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Abstract

Type I cytochrome c¢; is a key protein in the bioenergetic metabolism of Desulfovibrio spp., mediating electron transfer between periplasmic
hydrogenase and multihaem cytochromes associated with membrane bound complexes, such as type II cytochrome c3. This work presents the
NMR assignment of the haem substituents in type I cytochrome c; isolated from Desulfovibrio africanus and the thermodynamic and kinetic
characterisation of type I and type II cytochromes ¢z belonging to the same organism. It is shown that the redox properties of the two proteins
allow electrons to be transferred between them in the physiologically relevant direction with the release of energised protons close to the

membrane where they can be used by the ATP synthase.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Sulphate reducing bacteria (SRB) are metabolically versatile
organisms with the ability to use multiple respiratory substrates,
such as hydrogen or organic compounds, giving rise to hydrogen
sulphide as the end-product of sulphate reduction [1]. They are
widespread in anaerobic environments and their participation in
biocorrosion and souring of oil and gas deposits has attracted
considerable attention from the oil industry [2,3]. There is
evidence suggesting that they may be implicated in inflammatory
bowel diseases of humans [4], and these bacteria may also have
environmental applications in bioremediation processes [5].

Abbreviations: SRB, Sulphate reducing bacteria; Tplcz, Type I cytochrome
c3; Tplles, Type 11 cytochrome c3; D., Desulfovibrio; Dsm., Desulfomicrobium;
NMR, Nuclear Magnetic Resonance
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Desulfovibrio (D.) is the best studied genus of SRB. The
genome of Desulfovibrio vulgaris Hildenborough has been fully
sequenced, showing the presence of at least 14 multihaem
cytochromes c¢ involved in the respiratory electron transfer
pathways [6]. Type I tetrahaem cytochrome c; (Tplcs) is the
most abundant periplasmic protein, reaching up to 30% of the
total [7], and it is the best characterised of the electron transfer
proteins with respect to its structure—function relationship [8].
Tplcs is a small (13.5—15 kDa) soluble protein that contains four
c-type haems with bis-histidinyl axial coordination, which are
covalently bound to the polypeptide chain through thioether
bonds. Although the Tplc; from different organisms present low
sequence homology, they share a conserved three dimensional
fold as well as a conserved arrangement of the four haem groups
[9]. All four haems have negative reduction potentials and their
close proximity results in homotropic redox cooperativity.
Microscopic reduction potentials are pH dependent in the
physiological pH range (redox-Bohr effect) [10—12] which is
evidence of thermodynamic coupling of the transfer of electrons
and protons [13]. Tplc; mediates the transfer of electrons from
hydrogenase to membrane-bound redox complexes [14—19] and
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enhances the activity of the periplasmic hydrogenase at
physiological pH [20]. The energy transduction that arises
from the coupled affinity for electrons and protons lowers the
pK, of the protons and contributes to acidifying the periplasmic
space, which facilitates ATP synthesis [20,21].

Of the multihaem cytochromes that are downstream partners
of Tples, Tpllcs has been studied in most detail [22,23]. Tpllcs
was identified as part of a polycistronic operon that encodes for
a transmembrane electron transfer complex designated Tmc
[16,19]. Furthermore, although the comparison of the crystal
structures of these two types of cytochromes c3 [23,24] shows
that the architecture of the four-haem cluster and the overall
protein fold is similar, Tpllc; displays localised differences:
haem I is more exposed to the solvent and is surrounded by a
negative surface region, and haem IV lacks the typical lysine
patch [16,24]. When compared with Tplcs, Tplles presents poor
reactivity with hydrogenases [16,25], suggesting that it is not a
physiological partner of these enzymes. However, the presence
of catalytic amounts of Tplc; increases the reactivity of Tpllcs
towards hydrogenase, which indicates an interaction between
the two cytochromes. Docking studies between Tplcs and
Tpllc; showed that there are possible interactions between the
two proteins but a clear picture does not emerge because the
Tples/Tplle; complex has been reported to present different
stoichiometry for the species D. vulgaris Hildenborough and
Desulfovibrio africanus [23].

Theoretical studies indicate that complex formation induces
changes in the reduction potentials of both cytochromes,
allowing the flow of electrons [26]. However no detailed
experimental study of the redox properties of Tplcs and Tpllcs
isolated from the same organism has been published so far. In
this work, we report the thermodynamic and kinetic character-
isation of Tplc; and Tpllc; isolated from D. africanus.

