of the dithionite concentration for the three
cytochromes [34, 39 and this work (data not shown),] indicating
that the reducing species is SO, , the dissociation product of
dithionite. Therefore, the rate constants are calculated with
respect to the concentration of SO, using the dissociation
constant given by Lambeth and Palmer, K4=1.4x10"° M [48].

The curves obtained from the simultaneous fit of the
thermodynamic and kinetic models to the full set of NMR,
visible redox titration, and kinetic data are presented in Figs. 1—
3. Table 1 reports the optimised thermodynamic parameters
obtained for each protein where the diagonal terms are the free

energies of oxidation (haems I to IV) and deprotonation of the
acid—base centre in the fully reduced and protonated form.
Above the diagonal are the pairwise coupling energies between
the redox centres, and between the redox centres and the acid—
base centre(s). Table 2 presents the macroscopic pK,s for the
ionisable(s) centre(s) associated with each of the five stages of
oxidation for the different cytochromes cs.

Due to the pH dependence of the NMR data for D.
desulfuricans ATCC 27774 cytochrome c; it was necessary to
add one extra acid—base centre to the 5-centre thermodynamic
model [31]. However due to the lack of features in the NMR
spectroscopic data it was not possible to define the interactions
between this extra acid—base centre and the haems II, IIT and 1V,
the interaction of the first acid—base centre with haem I, or the
proton—proton interaction.

All the haems in the cytochromes studied in this work show
negative energies of interaction with the acid—base centre, i.e.
positive heterocooperativity, as expected on electrostatic
grounds for transfer of particles with opposite charges. The
reduction potential of haem I is always one of the most affected
by pH, which is in agreement with the identification of
propionate 13 of haem I (nomenclature according to the
IUPAC-IUB recommendations [52]) as the main residue
responsible for the redox—Bohr effect in these cytochromes
[30,31,53]. The haem—haem redox interaction energies should
be positive, corresponding to negative homocooperativities, if
they were caused solely by electrostatic effects. However, D.
gigas and D. vulgaris Hildenborough cytochromes c; present
negative redox interaction energies between some of the haems,
which implies the existence of redox-related conformational
changes such as those observed by NMR and X-ray studies
[7,8,11,12,54]. These homotropic and heterotropic cooperativ-
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Fig. 2. Visible redox titrations performed at 298 K at different pH values: (A)
D. gigas cytochrome c¢; at pH 6.5 (filled symbols) and pH 7.8 (open symbols);
(B) D. vulgaris Hildenborough cytochrome c; at pH 6.5 (filled symbols) and 7.8
(open symbols); (C) D. desulfuricans ATCC 27774 cytochrome c¢; at pH 6.4
(filled symbols) and pH 7.9 (open symbols). The solid lines represent the best fit
of the experimental data using the parameters reported in Table 1.

ities allow cytochrome c; to couple the transfer of electrons and
protons, a process termed “proton-thrusting” [2], which is
fundamental for its physiological function as partner of the
periplasmic hydrogenase.

Fitting the kinetic traces of each cytochrome with the
thermodynamic parameters previously determined [8,29,30]
quantitatively reproduces their pH dependence. However, since
the kinetic data cover a wider range of pH values than the redox
titrations used to obtain the thermodynamic parameters, a small
improvement is obtained by fitting the NMR, kinetic, and new
visible titration data simultaneously for each cytochrome. This
did not change any of the thermodynamic parameters sig-
nificantly. The fitted kinetic curves are presented in Fig. 3 and
the reference rate constants for the individual haems, k?, that
were obtained in the fit are presented in Table 3, together with
results from earlier studies [9,32].

