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Abstract MtrC is a decaheme c-type cytochrome associ-
ated with the outer cell membrane of Fe(Ill)-respiring
species of the Shewanella genus. It is proposed to play a role
in anaerobic respiration by mediating electron transfer to
extracellular mineral oxides that can serve as terminal
electron acceptors. The present work presents the first
spectropotentiometric and voltammetric characterization of
MtrC, using protein purified from Shewanella oneidensis
MR-1. Potentiometric titrations, monitored by UV-vis
absorption and electron paramagnetic resonance (EPR)
spectroscopy, reveal that the hemes within MtrC titrate over
a broad potential range spanning between approximately
+100 and approximately —500 mV (vs. the standard
hydrogen electrode). Across this potential window the UV—
vis absorption spectra are characteristic of low-spin c-type
hemes and the EPR spectra reveal broad, complex features
that suggest the presence of magnetically spin-coupled low-
spin c-hemes. Non-catalytic protein film voltammetry of
MtrC demonstrates reversible electrochemistry over a
potential window similar to that disclosed spectroscopically.
The voltammetry also allows definition of kinetic properties
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of MtrC in direct electron exchange with a solid electrode
surface and during reduction of a model Fe(Ill) substrate.
Taken together, the data provide quantitative information on
the potential domain in which MtrC can operate.
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Abbreviations
CAPS 3-(Cyclohexyl)-1-aminopropanesulfonic acid

CHAPS  3-[(3-Cholamidopropyl)
dimethylammonio]propanesulfonic acid

CHES N-Cyclohexyl-2-aminoethanesulfonic acid

EPR Electron paramagnetic resonance

HEPES  N-(2-Hydroxyethyl)piperazine-N'-
ethanesulfonic acid

MES 2-Morpholinoethanesulfonic acid

MQH, Menaquinol

PAGE  Polyacrylamide gel electrophoresis

PFV Protein film voltammetry

SDS Sodium dodecyl sulfate

SHE Standard hydrogen electrode

Introduction

Members of the Shewanella species are Gram-negative
y-proteobacteria and have been isolated from many aquatic
and marine environments [l1]. Shewanella species are
renowned for their incredible respiratory versatility and are
reportedly able to use over 20 terminal electron acceptors
for respiration [2, 3]. These include metal oxide minerals,
particularly those of Fe(Ill), such as hematite and goethite.
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Fe(III) mineral oxide reduction is one of the most wide-
spread respiratory processes in anoxic zones and has
environmental significance, influencing several biogeo-
chemical cycles [4-7]. Fe(Il) is highly insoluble in most
environments at circumneutral pH and, unlike other ter-
minal electron acceptors such as oxygen, nitrate and
sulfate, cannot freely diffuse into cells. For respiration of
insoluble substrates the bacterium must transfer electrons
from the central cell metabolism to the iron(IIl) oxide
surface. It is generally considered that electrons are trans-
ferred by electron transfer proteins (or quinones), in the
inner membrane, to a series of multiheme c-type cyto-
chromes. These cytochromes transfer electrons from the
periplasm to the extracellular side of the outer cell mem-
brane and across the microbe—mineral oxidant interface
[5, 8-11].

Electron transport proteins proposed to be involved in
Fe(III) respiration in Shewanella oneidensis MR-1 include
an inner-membrane periplasmic tetraheme quinol dehy-
drogenase (CymA) [8, 12], two periplasmic decaheme
cytochromes (MtrD and MtrA) [10, 13], periplasmic tet-
raheme cytochrome (Stc) [14, 15], the cytochrome domain
of Fe(Ill)-induced flavocytochrome c3, [16] two putative
outer-membrane f-barrel proteins (MtrE and MtrB) [17—
19] and three outer-membrane decaheme cytochromes
(MtrF, OmcA and MtrC) [11, 18, 20, 21]. Although genetic
studies have identified specific proteins that are involved in
Fe(Ill) respiration in Shewanella sp. [8—11, 13, 14, 17],
mechanistic details of the electron transfer process are as
yet unknown. It is postulated that following oxidation of
menaquinol (MQH,) by CymA, electrons are transferred
via periplasmic multiheme cytochromes (MtrA and/or Stc)

Fig. 1 An electron transfer
scheme for Fe(III) mineral
oxides and nitrate reduction
in Shewanella oneidensis
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to outer-membrane-associated multiheme cytochromes,
OmcA and MtrC (Fig. 1) [5, 8-11, 13, 14, 16-18]. OmcA
and MtrC protein sequences both comprise ten putative c-
heme binding site motifs (CXXCH, where X is any resi-
due) and a lipid-binding motif for anchoring to the outer
membrane [11, 22]. Because of their proposed location,
these multiheme cytochromes are believed to function in
Fe(III) respiration by mediating electron transfer across the
microbe-mineral oxidant interface [5, 10, 13, 18, 22].
Significantly, a AmtrC strain of S. oneidensis MR-1 dis-
played a marked decrease in the ability to respire iron(IIl)
oxides and iron(IIl) citrate, while retaining the ability to
respire soluble terminal electron acceptors, including NO3
and NO; [11, 17]. In the light of this, we present here the
first spectroscopic characterization of the decaheme cyto-
chrome MtrC. Data obtained from potentiometric and
voltammetric analysis provide quantitative information on
the potential and time domains in which MtrC can operate
that can be considered alongside whole-cell electrochemi-
cal studies on Shewanella species and their use in microbial
fuel cells [23, 24].