2. Materials and methods
2.1. Protein purification

D. afiricanus, strain Benghazi (NCBI 8401) was grown anaerobically at pH
7.2 as previously described [25]. All purification steps were performed at pH 7.6
and 4 °C in a FPLC system (Pharmacia). Cytochromes were purified from D.
africanus soluble fraction as previously described for Tples [25] and Tpllcs [22].

2.2. Preparation of NMR sample of Tplc;

The NMR samples were prepared in %H,0 as described in [27] with a final
concentration of 5-6 mM. The NMR experiments of partially oxidised samples
were performed with a final concentration of 1-2 mM in order to obtain conditions
of slow intermolecular electron exchange. The ionic strength was set to 50 mM or
100 mM by addition of KCI. The pH was adjusted by addition of small amounts of
2HCI or NaO’H and measured inside an anaerobic chamber to avoid sample re-
oxidation in the case of reduced and partially oxidised samples. The pH values
reported in this work are not corrected for the isotope effect. Catalytic amounts of
Desulfovibrio gigas [NiFe] and D. vulgaris Hildenborough [Fe] hydrogenases
were added to the sample in a hydrogen atmosphere to reduce the cytochrome.

2.3. NMR experiments with Tplcs
All "TH NMR spectra were obtained in a 500-MHz Bruker DRX spectrometer

equipped with an inverse detection 5 mm probe head and a Eurotherm 818
temperature control unit.

Chemical shifts are reported relative to DSS and spectra were calibrated
using the residual water signal as an internal reference [28].

Processing of all NMR data and measurement of the signal positions and
linewidths in the partially oxidised samples was performed using standard
Bruker software. The assignment of signals in the reduced and oxidised states
was performed using the CARA program [29].

2.3.1. NMR experiments of the reduced state

NOESY spectra were acquired with mixing times of 50 and 200 ms and
TOCSY spectra were performed with 40 and 60 ms spin-lock times. A selective
pulse of 500 ms was used for water presaturation. The experiments were
recorded at 300 and 310 K and at pH 8.2 using a spectral width of 35 kHz.

2.3.2. NMR experiments of partially oxidised samples

To establish the complete pattern of oxidation for each haem methyl group at
each pH, several 2D-exchange spectroscopy (EXSY) NMR data sets, with 25 ms
of mixing time, were collected at 298 K. Experiments in intermediate states of
oxidation were performed in a pH range spanning 8.8 to 5.2. 2D-ROESY
experiments were performed with a spin-lock field of 10 kHz at 298 K and at
three different pH values (pH 8.4, 7.6, 6.4) to distinguish unequivocally nOe
cross peaks from exchange cross peaks.

2.3.3. NMR experiments of the oxidised state

The experiments in the fully oxidised state were performed at 295 and 300 K
and at pH 5.4. NOESY experiments were performed with 25 and 75 ms mixing
times and the TOCSY experiment with 60 ms spin-lock time. A double quantum
filtered COSY was also collected. All experiments were prepared using a
selective pulse of 500 ms to saturate the residual water signal.

The "H-"3C HMQC experiments were collected with '*C decoupling during
acquisition at 285, 295 and 300 K.

2.4. Redox titrations followed by visible spectroscopy

Redox titrations of the Tplc; and Tplle; followed by visible spectroscopy
were performed at 298.0+1.0 K as described in the literature [30]. Tplc; was
prepared in 100 mM Tris/maleate buffer at pH 6.6 and pH 8.1, whereas Tpllc;
was prepared in 100 mM Tris/maleate buffer at pH 6.4 and pH 7.9. Both protein
solutions were prepared inside an anaerobic chamber (Mbraun MB150-GI). A
cocktail of redox mediators was prepared according to the recommendations in
the literature [31]. 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. This
mixture was supplemented with phenosafranine at pH 6.6 and pH 6.4, and with
methylene blue and gallocyanine at pH 8.1 and pH 7.9. In order to guarantee the
absence of interactions between the redox mediators and the protein, different
concentration ratios of protein vs. mediators were tested. The data presented here
was obtained with a protein concentration of ca. 20 uM and the concentration of
each mediator was 1-1.5 pM.

2.5. Kinetic studies

2.5.1. Sample preparation

Tris/maleate buffer in the pH range 5.5-8.5 with a concentration of
100 mM after mixing was prepared inside an anaerobic chamber (M-Braun
MBI150) with degassed water. Stock solutions of Tple; and Tplle; were
degassed with cycles of argon gas and vacuum in order to remove the
dissolved oxygen. The concentration of the protein was determined after each
kinetic experiment by UV-visible spectroscopy using &ss,=120000 M " cm ™!
for the reduced protein, and the actual pH of the reaction was measured after
each experiment.