In order to test the significance of the parameters obtained,
we also applied model 2 of Catarino and Turner [41] (data not
shown) in which it is assumed that the structural effects are

identical for each haem in each oxidation stage but that they
change as the protein is reduced. There are in fact conforma-
tional differences between fully oxidised and fully reduced
cytochromes c3 but they are small with respect to the differences
between the environments of the four haems. This model is
equivalent to model 1 only in the limit that the redox potentials
of the haems are sufficiently well separated for one haem to be
fully reduced in each reduction step, which is not the case in the
cytochromes ¢z and so model 2 serves as an effective control.

The quality of the fit to model 1 was markedly better than
that obtained with model 2 for D. gigas, D. africanus Tplcs,
and D. africanus Tpllc; and there was essentially no difference
between the two models for D. vulgaris Hildenborough, Dsm.
norvegicum, Dsm. baculatum and D. desulfuricans ATCC
27774. Dsm. norvegicum and Dsm. baculatum are closely
similar proteins in all respects, and D. desulfuricans ATCC
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Fig. 3. Kinetics of reduction of various cytochromes c; by sodium dithionite at
different pH values: (A) D. gigas cytochrome c3 at pH 8.5 (upper trace), pH 7.3
(middle) and pH 6.1 (lower). The concentration of sodium dithionite was
109 pM and the concentration of protein was 1.3 pM; (B) D. vulgaris
cytochrome ¢ at pH 8.5 (upper trace), pH 7.3 (middle) and pH 6.0 (lower). The
concentration of sodium dithionite was 100 uM and the concentration of protein
was 1.6 uM; (C) D. desulfuricans ATCC 27774 cytochrome c; at pH 8.4 (upper
trace), pH 7.2 (middle) and pH 5.9 (lower). The concentration of sodium
dithionite was 208 pM and the concentration of protein was 2.0 uM. The dotted
curves are the fit to the data using the parameters reported in Tables 1 and 2.
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Table 1

Thermodynamic parameters determined by fitting the NMR, visible and kinetic
data for the D. gigas, D. vulgaris Hildenborough and D. desulfuricans ATCC
27774 cytochromes c3

Haem I Haem II Haem III Haem IV Ionisable
centre
(4) D. gigas cytochrome c;
HaemI -279(2) -15(3) 51 (3) -16 (7) —62(2)
Haem I —262(2) -52(4) 59 (4) —25(2)
Haem III —240 (3) 22.(3) —38(2)
Haem IV =227 (7) —18 (3)
Tonisable 491 (4)
centre
(B) D. vulgaris cytochrome c3
HaemI —-252(2) -39(1) 19 (1) 3(3) -74(3)
Haem I -284 (2) 1(1) 10(2) —36(2)
Haem III -343 (1) 34(2) -23(2)
Haem TV 293 (2) —14(2)
Tonisable 454 (3)
centre
Haem 1 HaemII Haem Il Haem IV Ionisable Ionisable

centre H; centre H,

(C) D. desulfuricans ATCC 27774 cytochrome c;
Haem I =237 (2) 3(2) 62 (6)
Haem II -279 (2) 40 (10)
Haem III =215 (9)
Haem IV
Ionisable

centre

Hi
Tonisable

centre

H,

20 (5) - ~88 (5)
12(6) -633) -
48(2) -55(6) -

-206(6) —-33(4) -

40(3) -

377 (4)

The fully reduced and protonated protein was taken as the reference state for all
haems. Diagonal terms (in bold) are oxidation energies of the haems and
deprotonation energies of the acid/base centre(s). Off-diagonals terms are the
redox and redox—Bohr interactions energies. All values are reported in meV.
Standard errors are given in parenthesis.

27774 is unusual insofar as two redox—Bohr interactions are
required to explain the data but some of the additional
parameters could not be defined. Since the trend of distinction
between models 1 and 2 correlates well with the standard errors
found for the reference rates of individual haems (Table 3), with
the sole exception of D. vulgaris Hildenborough, it appears that
the reduction rates of the individual haems are indeed
measurable and distinguishable even though the uncertainties
are quite large in some cases.