Materials and methods
Growth conditions and protein purification

Cultures of the S. oneidensis MR-1 expression strain
LS306, encoding MtrC with a C-terminus tag [21, 25],
were grown aerobically in Luria-Bertani medium (con-
taining 50 ug mL~" kanamycin) at 303 K overnight. For
scale-up, each initial overnight culture (10 mL) was used to
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inoculate 1 L of fresh Luria—Bertani medium (containing
50 ug mL™! kanamycin). For standard MtrC preparations,
ten such 1 L cultures were grown aerobically at 303 K
until an optical density at 600 nm of 0.6 was achieved and
were then induced with 1 mM L-arabinose. Cells were
harvested by centrifugation (6,000g, 277 K, 15 min),
washed, and resuspended in 20 mM N-(2-hydroxyeth-
yl)piperazine-N'-ethanesulfonic acid (HEPES), pH 7.6.
Cell lysis was achieved by three passes through a French
pressure cell operated at 1,000 psi. Unbroken cells and cell
debris were removed by centrifugation (15,000g, 277 K,
1 h). The supernatant was centrifuged (150,000g, 277 K,
1 h) and the resulting pellet (i.e., the dark-red membrane
fraction) was solubilized in 20 mM HEPES, pH 7.6, 0.5%
(wt/vol)  3-[(3-cholamidopropyl)dimethylammonio]pro-
panesulfonic acid (CHAPS) (Buffer A), with gentle stirring
for 4 h at 277 K. Unsolubilized proteins were removed by
centrifugation at 15,000g and 277 K for 30 min. The sol-
ubilized membrane fraction was applied to a
(diethylamino)ethyl-Sepharose = CL-6B  anion-exchange
column (Amersham Pharmacia Biotech) preequilibrated
with buffer A. The column was washed with buffer A (four
column volumes) and developed with a NaCl gradient (0-
1 M). The eluted fractions containing MtrC were identified
by a combination of sodium dodecyl sulfate (SDS) poly-
acrylamide gel electrophoresis (PAGE) and heme-linked
peroxidase staining. MtrC was eluted at approximately
250 mM NaCl. Fractions containing MtrC were combined,
dialyzed against 20 mM HEPES, pH 7.6, 0.5% (wt/vol)
CHAPS, 100 mM NaCl (buffer B) and concentrated by
ultrafiltration (30-kDa cutoff membrane, Amicon). The
sample was applied to an S200 HR 10/30 column (Amer-
sham Biosciences) preequilibrated with buffer B. The
column was developed with equilibration buffer and frac-
tions containing MtrC were combined and then applied to
an Econo-Pack High-Q cartridge (Bio-Rad, Hercules, CA,
USA) preequilibrated with buffer B. The column was
washed with equilibration buffer (five column volumes)
and developed with a NaCl gradient (0.1-1 M). MtrC was
eluted at approximately 0.45 M NaCl. Fractions containing
MtrC were dialyzed against 20 mM HEPES, pH 7.5,
100 mM NaCl, 0.5% (wt/vol) CHAPS and concentrated by
ultrafiltration (30-kDa cutoff membrane, Amicon). Aliqu-
ots of purified MtrC were frozen in liquid nitrogen and
stored at 193 K. Protein concentration was determined
using the Bradford method with bovine serum albumin
serving as the standard. The concentration of purified MtrC
was also determined by UV-vis absorption spectroscopy of
the air-equilibrated protein using the experimentally
determined €410 ym = 1,260 mM ' cm™'. For quantifica-
tion of the number of covalently ligated c-type hemes
attached to MtrC, conversion into pyridine derivatives was
achieved by incubating protein (3 pM) with pyridine

(2.1 M) and NaOH (75 mM) in water at room temperature
for 15 min. Sodium dithionite and potassium ferricyanide
were then added to separate aliquots of the resulting
solution such that the final concentrations of protein,
reductant and oxidant were 2.5 uM, 1.5 mM and 750 puM,
respectively. Heme content was determined using the dif-
ference molar absorption coefficient of 19.1 mM ' cm™'
at 550 nm for the pyridine ferrohemochrome minus the
pyridine ferrihemochrome [26].

SDS-PAGE and Western blotting

Slab gels of 12% (wt/vol) polyacrylamide were employed
for resolution of proteins, with samples being loaded via a
stacking gel of 5% (wt/vol) polyacrylamide. Samples were
prepared for electrophoresis by incubation with 3 M urea/
90 mM SDS at 363 K for 10 min. The presence of c-type
cytochromes was probed for using a heme-linked peroxi-
dase staining method [27]. Western blotting was performed
using a peptide-specific affinity purified anti-MtrC anti-
body with goat-anti rabbit alkaline phosphatase secondary
antibody (Sigma). A 5-bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolium colorimetric assay (Sigma)
was used for signal detection.

UV-vis spectropotentiometric titrations

Spectropotentiometric titrations of a 2 pM MtrC solution
in 100 mM HEPES, 100 mM NaCl, 0.5% (wt/vol) CHAPS,
pH 7.5 were performed as described previously [28] in the
presence of redox mediators. The mediators (10 uM each)
were diaminodurene, phenazine methosulfate, phenazine
ethosulfate, anthraquinone 2,6-sulfonate, anthraquinone 2-
sulfonate, benzyl viologen and methyl viologen. The
titrations was performed at 288 K and UV-vis absorption
spectra from 500 to 600 nm were collected in situ at a
range of potentials in both reductive (using sodium dithi-
onite) and oxidative (using potassium ferricyanide) titers.
The change in «-peak absorbance (referenced vs. a 562-nm
isosbestic point) was used to monitor the extent of MtrC
reduction and a plot of the fraction of reduced MtrC as a
function of potential was constructed. Measurements prior
to, and following, titrations confirmed that the solution pH
did not change during experimentation.