Sodium dithionite was recrystallised as described in [30] in order to obtain
>95% pure material and used as the reducing agent. 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 concentration. For each experiment the
actual concentration of the reducing agent was measured, inside an anaerobic
chamber, by UV-visible spectroscopy using &3;4=8000 M ' ¢cm™" [32]. The
ionic strength of this buffer was set to 100 mM by addition of KCI.
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To perform rapid mixing kinetic experiments starting with various degrees of
reduction of the protein sample, a few microliters of concentrated sodium
dithionite solution were added to the protein solution before running the
experiments.

2.5.2. Data collection

Rapid mixing kinetic experiments were carried out in a HI-TECH Scientific
SF-61 stopped-flow instrument installed inside an anaerobic chamber where the
oxygen level was kept below 0.2 ppm. The data were acquired at 552 nm with a
large excess of dithionite (~ 100:1) to ensure essentially irreversible pseudo first
order kinetics as previously described [30].

2.6. 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 [11] and to a kinetic model [33] as described in the
literature [30]. These models consider five charged centres interacting with each
other, which correspond to the four haems and one acid base group. The NMR
data only defines the relative redox potentials and interactions of the haems and
the absolute haem—proton interactions. Visible redox titrations provide a
calibration of the haem potentials and the haem—haem interactions. According to
the kinetic model, the shape and pH dependence of the kinetic traces also contain
information about the thermodynamic parameters of the redox centres via the
driving force for electron transfer and the populations of the microstates. Fitting
the kinetic traces as well as the NMR data and visible titrations requires four
additional parameters [33]. In model 1, these are a reference rate constant for
each haem, which is related to structural factors such as accessibility for the
reducing agent. In model 2, the four parameters are ascribed to the four
consecutive one-electron steps and the environments of the four haems are
indistinguishable. Although each trace would yield at most two parameters, the
complete set of pH dependent traces together with the experiments with partially
reduced samples is sufficient to define the four kinetic parameters.

3. Results
3.1. Protein purification of Tplc;

The yield of D. africanus Tplc; was ca. 30 mg/kg wet cell
paste and the purified protein displayed UV-visible spectra in
agreement with the results reported in the literature [25].

3.2. Resonance assignment of Tplc; in the reduced protein

The assignment of the haem NMR resonances of the Tplc; in
the reduced form was performed using a strategy adapted from
that previously described [34]. The specific and self-consistent
assignment for the resonances of the four haems is listed in
Table 1. Interhaem connectivities in the NOESY spectra for
closely spaced substituents of different haems further confirmed
the assignment. The ring current shifts which arise from the
haems and aromatic residues were calculated as previously
described [35] using the coordinates from the crystal structure
2BQ4 [23] and are in good agreement with the experimental
data (Fig. 1), indicating that there is a close similarity between
the crystal and the solution structure.

3.3. Resonance assignment of Tplc; in the oxidised protein
2D EXSY and 2D ROESY experiments allowed the

classification of twelve of the sixteen haem methyls into four
sets according to the pattern of oxidation observed in those

Table 1
Proton chemical shifts of haem substituents in reduced D. africanus Tplc;, at pH
8.2 and 310 K and 50 mM ionic strength

Haem Chemical shifts of haem protons (ppm)

substituent® Haem I Haem II Haem III Haem IV
5 10.15 8.92 9.40 8.99
10 991 8.82 9.02 9.60
15 9.81 9.59 9.02 9.76
20 10.24 9.69 9.11 9.45
2! 451 4.00 434 435
7! 3.97 3.32 3.42 2.84
12! 3.59 3.18 3.25 3.15
18! 3.66 3.28 3.93 3.15
3! 7.11 5.74 5.68 6.26
8! 6.52 476 5.81 6.05
3? 2.19 0.45 2.02 2.36
82 3.02 0.42 1.89 1.34

* The [IUPAC-IUB nomenclature is used for the haem ring substituents.