The complicated relationship between the rates of reduction
of individual haems and the rates of the consecutive one-

Table 2

Macroscopic pK,s for the ionisable(s) centre(s) associated with each of the
five stages of oxidation for the D. gigas, D. vulgaris Hildenborough and
D. desulfuricans ATCC 27774 cytochromes c3

Cytochrome c3 Stage 0 Stage 1 Stage 2 Stage 3 Stage 4

D. gigas 8.3 7.4 7.0 6.2 5.9

D. vulgaris 7.7 7.2 6.5 5.6 52

D. desulfuricans 7.4 7.0 6.4 5.8 4.9
ATCC 27774 6.4 6.2 5.3 5.0 4.9

Table 3
Reference rate constants for each haem, &7, for all the cytochromes ¢ studied so
far

AT Y Haem 1 Haem 1II Haem III Haem IV~ Reference
D. gigas 7.0(04) 0.0(0.3) 3.9(0.5) 10.0(0.4) This
work
D. vulgaris 154 (0.6) 62.9(0.8) 0.8(0.8) 11.2(0.8) This
Hildenborough work
D. desulfuricans 13.9 (5.1) 14.7(49) 2.0@3.0)0 9.6(3.1) This
ATCC 27774 work
Dsm. norvegicum 5.0 (11.0) 97.0 (7.0) 5.1 (0.8) 1.0 (10.0) [9]

Dsm. baculatum  16.0 (9.0) 98.0 (10.0) 3.4 (0.6) 0.0 (6.0) [9]
D. africanus 82(4.0) 165(L.1) 12(02) 64(40) [32]
D. afiicanus 8.1(09) 2927 0349 459(4.0) [32]

Tpllcs

Standard errors calculated assuming an experimental error of 5% in the kinetic
traces are given in parentheses.

electron reduction steps is illustrated by considering the fraction
of electrons entering the molecule through each haem in each
step (Table 4), which can be calculated using the reference rate
constants, the driving force for each microstep, and the
populations of the microstates.

The first step of reduction In D. gigas cytochrome c; is
dominated by haem IV, which has both the highest reference
rate constant and the larger driving force (highest reduction
potential). Since it is the first haem to be reduced, haem 1V is
less available in the subsequent steps of reduction because only
a small fraction remains oxidised and ready to receive electrons
(Fig. 4A).

Although haem IV is also the first to be reduced in D.
vulgaris Hildenborough cytochrome c3, haem II, which has the
highest reference rate constant, also makes a significant
contribution to the first reduction step (Fig. 4B). Haem III is
reduced mainly in the last step but its direct reduction is slow

Table 4

Fraction of electrons that enter the molecule through each haem in each one
electron reduction step (step 1 is the first step of reduction, i.e. the pro-
tein receives one electron) for D. gigas, D. vulgaris Hildenborough, and
D. desulfuricans ATCC 27774 cytochromes c3 at pH 6.5

Cytochrome c3 Step Haem Haem Haem Haem  Sum/
I I 111 v step
D. gigas 1 0.059 0.001 0.093 0848 1.0
2 0.428 0.002 0307 0263 1.0
3 0.408 0.006 0204 0382 1.0
4 0.577  0.004 0.142 0278 1.0
Sum/haem  1.47 0.01 0.75 1.77
D. vulgaris 1 0.130 0438 0.011 0421 1.0
Hildenborough 2 0211 0.683 0.009 0.097 1.0
3 0.113 0799 0.005 0.082 1.0
4 0.105 0.721  0.027 0.147 1.0
Sum/haem  0.56 2.64 0.05 0.75
D. desulfuricans 1 0.193  0.082 0.208 0.517 1.0
ATCC 27774 2 0.202 0.152  0.050 0597 1.0
3 0371 0524 0.014 0.09 1.0
4 0.508 0423 0.015 0055 1.0

Sum/haem  1.27 1.18 0.29 1.26

The values were calculated using the thermodynamic parameters presented in
Table 1 and the microscopic rate constants calculated for the individual
microsteps using the reference rate constants presented in Table 3.
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Fig. 4. Redox titration curves of individual haems for D. gigas (A), D. vulgaris
Hildenborough (B) and D. desulfuricans ATCC 27774 (C) cytochromes c3. The
curves were calculated at pH 6.5 using the thermodynamic parameters presented
in Table 1. The haems are identified by Roman numbers.

and so it is reduced by intramolecular electron exchange
primarily through the small remaining oxidised population of
haem II.