Electron paramagnetic resonance spectroscopy
Low-temperature electron paramagnetic resonance (EPR)

spectroscopy was performed at X-band frequency, using
an ER200D spectrometer. The microwave bridge and

@ Springer



1086

J Biol Inorg Chem (2007) 12:1083-1094

electromagnet were interfaced to an EMX control (Bruker
Biospin, Germany). A dual-mode X-band cavity (Bruker,
type ER116DM) was used, where the sample temperature
was modulated using an ESR-900 liquid helium flow
cryostat. Spin quantification of the EPR signals were esti-
mated by double integration and comparison with a 1 mM
Cu**-EDTA standard, all measured under nonsaturating
conditions [29]. Redox poising of samples of MtrC
(140 uM) in 50 mM HEPES, 100 mM NaCl, 0.5% (wt/vol)
CHAPS, pH 7.5 for EPR analysis was achieved under the
control of a potentiostat (Autolab electrochemical analyzer
under the control of GPES software) using a three-elec-
trode cell configuration housed in an anaerobic chamber
(nitrogen atmosphere with less than 2 ppm O,). Samples
were introduced into a freshly polished glassy carbon pot
thermostated at 288 K that constituted the working elec-
trode. A platinum wire counter electrode was housed in a
chamber separated from the MtrC solution via a Vycor frit
and the Ag/AgCl, KCl (saturated) reference electrode
(298 K) was in contact with the sample through a Luggin
capillary tip. To facilitate electrode-MtrC equilibration a
mediator solution comprising diaminodurene, phenazine
methosulfate, phenazine ethosulfate, anthraquinone 2,6-
sulfonate, anthraquinone 2-sulfonate, benzyl viologen and
methyl viologen (all at 20 uM final concentration) was
added to the MtrC sample. Samples were poised at the
desired potential, with stirring, until the current from
the sample fell to zero, indicating equilibration with the
applied potential. Equilibration at each potential typically
occurred within 30 min. After the zero current potential of
the cell had been confirmed to be the desired equilibration
potential, a 100-puL sample was immediately transferred
with a gastight syringe into a custom-built quartz EPR tube
(4-mm internal diameter). The gastight syringe was placed
in the glove box at least 3 days before samples were poised
to minimize the possibility for oxygen introduction into the
sample. The EPR tubes were then rapidly sealed with
Parafilm, removed from the glove box and immediately
placed in liquid nitrogen, in which the sample froze over a
period of 3045 s. Potentials are reported with reference to
the standard hydrogen electrode (SHE) by addition of
197 mV to those measured.

Sedimentation equilibrium analysis

Experiments were performed using a Beckman Optima
XL-I analytical ultracentrifuge equipped with scanning
absorption optics and an An50Ti rotor. The MtrC partial
specific volume of 0.721 mL g~ ' was estimated from the
amino acid sequence using SEDNTERP software [30].
MtrC samples were diluted to appropriate concentrations
with 50 mM HEPES, 150 mM NaCl, 0.5% (wt/vol)
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CHAPS, pH 7.5 and loaded into charcoal-filled Epon
double-sector cells fitted with quartz windows. Reference
sectors were filled with 120 pL buffer. Sedimentation
equilibrium experiments were performed at 293 K at
6,000, 8,000 and 10,000 rpm. Concentration profiles were
measured at absorption wavelengths of 440 nm (3 pM),
530 nm (10 pM), 495 nm (20 pM), 600 nm (40 uM) and
620 nm (60 pM) for the MtrC sample concentration indi-
cated. Scans were recorded every 4 h and equilibrium was
considered to have been reached when the absorbance
values remained constant over a 4-h period. After equi-
librium had been reached, five scans were recorded for
each sample. The program ULTRASCAN 6.2 [31] was
used to simultaneously fit the sedimentation equilibrium
profiles obtained at three different speeds, to a single-
species, non-interacting system. The molecular weight was
determined by fitting the absorbance data of the equili-
bration runs using the exponential equation

(1=vp)o®

C(r) = C(r) -e( 2T M(rtrg))’ (1)

where C(r) is the concentration at radius r, C(rg) is the
concentration at reference radius ry, M is the monomer
molecular weight, R is the universal gas constant, T is the
temperature,  is the angular velocity, p is the density of
the solution and v is the partial specific volume of the
protein. Rearranging this equation gives

dIn(Cr)  M(1 — vp)w?

p— 2
dr? 2RT 2)

For visualizing the data graphically, measured absorbance
can be substituted for concentration and plots of log
absorbance versus > — ry/2 for a single species are
expected to give a straight line, the slope of which is
proportional to the molecular mass of the protein.