experiments. Data were collected at two temperatures in order to
resolve ambiguities in the assignment resulting from closely
placed signals. The haem methyl groups M2' I and M2' III
(nomenclature according the ITUPAC-IUB recommendations
[36] and Roman numbers indicate the order of the haem
attachment to the polypeptide chain) were assigned from
intrahaem cross-peaks. The two remaining methyl signals,
M7"' T and M12" II, were assigned on the basis of the expected
symmetry of the shifts at the periphery of the haem. Haem III
was readily assigned to the structure due to the characteristic
pattern of the shifts for the haem substituents with a very large
paramagnetic shift for the a protons of propionate 13 and a very
small shift for the M18". Haem IV was identified on the basis of
the observation of the M2' III-M12' IV interhaem signal,
typical of cytochromes ¢; [13,37-39]. The signal M2' III—
MI2' T was not observed with a 75 ms mixing time and
therefore the structural assignment of the signals of haems I and
1T has to rely on the relationship between the pattern of the shifts
and the structure. Fortunately, the geometry of the axial ligands
of haem II is closely similar in both molecules A and B in the
unit cell [23], so the uncertainty is small and the assignment can
be made unambiguously. The assignments of the proton and
carbon signals of the haem substituents in the oxidised state of
the cytochrome are listed in Table 2. A few nuclei are expected
to have small paramagnetic shifts, either in '*C or in 'H
frequency, and their signals could not be confidently assigned in
the protein envelope.

3.4. Structural characterisation of the haem coordination
environment

A model of the haem molecular orbitals [40] was fit to the
13C NMR data of the substituents at the periphery of the haems
measured at 300 and 285 K. According to this model the frontier
molecular orbitals of the haem are characterised by two
parameters, a thombic perturbation and the energy splitting
which are dominated by the orientation of the axial ligands. On
this basis, the orientation of the axial histidines planes can be
determined from NMR data with a similar confidence to that
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Fig. 1. Calculated versus observed chemical shifts for the haem substituents of
reduced D. africanus Tplcs. The ring current shifts were calculated as in [35]
using molecules A (solid symbols) and B (open symbols) of the crystal structure:
methyls (O); meso protons ([J); thioether methines (A); and thioether methyls
©).

expected from X-ray diffraction. These results are shown in Fig.
2 and Table 3.

3.5. Thermodynamic and kinetic characterisation

Intermolecular electron exchange is slow in the NMR
timescale under the conditions used for the NMR experiments.
In these conditions each haem substituent displays five discrete
NMR signals that correspond to each of the five redox stages
connected by four steps of a single electron transfer [12].
Because the paramagnetic shift is proportional to the degree of
oxidation of the haems, in each stage the chemical shift of the
haem substituent depends on the relative oxidised fraction of that
haem. The position and the linewidth of the resonance of one
methyl group belonging to each haem of Tplc; were measured in
the samples poised at various levels of reduction. Methyls 18'

Calculated '3C chemical shift (ppm)
&
(=]
L ]
-

_90 1 1 1 1 1 1 1
-90 -80 -70 -60 -50 -40 -30 -20 -10

Observed 3C chemical shift (ppm)

Fig. 2. Calculated versus observed '*C chemical shifts for the haem substituents
of oxidised D. africanus Tplcs. The chemical shifts for the haem substituents
were calculated as described in [40].

for haem [, I and IV and 12! for haem I were selected because
they constitute the best compromise between a considerable
paramagnetic shift and orientation towards the protein surface to
minimize extrinsic paramagnetic effects caused by neighbouring
haems. These extrinsic shifts were accounted for using the
methods described in the literature [37]. The NMR data used for
the characterisation of Tpllc; were those previously published
[22], but with a new set of visible redox titrations, where the
possibility of interactions between the cytochrome and the redox
mediators was eliminated.

The simultaneous fit of the thermodynamic and kinetic
models to the experimental data did not change significantly the
values of the thermodynamic parameters obtained from the
fitting of the thermodynamic data alone. However, the quality of
the fit with model 1 was significantly better than that with model
2, as might be expected given the different environments of the
four haems, and the results from model 1 are presented in Figs.
3-5, with the optimised thermodynamic parameters for Tplc;

Table 2

Chemical shifts of haem resonances in D. afiricanus Tpl ferricytochrome ¢, at pH 5.4 and 300 K

Haem Haem I Haem II Haem III Haem IV

Substituent 130 H 130 q 3¢ q 13 'H

2! —52.68 22.17 -19.03 5.11 —22.06 342 -31.4 9.74

3! n.d. n.d. n.d. n.d. —-42.90° 227 n.d. n.d.

3? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

7! -9.26 4.58 -29.30 19.65 —52.62 22.40 —43.38 20.65

8! n.d. n.d. n.d. n.d. n.d. n.d. -50.74° 3.65

8? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

12! —55.58 19.00 -18.93 7.21 -16.91 9.62 -30.4 11.8

13! 6.63 -0.62 n.d. n.d. -59.16 18.51 8.37 -0.26
-1.27 17.27 —4.56

17 -2.20 2.14 -24.63 5.29 n.d. n.d. -19.50 9.47
4.22 6.78 8.67

18! —61.49 27.51 —54.02 27.68 -5.95 1.08 —62.00 31.39

% The ITUPAC-IUB nomenclature is used for the haem substituents.
® Tentative assignments.
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Table 3

Electronic structure parameters of the frontier molecular orbitals of the haems in
D. afiricanus Tples determined from '*C NMR data, at 285 and 300 K and from
X-ray structure

3C NMR data X-ray structure
Molecule A Molecule B
AE (Kmol) 6 () B() 6() BC) 6() BEO)
Haem I —4.1 -38 0 =25 16 —61 16
Haem II =33 —11 55 =21 42 =7 47
Haem III —4.1 57 19 61 21 58 7
Haem IV~ 34 -15 52 -3 39 23 67

The absolute value of AE can be related with the acute angle between the axial
ligand planes, f3, and the orientation of the bisector, 0, according to the empirical
equation AE=(5+cos 40) cos f. The value of Qcc was fixed at =36 MHz [39].

and Tpllc; reported in Table 4. The diagonal terms are the free
energies necessary to oxidise the four haems and to deprotonate
the acid/base centre, while the off-diagonal terms are the
interaction energies between each pair of haems (homotropic
cooperativities) and the interactions between the haems and the
acid/base centre (heterotropic cooperativities). These energies
are reported in units of millielectron volt and therefore the
diagonal values are numerically equal to the reduction
potentials. In Tplcs, the large separation between the reduction
potential of haem III and the other three haems prevents the
determination of its haem—haem interaction energies, which are
implicitly included in the value of the diagonal term. Thus the
free energy of oxidation of haem III can only be evaluated for the

40
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situation where the other three haems are already oxidised. A
similar situation has already been encountered for Tplc; from
Desulfomicrobium (Dsm.) norvegicum and Dsm. baculatum
[30,41]. Although NMR and kinetic data do not provide
experimental information to define the electron—proton interac-
tions affecting this haem, the redox titrations followed by visible
spectroscopy show that this haem is subject only to a very small
interaction in the pH range studied.

In the case of Tplcs, the energy for the interaction of the acid—
base centre with the haems is larger for haem I as observed for
other Tplc; [11,30,37,42]. For a few cases the propionate 13 of
haem I was identified as the responsible residue [11,21,
30,37,38,42] but in the present data the interaction is weaker.

NMR and electrochemical methods have shown that the
macroscopic and microscopic redox potentials can be affected
by the ionic strength [43]. Comparison of the data obtained at
50 mM KCI (data not shown) and data obtained at 100 mM KCl
for Tplc; shows little change between the two conditions, with
values differing by more than 10 meV only found for the
oxidation energy of haem III and for its interaction with the
acid—base centre. Because the parameters associated with haem
Il are the least well defined, the significance of these
differences is small.

Table 5 reports the macroscopic pK, values associated with
each macroscopic oxidation stage (numbered 0—4 according
of the number of oxidised haems) for Tples and Tplles
showing that the pK, values span the physiological range in
both cases.
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Fig. 3. pH dependence of the 'H NMR chemical shifts of one methyl group from each of the four haems of D. afiicanus Tplcs in different stages of oxidation. Stages of
oxidation 14 are represented by the symbols: stage 1 (A); stage 2 (O); stage 3 ([J) and stage 4 ({)). The full lines represent the best fit of the data using the parameters

reported in Table 4.
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Fig. 4. Visible redox titrations performed at 298 K for D. africanus Tplc; and Tpllcs. (A) Tples at pH 6.6 (filled symbols) and pH 8.1 (open symbols). (B) Tpllcs 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 4.

Fig. 5 shows the kinetic data obtained for the reduction of
the two cytochromes with sodium dithionite at different pH
values and the fitted curves obtained with the kinetic model,
with the thermodynamic parameters reported in Table 4 and
the reference rate constants reported in Table 6. The reference
rate constants, &, are assigned to each individual haem
according to model 1 [33] and include structural factors such
as solvent exposure. The fitted curves show excellent
agreement with the kinetic data obtained for Tple; and
Tpllcs. The simultaneous fit of the thermodynamic and kinetic
data also allows a better definition of the thermodynamic
parameters, especially those related with the redox-Bohr
effect, because of the rate dependence with pH that is
observed in the vicinity of the pK, of the redox-Bohr group.
For example, the kinetic data for Tpllc; show little change
between pH 7.3 and pH 8.5 because the pK, is below 7 in
every stage except the fully oxidised protein (see Table 5),
which is not clear from the visible titrations or from the NMR
data at the pH values used. In the case of Tpllc; the new
experimental data indicate that the redox-Bohr effect pre-
viously reported [22] was overestimated by approximately
15 meV per haem.