By contrast, haem III is the first to be reduced in cytochrome
c3 from D. desulfuricans ATCC 27774 and has the largest
driving force, but it has the smallest reference rate constant and
again it is reduced largely by intramolecular electron exchange
(Fig. 4C).

4. Discussion

The characterisation of individual centres in multicentre
proteins is challenging but essential to understanding their
function. The tetrahaem cytochromes c; are particularly difficult
to study because NMR is the only technique that can distinguish
the haems clearly under physiological conditions, and yet we
have shown that it is possible to use a combination of NMR and
redox titrations to measure the microscopic reduction potentials
and interactions of the haems [9,29-33]. In this work, we have
collected new thermodynamic and kinetic data for three
cytochromes c¢3 which, together with recently published data
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for four others, provides an opportunity to examine the
possibilities for extracting kinetic information for individual
centres.

In principle, the rate of reduction of each haem by SO;
could depend on the redox state of the other haems, giving 32
distinct one-electron steps, as well as on the protonation state of
a redox—Bohr group which increases the number to 64.
However, internal equilibration of individual molecules
between electron transfer steps means that each kinetic trace
provides at most four parameters, and they are typically only
mono- or bi-exponential in practice [41]. Although the measure-
ments can be extended by varying pH and partially reduced
initial states, it is clearly not possible to treat all of the
microsteps independently. The problem is simplified by using
Marcus theory [43] together with the thermodynamic para-
meters to separate the effect of the driving force for each
microstep from factors such as the distance from the SO;~ to the
haem at the point of electron transfer. This shifts the focus to the
local structure around the haems and we can define one
reference rate for each haem that combines all of the non-
thermodynamic factors. In this model, referred to as model 1
[41], only four parameters are required and it becomes possible
to determine them experimentally.

Despite the similarities in the protein folds and haem
architecture, there are dramatic differences in the reference rates
of reduction obtained for the different haems (Table 3) and also
for the relative rates of the haems within each cytochrome.
Haems I and IV have intermediate rates (ca. 10° M~ ' s™ ') in all
cases except for D. africanus Tpllcz, which is the only example

Table 5

Global and weighted accessibility for the reducing agent to the haems for D. gigas,
D. vulgaris, D. desulfuricans ATCC 27774, D. africanus, Dsm. norvegicum,
Dsm. baculatum Tpl cytochromes c¢; and D. africanus Tpll cytochrome c3
(global and weighted values calculated from the X-ray structures [4—10] with a
sphere of radius 2.5 A (see text)); and solvent exposure calculated for a water
molecule with a sphere of radius 1.4 A