Protein film voltammetry

Protein film voltammetry (PFV) was performed as descri-
bed previously [32] except that the working electrode
surface (geometric area 0.12 cm?) was freshly polished
basal-plane graphite. Protein films were prepared using
a Hamilton syringe to apply an approximately 1 pL aliquot
of an ice-cold 40 pM MtrC solution in 50 mM HEPES,
100 mM NaCl, 0.5% (wt/vol) CHAPS, pH 7.0 to the elec-
trode surface. Buffer—electrolyte solutions were brought to
the desired pH by the addition of aliquots of 2 M NaOH or
2 M HCI. The influence of pH was investigated in solutions
composed of 50 mM 2-morpholinoethanesulfonic acid
(MES) (pH 6.0), HEPES (pH 7.0 and pH 8.0), N-cyclo-
hexyl-2-aminoethanesulfonic acid (CHES) (pH 9.0) or
3-(cyclohexyl)-1-aminopropanesulfonic acid (CAPS) (pH



J Biol Inorg Chem (2007) 12:1083-1094

10.0 and pH 11.0), all with 100 mM NaCl as electrolyte.
The pH was monitored prior to and following voltammetric
experiments and remained constant. Voltammetric respon-
ses were unchanged when the buffer—electrolyte was
switched from 100 mM NaCl to 350 mM NaCl. Stock
solutions of iron(IIl) citrate were prepared by dissolving
iron(IIl) chloride 6-hydrate (98% purity, Sigma) and citric
acid (99.7% purity, Sigma) in deionized water to give a
stock solution of 1:1 molar ratio. The pH of the resulting
solution was brought to 7.0 by additions of a 10 M NaOH
solution. Following preparation, solutions were filtered
through a 0.22-pum nylon syringe filter and stored in light-
free conditions. Faradaic voltammetric responses were
extracted from raw data using the The Utilities for Data
Analysis 010716 program, kindly provided by H.A. Heer-
ing. Engineered “reticulating (cubic) splines” baselines,
retaining the experimental baseline character, were con-
structed and subtraction from experimental voltammograms
yielded the Faradaic response of MtrC.

Results
Purification and biochemical characterization of MtrC

Membrane fractions of S. oneidensis MR-1 were solubi-
lized in CHAPS detergent and initially purified on a
(diethylamino)ethyl anionic exchange column. Eluted
fractions containing MtrC were purified further on Q-
Sepharose and S200 columns. The purified protein
obtained migrated in SDS-PAGE gels as an approximately
75 kDa Coomassie blue staining band (Fig. 2a, inset, lane
2) that also stained for heme-dependent peroxidase activity
(Fig. 2a, inset, lane 3). The polypeptide was positively
identified as MtrC by peptide fragmentation mass analysis
(not shown) and via detection with MtrC-specific anti-
bodies (Fig. 2a, inset, lane 4). The final yields of purified
MtrC were routinely 5-10 mg L™ starting culture. MtrC
preparations could be stored at 193 K for prolonged peri-
ods (more than 6 months) without noticeable deterioration,
as judged by UV-vis absorption spectroscopic properties
and SDS-PAGE. Highly concentrated samples could be
prepared (more than 0.5 mM) without evidence of pre-
cipitation, indicating the suitability of the 20 mM HEPES,
100 mM NaCl, 0.5% (wt/vol) CHAPS, pH 7.5 buffer—
electrolyte—detergent system used.

The air-oxidized MuC UV-vis spectrum displays a
heme Soret (y) absorption peak centered at 410 nm, a
visible-region peak at 531 nm and a shoulder at 560 nm
(Fig. 2a). This spectrum remains unaltered upon further
oxidation of MtrC by potassium ferricyanide (data not
shown). When MtrC is reduced with dithionite, the Soret
(v) peak shifts to 419 nm and clearly defined « and f§ peaks

1087
35 v—A
3.0 oL L] |
25
X5
g 20}
o -
£
S 15h 123
£
<
1.0 F
0.5k
0.0 iy SR
300 400 500 600 700
Wavelength (nm)
1.0 ~B O . [
08} 5 £
o 2
3 e =
(=] 0.6 -
5 o L SNy
= 500 525 550 575
_§ 04l e Wavelength (nm)
: %
[ Q
02} @
A
Kf%@:ﬂ&m
0.0 | : (i)
1 L 1 1
-600 =400 =200 0 200

Potential (mV) vs SHE

Fig. 2 UV-vis properties of MtrC. a UV-vis absorption spectrum of
MtrC (2 uM) in 50 mM HEPES, pH 7.5, 100 mM NaCl, 0.5% (wt/
vol) CHAPS. Solid line air-oxidized MtrC, dashed line sodium
dithionite reduced MtrC. Also shown is X5 amplification of the 500—
600-nm absorption region. Inset: lanes 1-3 sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of purified
Shewanella oneidensis MR-1 MtrC. Lane 1 molecular mass markers
(from top to bottom: 250, 150, 100, 75, 50, 37 and 25 kDa); lane 2
heme-stained purified MtrC; lane 3 Coomassie blue stained purified
MtrC; lane 4 purified MtrC resolved by SDS-PAGE, electroblotted
and detected with anti-MtrC primary and goat-anti rabbit alkaline
phosphatase secondary antibodies. b UV-vis spectropotentiometric
properties of MtrC. Fraction of MtrC reduced versus potential (vs. the
standard hydrogen electrode, SHE). Inset UV—vis absorption spec-
trum of MtrC focusing on the 500-600-nm region obtained at +241,
—110, —140, —160 and —210 mV. The direction of the arrow
indicates spectra collected at an increasingly negative potential.
Conditions of measurement were as follows: MtrC (2 pM) in
100 mM HEPES, pH 7.5, 100 mM NaCl, 0.5% (wt/vol) CHAPS

are observed at 552 and 523 nm (Fig. 2a). The absorbance
ratio of heme to total protein (410 nm/280 nm) of oxidized
protein was typically approximately 7.0 and an extinction
coefficient at 410 nm of 1,260 mM ' cm™' was experi-
mentally determined. The pyridine hemochrome of MtrC
displays an o absorption peak at 550 nm typical of low-
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spin c-type cytochromes [26, 27]. Quantitative analysis
suggests the covalent attachment of 10.8 (average value
from five repeat experiments) ¢ hemes correlating with the
ten predicted CXXCH heme attachment sequences enco-
ded within the protein sequence.