The rate constants obtained from single exponential fitting
of the kinetic traces at pH 7.2 (Tplecs) and pH 7.4 (Tpllcs),
which are a composite of the rates for individual haems,

present a linear dependence on the square root of the
concentration of sodium dithionite (data not shown) indicat-
ing that the reducing species for both cytochromes is SO,
[44]. Thus, the rate constants in Table 6 are relative to the
concentration of SO, which was calculated using the
equilibrium constant for dissociation of sodium dithionite
reported by Lambeth and Palmer [44]. Table 7 presents the
values of global and weighted accessibility obtained for each
cytochrome c¢3 with SO,. These parameters were calculated
from the crystal structure (PDB code 2BQ4 and 3CAO for
Tplez; and Tplle;, respectively) considering the surface
accessibility of the heavy atoms of the porphyrin to a
sphere of 2.5 A. The weighted accessibility was calculated
assuming that the contribution for electron transfer of the
atoms of the haem substituents is reduced by a factor of 10
for each bond separating them from the macrocycle. This
measure was referred to previously as the relative accessi-
bility [30].

4. Discussion

The thermodynamic parameters obtained for both cyto-
chromes show that the redox and acid/base centres display
positive cooperativities (negative interaction energies) and that
most interactions between the haems are anticooperative
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Fig. 5. Kinetics of reduction of D. afiicanus Tples and Tplle; by sodium
dithionite at different pH values. (A) Tples at pH 9.1 (upper trace), pH 7.2
(middle) and pH 5.7 (lower). The concentration of sodium dithionite was
270 uM and the concentration of protein was 1.14, 1.10 and 1.00 uM for the
different pH, respectively. (B) Tpllc; at pH 8.5 (upper trace), pH 7.3 (middle)
and pH 6.0 (lower). The concentration of sodium dithionite was 156 pM and the
concentration of protein was 0.83, 0.75 and 0.79 uM for the different pH values,
respectively. The dotted curves are the fit to the data using the parameters
reported in Tables 4 and 5.

(positive interaction energies) as expected for electrostatic
effects. However, the interaction energy between haems I and
IV in the case of Tplc; and that between haems II and IV in
Tplle; are negative, corresponding to positive homotropic

Table 4
Thermodynamic parameters determined by fitting the model to the NMR, visible
and kinetic data from D. africanus Tplcs (A) and Tpllc; (B)

Haem I Haem II Haem III Haem IV Ionisable centre

(A)

Haem I -280 (2) 11 (2) - =13 (1) -36(1)
Haem II -267 (3) - 8 (1) —20(1)
Haem I1I -84 (4) - =10 (9)
Haem IV -280 (2) —-26(1)
ITonisable centre 483 (12)
(B)

Haem I -254 (2) 1(1) 14 (2) 6(2) -34(2
Haem II =266 (2) 9 (1) -8(4) —45(2)
Haem 11T =265 (2) 20 (1) -21(2)
Haem IV -225(3) -19(3)
Tonisable centre 444 (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 energy of the acid/base centre. Off-diagonals terms are the haem—
haem and haem—proton interaction energies. All energies are reported in meV.
Standard errors are given in parentheses.

Table 5
Macroscopic pK,s for the acid/base centre associated with each of the five stages
of oxidation for D. africanus Tplc; and Tpllcs

Stage 0 Stage 1 Stage 2 Stage 3 Stage 4
Tplc; 8.2 7.7 7.2 6.8 6.6
Tpllcs 7.5 6.9 6.3 5.8 5.4

cooperativities. This can be explained by conformational
changes that occur upon reduction, which may result from
electrostatic reorganisation of the polypeptide chain [24,45]. In
the case of Tpllc;, a global movement of a chain fragment in
the vicinity of haem III and IV that is induced by the reduction
has been reported [24].

For Tplc; the order of oxidation of the haems determined
from the NMR data is I-IV, II, III, whereas the order of
decreasing solvent exposure is I, IIL, I, IV (see Table 7) which
shows that solvent exposure is not the controlling factor setting
the reduction potential.

Haem II in Tplcs presents the highest rate constant, which
is in agreement with the high accessibility to the reducing
agent (Table 7), and haem III presents the lowest weighted
accessibility which is also in agreement with the observed
rate constant. Although it is impossible to find a correlation
with the two remaining haems, due to the uncertainty of the
reference rate constants, it seems that the weighted
accessibility may have a major contribution in controlling
the kinetic rates for the case of Tplcs, as observed for other
Tples [30]. However the reference rate constants for Tpllcs
(Table 6) do not correlate with the accessibility to the
reducing agent (Table 7), indicating that the accessibility is
not the only factor that controls the rates. It should be noted
that reduction through collisions with SO, is clearly non-
physiological and, although these experiments are useful in
distinguishing the properties of individual haems in the
isolated proteins, the rates obtained do not refer to the
electron transfer complexes.