Cytochrome c; Accessibility Haem Haem Haem Haem
1 11 I v

D. gigas SO, global 167 194 145 91
weighted  2.31 4.41 282 7.88

H,O global 254 238 228 118

D. vulgaris SO, global 110 130 144 96
Hildenborough weighted  2.08 491 1.70 8.57

H,0 global 176 229 219 163

D. desulfuricans  SO," global 103 103 179 92
ATCC 27774 weighted 1.93 354 325 891

H,O global 180 199 235 143

D. africanus SO, global 114 225 173 67
weighted 295 573 1.80  4.11

H,O global 196 264 222 82

Dsm. norvegicum SO,"~ global 106 335 167 92
weighted  2.60  7.62 1.58 449

H,0 global 152 340 232 138

Dsm. baculatum  SO,™~ global 98 308 169 95
weighted 222 588 200 4.72

H,O global 148 333 219 128

D. africanus SO, global 204 117 117 66
Tpllc; weighted  6.62  2.54 224  2.66

H,0 global 244 188 191 91
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of a membrane associated cytochrome studied here. The more
familiar Tplc; all have a lysine patch in the vicinity of haem IV
which is implicated in their interaction with hydrogenase
whereas the Tpllc; receives electrons from Tple; and the lysine
patch is absent. The reduction rate of haem III is generally low,
but that of haem II is highly variable: haem II in D. gigas is
virtually unreactive whereas the highest rates found in this study
are for haem II in Dsm. norvegicum and Dsm. baculatum.
These observations naturally raise the question of which factors
control the reactivity of haems with SO, . This is clearly not an
effect of driving force, which is treated separately in the models,
since the unreactive haem III has the lowest reduction potential
in D. vulgaris Hildenborough but the highest in D. africanus
Tples and D. desulfuricans ATCC 27774, and the variable
haem II tends to have potentials close to those of haem I, which
has consistently intermediate rates.

In view of the exponential dependence of electron transfer
rates on distance [55] we consider a distance-weighted accessi-
bility with unit weighting for the haem macrocycle, one tenth
for the heavy atoms directly bonded to it, one hundredth for the
next atoms, and so on (Table 5).

Haem III is one of the most accessible to solvent in each of
these proteins, but this exposure is dominated by the propionate
groups which actually block access to the porphyrin. According
to the weighted accessibility for the reducing agent haem III
becomes one of the least accessible, in accordance with its low
reactivity. Conversely, the haems IV have an intermediate rate
despite having the smallest solvent accessibility in each case,
but their distance-weighted accessibility is among the largest.
Haems I and IV also have significant exposure of the sulphur of
thioether 3, which has been implicated in electron transfer [56].
The variable rates of the haems II also show a rough correlation
with accessibility. However, accessibility does not explain the
high rate observed for haem IV of D. africanus Tpllc;, which is
the least accessible of all the haems IV. Also, there is no simple
relationship with surface charge since this is the only haem IV in
the series not surrounded by lysines, which might be expected to
attract the negatively charged reducing agent, and yet it is the
only case in which haem IV is clearly more reactive than the
others. By contrast, haem I of D. africanus Tpllc; is signifi-
cantly more accessible than the other haems I and is surrounded
by a region of negative charge which might repel the reducing
agent and its rate of reduction is close to the average.

The electronic wavefunctions of the haems are highly
anisotropic, as shown by the variation in paramagnetic shifts
of the methyl substituents [57,58], and this might be expected to
influence the electron transfer rate through the degree of
electronic coupling with the reductant. There is remarkably little
variation for each haem between the cytochromes studied here,
which is a consequence of the fact that the conserved haem
geometry extends to the orientation of the axial ligands,
possibly to control the intramolecular electron transfer rates.
Haems I and IV are solvent accessible in the vicinity of methyls
18" and 2', both of which show relatively large unpaired spin
density. The exposure of haem III involves mainly methyl 2",
with low spin density, and methyl 12" with high density. The
largest variation is in the haems II, with exposure of methyl 12

which has a relatively low spin density in most cases and a high
spin density in D. africanus Tpllcs, and yet the rate of reduction
of that haem is similar to that of D. gigas.

Thus it appears, unsurprisingly, that close approach of the
reductant is a significant factor in controlling the electron
transfer rates [55], but it is not dominant in these cytochromes
c3. Factors such as electrostatic charge and electronic coupling
also have a role, though no clear trend emerges from the
examples examined here and it will be necessary to study a
wider range of systems. Nevertheless, this work demonstrates
that it is feasible to measure individual rates for similar redox
centres in multicentre proteins, taking full account of variations
in driving force and pH dependence, and provides a framework
for future studies.
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