The continuous-wave, 2 mW, 10 K perpendicular mode
X-band EPR spectrum was dominated by a broadened
rhombic-type signal with g values tentatively ascribed as
follows: g; ~ 3.2, 3.0 and 2.86; g, ~ 2.20; and
g3 ~ 1.5 (Fig. 3a). The broadness and asymmetry of the
8max ~ 3.7-2.7 region is consistent with a composite signal
arising from multiple resonances of low-spin c-heme para-
magnetic species [33]. The defining features of this spectrum
were unchanged in ferricyanide-oxidized samples and were
concentration-independent (except for signal: noise) over
the range 20-100 pM. At increased microwave power
(32 mW) the broadness of the g,.x ~ 3.7-2.7 region was
reduced slightly, with the signal intensity of g ~ 3.2 and
2.86 features decreasing relative to that of the g ~ 3.0 fea-
ture. Signals due to small amounts of high-spin Fe(IIT) heme
and adventitious Fe(IIT) are observed atg ~ 6andg ~ 4.3.

The relative sensitivities of UV-vis absorption and EPR
spectroscopy required an increased sample concentration
for EPR analysis (more than 20 uM compared with less
than 5 pM for UV—vis absorption spectroscopy). To assess
the MtrC oligomeric conformation over this concentration
range, analytical ultracentrifugation (sedimentation equi-
librium) analysis was employed. Sedimentation
equilibrium profiles of MtrC samples were collected at
three rotor speeds (6,000, 8,000 and 10,000 rpm) for five
different MtrC concentrations (3, 10, 20, 40 and 60 puM).
For each MtrC concentration, the sedimentation data col-
lected at the three rotor speeds were simultaneously fitted
to a single-species, noninteracting model. Plots of log
absorbance versus r> — rz(ref)/Z (Fig. 4) are expected to
give a straight line, the slope of which is proportional to the
molecular mass of the protein [34]. Straight-line plots with
similar gradients were obtained for all five MtrC concen-
trations examined (Fig. 4) with the best fits yielding
molecular masses of 96, 90, 89, 89 and 89 kDa for the 3,
10, 20, 40 and 60 pM samples, respectively. These
observed molecular masses are close to that predicted for
the MtrC polypeptide with ten hemes covalently attached
(approximately 85 kDa) and suggest a monomeric state
within the concentration range examined. The 5-10 kDa of
additional observed mass may be attributed to MtrC-asso-
ciated CHAPS detergent.

Thermodynamic properties of MtrC

A potentiometric titration, monitored by UV—vis absorption
spectroscopy, was performed to assess the thermodynamic
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Fig. 3 Continuous-wave X-band electron paramagnetic resonance
(EPR) properties of MtrC. a X-band EPR signals arising from purified
MtrC. a MtrC spectrum collected at +200 mV. Conditions of
measurement as follows: MtrC (140 pM) in 50 mM HEPES, pH
7.5, 100 mM NaCl, 0.5% (wt/vol) CHAPS, temperature 10 K,
microwave power 2 mW, microwave frequency 9.68 GHz and
modulation amplitude 10 G. b Sample and conditions of measurement
as for a above but the spectrum was collected at 32-mW microwave
power. b EPR spectra of MtrC poised at a +100 mV, b 0 mV, ¢
—100 mV, d —150 mV, ¢ —175 mV, f —200 mV, g —300 mV, h
—400 mV, i —450 mV and j —500 mV. The sharp derivative at
g ~ 2inj arises from reduced mediators. Conditions of measurement
as follows: MtrC (140 uM) in 50 mM HEPES, pH 7.5, 100 mM
NaCl, 0.5% (wt/vol) CHAPS, temperature 10 K, microwave power
2 mW, microwave frequency 9.68 GHz and modulation amplitude
10 G

properties of MtrC in solution. UV-vis absorption spectra
of MtrC were obtained at a range of potentials spanning
between +400 and —450 mV and the normalized o-peak
absorbance was plotted versus potential (Fig. 2b). Spectra
at all potentials studied were typical of low-spin c-type
hemes and the maximum «-peak absorbance wavelength
and shape did not change during the titration (Fig. 2b,
inset). The MtrC hemes are reduced over a potential
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Fig. 4 Analytical ultracentrifugation (sedimentation equilibrium)
analysis of MtrC. Lower panel: Absorbance profiles of MtrC at
concentrations of 3 uM (circles), 10 uM (squares), 20 pM (dia-
monds), 40 M (triangles) and 60 uM (crosses) measured at 440,
530, 495, 600 and 620 nm, respectively. For each concentration the
data were globally fitted from centrifugation runs at 6,000, 8,000 and
10,000 rpm (16 h at 293 K) to the equation for a single-species, non-
interacting model (solid lines). Conditions of measurement as
follows: MtrC samples in 50 mM HEPES, pH 7.5, 150 mM NaCl,
0.5% (wt/vol) CHAPS. Upper panel: Residuals between the exper-
imental data and the fitted lines