Despite the structural similarities among the various Tplcs,
the order of reduction for their haems is different and D.
africanus Tplc; shows yet a different order from that determined
for other Tplcs characterised so far [11,30,38,39,42]. None-
theless, D. africanus Tplcz shows positive thermodynamic
cooperativity between two haems (haems I and IV) and all the
haems present haem—proton interactions. These two properties
appear to be the core thermodynamic features that characterise
Tplesz cytochromes, favouring a coupled transfer of two
electrons in its interaction with the periplasmic hydrogenase
with electron/proton coupling that also enhances the hydro-
genase activity [20].

Table 6

Reference rate constants for each haem, &, for D. afiicanus Tples and Tpllcs
Kot 'sh Haem [ Haem II Haem III Haem IV
Tplcs 8.2 (4.0) 16.5 (1.1) 1.2 (0.2) 6.4 (4.0)
Tpllcs 8.1 (0.9) 29 2.7 0.3 (4.9) 45.9 (4.0)

Standard errors with respect to an experimental error of 5% in the kinetic traces
are given in parentheses.
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Table 7

Global and weighted accessibility of SO to the haems of D. africanus Tplcs
and Tpllc; in units of A? (values calculated for a sphere of radius 2.5 A (see
Results)); and solvent exposure calculated for a water molecule with a sphere of
radius 1.4 A

Cytochrome Haem I Haem II Haem III Haem IV
Tplcs SO,  Global 113 225 173 67
Weighted  2.95 5.73 1.80 4.11
H,O Global 196 264 222 82
Tpllcs SO,  Global 204 117 117 66
Weighted  6.62 2.54 2.24 2.66
H,O  Global 244 188 191 91

Tplcs mediates electron transfer between periplasmic
hydrogenase and membrane associated redox proteins such as
the high-molecular-weight cytochrome (Hmc) [15,46], the nine-
haem cytochrome ¢ (NhcA) [47] and the Tpllc; [16,19]. All
these cytochromes are incorporated in multicomponent mem-
brane complexes, suggesting the possibility of electron transfer
to the quinone pool, or to the cytoplasmic reduction of sulphate,
as demonstrated by growth and expression studies with wild
type and mutant strains [48—51]. Thus, Tplc; is able to transport
both electrons and protons from the bulk periplasm to the
membrane surface where it is oxidised, lowering the pK, of the
protons to facilitate their release. The oxidised and deprotonated
Tples can then diffuse back into the periplasm to repeat the
cycle.

Preliminary titrations of Tplcs with Tpllc; followed by NMR
(data not shown) are broadly in agreement with the results
published in the literature [23], where it is argued that two
distinct sites are preferentially used for the docking, involving
haem I and II of Tpllcs, while haem IV of Tplcs is mostly
involved in the interaction. The assignment of the NMR signals
of Tple; in the present work identifies the haem methyl
resonance previously reported to have the largest shift in the
titration [23] as M 18" IV. This implies a close approach between
haem IV of Tplc; and haems I and II of Tpll; which is also in
agreement with the theoretical model for Tplcs/Tplle; docking
complex [23,26].

Although Tple; and Tplle; have very similar thermo-
dynamic parameters, as can be seen from the comparison of
the redox titrations curves (Fig. 4) where the only major
difference is in the reduction of the first haem, electron
transfer between them is likely to occur from Tplcs to Tpllcs
because the two partners must be in different redox states
when they encounter each other. Hydrogenase interacts with
Tples via the smaller subunit, especially around the distal and
most solvent exposed [4Fe—4S] centre [52]. EPR studies
showed that the [4Fe—4S] centres in [NiFe] hydrogenase have
midpoint reduction potentials between —290 mV and
=340 mV [53]. Therefore, hydrogenase catalyses the oxida-
tion of H, (that has a midpoint potential of —413 mV at pH
7.0 and 1 atm H, pressure) and transfers electrons and
protons to Tplc;, which is likely to become either fully
reduced or in stage 1, and protonated (see Fig. 6A). On the
other hand, Tpllc; is probably fully oxidised (stage 4) after
transferring electrons to the transmembrane complex (see Fig.