window spanning approximately 500 mV, from fully oxi-
dized (+100 mV) to fully reduced (—400 mV) (Fig. 2b). A
simple monoheme protein (n = 1) titrates over approxi-
mately 200 mV [27]. The broad potential range covered by
MtrC redox chemistry reflects the presence of multiple
heme centers with overlapping redox potentials, such that
the contribution of individual hemes cannot be resolved.
Multiple sequence alignments of MtrC homologues reveal
the presence of 20 conserved histidines, ten in the CXXCH
motifs and ten elsewhere in the primary structure. This
would satisfy the required ligand sets for ten bishistidine-
ligated low-spin c-type hemes. The electron-donating
properties of histidine imidazole-ring nitrogen ligands to

the heme iron stabilizes the oxidized Fe(IIl) state over the
reduced Fe(II) state, thus resulting in more negative
heme redox potentials compared with those of histidine—
methionine-coordinated hemes [27]. Bishistidine heme
coordination is thus consistent with the observed MtrC
heme redox potentials.

Protein film voltammetry was also used to probe the
redox chemistry of MtrC. Cyclic voltammograms of MtrC
adsorbed onto a basal-plane graphite electrode and fol-
lowing subtraction of capacitive current revealed clear
peaks corresponding to reduction (cathodic current) and
oxidation (anodic current) of adsorbed MtrC molecules
(Fig. 5, panel A). Signals were unchanged by electrode
rotation or transfer of the MtrC-coated electrode to fresh
buffer—electrolyte solution and were not observed in the
absence of MtrC, which allows the signals to be attributed
to direct redox transformation of MtrC. Exploration of
more positive and negative potentials failed to identify
additional redox activity from MtrC. The peak areas are
almost identical for oxidative and reductive sweeps and
hence the Faradaic current results from the stoichiometric
reduction and oxidation of the MtrC hemes. Irrespective of
pH, a typical reduction or oxidation wave integrates to
approximately 2 uC cm ™2, from which MtrC coverage of
the electrode is calculated as approximately 2 pmol cm 2.
This is consistent with the formation of an electroactive
monolayer of a protein the size of MtrC (approximately
85 kDa).

At pH 7.0, PFV shows that the complete reduction and
subsequent reoxidation of MtrC hemes occurs between
approximately +200 and —400 mV (vs. SHE). Again this is
a much broader potential window (approximately 600 mV)
than that anticipated for an independently titrating single-
electron center (approximately 200 mV) [35, 36]. As in the
UV-vis absorption monitored potentiometric titration
(Fig. 2b), this is consistent with the hemes within MtrC
displaying a range of overlapping reduction potentials that
contribute to the signal in an unresolved manner. Transfer
of MitrC-coated electrodes into buffer—electrolyte of
increasingly alkaline pH resulted in a negative shift of the
noncatalytic signals, while the overall peak areas are
retained (Fig. 5, panel B). The peaks display defined
shoulders at pH 10 and 11, illustrating that the heme redox
potentials span a wider range here than at pH 7. Coupling
the transfer of one electron to one proton results in a uni-
form shift in peak potential of approximately —48 mV per
pH unit [35, 36]. The observation that the heme reduction
potentials are more disparate at alkaline pH suggests the
reduction of certain hemes within MtrC is coupled to
protein protonation.

UV-vis monitored spectropotentiometry and noncata-
lytic PFV analyses provide information on the potential
window over which MtrC is redox-active under conditions
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Fig. 5 Noncatalytic protein film voltammetry of MtrC. A Cyclic
voltammogram of adsorbed MtrC. The dotted line is the electrode
response in the absence of an MtrC protein film. The buffer—
electrolyte is 50 mM HEPES, 100 mM NaCl, pH 7.0; scan rate
30 mV sfl, temperature 273 K. In the middle is the bare electrode
“baseline” response subtracted from the MtrC coated electrode
response. B The effect of pH on MtrC cyclic voltammetry.
Representative baseline-subtracted, normalized responses of MtrC
in 100 mM NaCl, 50 mM MES, HEPES, CHES or CAPS at pH 6.0,
7.0, 8.0, 9.0, 10.0 and 11.0 as indicated; scan rate 30 mV s ',
temperature 273 K

in which potential control over the sample is imposed while
the analysis is performed. However, neither technique
resolves the behavior of individual (sets of) hemes. For this
reason samples of MtrC were poised electrodically at
defined potentials in a carbon pot and transferred to EPR
tubes for spectroscopic analyses (Fig. 3b). As the potential
of the poised sample was lowered from +100 to —150 mV,
the broad gm.x ~ 3.7-2.7 region changed shape, most
notably decreasing in breadth. For samples poised at
potentials of —150 and —175 mV the shape change
becomes more dramatic, with a sharp, intense resonance
appearing at g = 2.9 and an associated derivative signal
appearing at g = 2.2 (Fig. 3b, spectra d, e). These EPR
signals are characteristic of the g; and g, components of

@ Springer

rhombic signals arising from low-spin bishistidine-ligated
Fe(Ill) hemes with near-parallel imidazole planes [27, 33].
The appearance of these features during the reductive
titration is suggestive of magnetic coupling between two,
or more, low-spin heme centers in the fully oxidized pro-
tein [37]. For example, if two magnetically spin-coupled
low-spin Fe(III) hemes have sufficiently distinct reduction
potentials, reduction of one of these hemes to the S =0
low-spin Fe(Il) state “uncouples” the previously EPR-
silent spin-coupled S = 1/2 Fe(III) heme.

In MtrC samples poised below —175 mV the intensity of
the g =2.9 and 2.2 resonances decreased progressively
(Fig. 3b, spectra e—j). Owing to the overlap with other
signals, accurate integration of the rhombic trio at g = 2.9,
2.2 and 1.5 was prevented for samples poised above
—400 mV. However, the signal was sufficiently resolved in
the sample poised at —450 mV to allow informative inte-
gration and this yielded a value of 1.3 hemes per MtrC
molecule. Given that the signal intensity of the sample
poised at —450 mV accounts for approximately 40% of the
signal intensity from the sample poised at —175 mV
(Fig. 3b, spectrum e), we tentatively attribute contributions
from up to three magnetically isolated S = 1/2 Fe(IIl) he-
mes to the signal seen at the higher potential. While the EPR
spectra from MtrC are clearly complex, with more features
than we have discussed explicitly here, we have succeeded
in resolving contributions from spin-coupled and magneti-
cally isolated hemes over distinct potential ranges. Many of
the EPR-detectable hemes titrate over a similar potential
range to that evident from the UV-vis/PFV analyses.
Exceptions are those hemes that are still EPR-detectable,
i.e., oxidized, in samples poised below —400 mV. How-
ever, in these experiments potential control is lost as soon as
the sample is removed from the carbon pot for transfer to
the EPR tube. Thus, it is quite possible that some positive
drift of the sample potential occurs prior to EPR analysis
and that this is likely to be more pronounced in samples
poised at the lower, as opposed to higher, potentials. With
this in mind, the results of both spectropotentiometric
analyses and PFV appear to be in good agreement.

Electron transfer kinetics of MtrC

To examine the ability of MtrC to transfer electrons to a
solid electrode surface, interfacial electron transfer kinetics
were probed using PFV. By monitoring the position of the
reductive (E;) and oxidative (E,) peaks as a function of
scan rate (Fig. 6) and using Trumpet plot analysis [38], we
estimate a standard heterogeneous rate constant of
approximately 100 s~ '. The overlapping contribution from
ten heme centers under each peak prevents rigorous kinetic
quantitation; however, the value is within the range
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voltammetry. Cyclic voltammograms of MtrC at scan rates of 0.03, B
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increasing scan rate. Inset: Variation of the oxidative (Ej,) and
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Electron transfer kinetics were probed further in vol-
tammetric experiments in which the electrode substituted
the role of intracellular electron transfer proteins in deliv-
ering electrons to MtrC. The subsequent rate at which MtrC
could mediate electron transfer to iron(IIl) citrate, a model
respiratory Fe(IIl) substrate of S. oneidensis MR-1 [11, 17],
was then quantitated. Iron(Ill) citrate speciation is com-
plex, with a number of different mononuclear and
polynuclear species able to form in aqueous solution in a
concentration-dependent manner [39]. Nevertheless, well-
defined “sigmoidal” reduction waves were observed when
MtrC-coated electrodes were placed in solutions of iro-
n(II) citrate and rotated at 3,000 rpm (to negate substrate
mass-transport effects) (Fig. 7). Significantly, the steepest
region of the catalytic wave corresponds to the potential
window where the nonturnover peaks from MtrC are
observed, indicating that in the presence of substrate, as
hemes are reduced, the enzyme is “switched on” (Fig. 7a).
Voltammetry of iron(Ill) citrate solutions with rotated
“bare” graphite electrodes in the absence of MtrC films
displayed iron(IIl) citrate reduction, but this nonspecific
response was always clearly distinguishable in shape from
that of the MtrC-mediated catalytic response (Fig. 7a).
Analysis of the magnitude of the catalytic current was

Potential (mV) vs SHE

Fig. 7 Catalytic protein film voltammetry of MtrC. a Typical cyclic
voltammograms illustrating the reduction of 1 mM iron(III) citrate by
MtrC adsorbed on a basal-plane graphite electrode (heavy solid line)
and by the basal-plane graphite electrode in the absence of adsorbed
MtrC (dotted line). Also displayed are the voltammetric responses of
MtrC in the absence of iron(Ill) citrate (light solid line) and the bare
electrode in the absence of MtrC and iron(Ill) citrate (dashed line). b
Typical cyclic voltammograms from an MtrC film in 0, 0.5, 1, 2, 4.5,
9, 16 and 25 mM iron(Ill) citrate. The electrochemical potential
(—330 mV) where the catalytic current was analyzed is illustrated by
a broken gray line. Buffer—electrolyte 50 mM HEPES, 100 mM
NaCl, pH 7.0, scan rate 30 mV s~!, electrode rotation 3,000 rpm,
temperature 293 K. Inset: Variation of the magnitude of the catalytic
current, measured at —330 mV, with iron(IIl) citrate concentration.
The line describes the catalytic current arising from a Michaelis—
Menten description of enzyme kinetics with a Michaelis constant of
6 mM and a turnover number of 430 s~

performed at —330 mV to minimize reductive contribu-
tions to the current from the bare electrode while
maximizing the contribution from MtrC. The current at
—330 mV in the presence of MtrC, but prior to iron(III)
citrate addition, was taken as the zero-substrate response.
The catalytic current (rate) displayed saturating behavior
on increasing the iron(IIl) citrate concentration (Fig. 7b).
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Fitting to the Michaelis—Menten equation yielded a
Michaelis constant of 6 £ 2 mM and a turnover number of
430 s~'. These numbers should be considered as upper
limits for these kinetic parameters since we cannot exclude
some contribution to catalytic currents from electrodic
reduction of iron(Ill) citrate at the higher concentrations
used.