6B). The physiological partner of Tplles in D. vulgaris
Hildenborough has been shown to be the TmcC subunit that
contains two haems b with midpoint redox potentials of —155
and —45 mV [19]. Due to the similarity of Tpllcs isolated
from the different organisms, it is possible that the complex in
D. africanus with which Tpllc; is associated is similar to the
D. vulgaris Hildenborough Tmc complex. In this way, a
similar protein to the TmcC subunit receives electrons from
Tpllcs, and transfers them to the reduction of menaquinones,
or to the reduction of sulphate.

The simplest scenario would be for Tplc; to encounter
Tplle; with Tples in the fully protonated and reduced form
(stage 0) and Tpllc; in the fully deprotonated and oxidised state.
Upon complex formation the four electrons present in Tplcs
should equilibrate between the two cytochromes such that each
of them would contain two electrons (stage 2) when the
complex dissociates. The transfer of two electrons from Tplc; to
Tplles also favours the deprotonation of Tplcs, because the
major population of stage 0 is protonated whereas in stage 2 it is
less so (Fig. 6).

Upon dissociation of the complex, Tplc; should be
deprotonated and able to react again with hydrogenase,
whereas Tplle; would be partially reduced and able to react
with the transmembrane complex. So, based on the thermo-
dynamic properties of the two cytochromes and on their
upstream and downstream partners (hydrogenase and Tmc
complex, respectively) Tples would cycle between stages 0
and 2 with the coupled movement of protons and Tpllcs
would cycle between stages 4 and 2 without proton transfer
since the major populations are deprotonated in both stages
(Fig. 6).

It is certainly possible to reduce Tplc; under hydrogen (see
Materials and methods) but the concentration of H, in the
periplasm is probably far smaller than that used in vitro. Thus it
is more likely that Tplc; leaves hydrogenase in stage 1.
However, Tplc; in stage 1 would not transfer two electrons to
Tpllcs if it is isolated from the transmembrane complex. If the
encounter with Tpllc; occurs while it is bound to the
transmembrane complex, the electrons will drain through it
and leave Tplc; in stage 3, with a more well-defined release of
protons. Since the encounter between the two cytochromes
occurs near the membrane, the acidified protons are released
close to the membrane surface where they can be used by the
ATP synthase to power ATP phosphorylation. The transfer of a
third electron from Tplcs to Tpllc; is not favoured and in this
case, Tplc; would cycle between stages 1 and 3, transferring
two electrons to Tpllc;, which would pass the electrons to the
membrane bound complex.

The complex formation between Tplcy and Tpllc; shows
the dominant involvement of haem IV of Tplc; and haems I
and IT of Tpllcs [23,26]. Therefore faster interprotein electron
transfer can be expected to involve microstates of Tpllcs with
haem I or II oxidised given the approximate exponential
dependence of electron transfer rates with distance [31,54].
Also, the electron transfer in Tplcs should involve microstates
where haem IV is reduced, in order to be capable of electron
transfer through this haem. The microscopic populations were
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Fig. 6. Populations of the five redox oxidation stages as a function of solution potential for D. afiicanus Tplcs (A) and Tplles (B) at pH 7.2. The curves were calculated
from the thermodynamic parameters presented in Table 4, in the protonated (solid lines) and deprotonated (dashed lines). In (A) a solid line indicates the midpoint
potential of the redox H'/H, pair, and a shaded bar indicates the range of reduction potentials of the Fe—S centres of hydrogenase. In (B) the shaded bar indicates the

range of the reduction potentials of haems b in Tmc complex (see text).

calculated, for all stages, using the thermodynamic parameters
for both proteins (data not shown). These populations show
that, for Tplcsy the transfer of electrons involves haem IV
which is reduced in stage 1, and ready to transfer an electron.
Although the dominant microstate for Tplc; in stage 2 has
haem IV oxidised, microstates with haem IV reduced are also
populated, so there is no significant energy barrier to the
transfer of a second electron. In Tpllc;, the microstates that
participate in the reduction process of this cytochrome involve
haems I and II, which are always free to receive electrons.

The thermodynamic characterisation of both cytochromes
was made for the isolated proteins, but if the redox properties
change upon complex formation, these changes are likely to
facilitate electron transfer from Tplc; to Tplles according to
theoretical docking studies [26]. Therefore the thermodynamic
parameters of the two cytochromes are able to explain the
electron transfer between both proteins in the physiological
direction.

This is the first report of such a detailed description of the
functional properties of partner proteins involved in bioener-
getic metabolism containing multiple active centres. Future
work will explore whether in vitro reconstitution of this

section of the bioenergetic pathway upholds the current
findings, or presents significant differences caused by the
incorporation of Tpllc; in a multiprotein complex.
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