It is clear that MtrC can achieve a rate of iron(IIl) citrate
reduction comparable to that achieved by intracellular
respiratory reductases with their substrates. No MitrC-
dependent catalytic currents could be observed with nitrate
or nitrite, alternative respiratory substrates of S. oneidensis.
Efforts to explore “solid” Fe(IIl) substrates, such as
amorphous iron(IIl) oxide, were hindered by interference
from electrodic reduction. Nevertheless, the results dem-
onstrate that MtrC can mediate electron transfer to an
Fe(Ill) substrate in a potential window that corresponds
with the redox properties of the enzyme determined from
equilibrium potentiometric titrations. The results are con-
sistent with the reduced capacity of S. oneidensis to grow
on iron(III) citrate in AmtrC mutants [11, 17].

Discussion

The spectropotentiometric and voltammetric analysis of
MtrC provides the first insights into the thermodynamic
and kinetic properties of the multiheme cytochrome pro-
posed to mediate electron transfer to extracellular electron
acceptors. Solution-state potentiometry and PFV revealed
that the hemes within MtrC reversibly titrate between fully
oxidized and fully reduced states over a redox potential
range of approximately +100 and —400 mV (vs. SHE).
This broad potential range reflects the composite titrations
of ten hemes that precludes resolution of individual heme
redox potentials. It could be argued that the operating
potentials of the MtrC hemes would be significantly
modified on engagement with a solid mineral surface. Our
view is that any change will be negligible since we find
MtrC redox activity occurs over a similar potential range
when MtrC is in solution, monitored using UV-vis spec-
tropotentiometry, and when it is adsorbed on a solid
surface, probed using PFV. It is interesting to note that
whole-cell voltammetry of Shewanella species anaerobi-
cally grown (conditions where we would expect MtrC to be
synthesized) and adsorbed on glassy carbon electrodes
revealed reversible reduction and oxidation peaks centered
at approximately —100 mV (vs. SHE) [24, 25], a similar
behavior to that presented here for MtrC. This suggests that
intact cells with MtrC exposed on the outer-cell surface
exchange electrons with solid substrates over a similar
potential window as the redox chemistry determined here
for the purified protein.
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EPR spectropotentiometry of MitrC gave complex
spectra that included signals likely to arise from magneti-
cally isolated and magnetically interacting hemes.
Complex heme-heme interactions have been reported in
other multiheme cytochromes such as the decaheme NrfA
homodimer [40] and the 24-heme hydroxylamine oxido-
reductase homotrimer [37, 41] and it is only through
structure-based spectral deconvolutions that spectral fea-
tures have be assigned to individual heme pairs or triads
[40, 41]. At present, despite extensive efforts, the structure
of MtrC is not known; however, primary structure analysis
suggests that it, and also periplasmic decaheme MtrA [10],
encodes two approximately 150 amino acid pentaheme
modules with similarity to the pentaheme NrfB, an
approximately 150 amino acid pentaheme periplasmic
electron transport cytochrome widely involved in nitrite
respiratory systems. All five hemes within NrfB are bish-
istidine-coordinated and it exhibits thermodynamic activity
over a similar potential domain to MtrC [42].

Like MtrC, the other multiheme cytochromes suggested
to be involved in transferring electrons to the outer mem-
brane from MQH, in the inner membrane also bind
bishistidine-coordinated low-potential hemes. These pro-
teins include CymA, a tetraheme c-type cytochrome
anchored to the inner membrane that serves as a MQH,
dehydrogenase [8, 12, 20, 43, 44]; Stc, a 12-kDa tetraheme
periplasmic c-type cytochrome [15, 45] and the periplasmic
decaheme cytochrome MtrA [10] (Fig. 1). CymA is not
thought to be a proton-motive quinol dehydrogenase and
thus the electron transfer from quinol to MtrC is not energy
conserving. Depending on growth conditions, electrons
could enter the MQH, pool via the activity of primary
dehydrogenases, such as NADH dehydrogenase, formate
dehydrogenase or hydrogenase. The redox potential of the
NAD*/NADH, CO,/HCOO™ or 2H*/H, couples in the cell
will be approximately —300 to —400 mV and that of MQ/
MQH, approximately —50 to —100 mV. This thermody-
namic free energy gap (AE ~ 300-400 mV) is sufficient to
allow for generation of a proton-motive force (approxi-
mately 200 mV) through coupling electron transport to
either proton translocation (NADH dehydrogenase) or an
electrogenic redox loop (formate dehydrogenase or
hydrogenase) (Fig. 1). Thus, in terms of bioenergetics, the
energy-conservation associated with respiration of extra-
cellular Fe(IIT) is most likely to be associated with electron
input into the MQ pool (reduction of MQ to MQH,), with
the multiheme conduit linking MQH, to Fe(Ill) minerals
simply serving to harness Fe(Ill) reduction as a means to
recycle MQ (Fig. 1). This makes it bioenergetically
equivalent to the well-characterized bacterial periplasmic
nitrate reductase system [5] that is also present in S.
oneidensis MR-1 (Fig. 1). At this stage the actual operating
potentials of individual hemes in the conduit is unknown,
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since injection of one electron into a multiheme cyto-
chrome can change the potential of a neighboring heme.
This has been studied in some detail for hydroxylamine
oxidoreductase and the tetraheme cytochrome c-554 [46]
and could be yet more complex for a decaheme cyto-
chrome. Furthermore, it is not clear if all the hemes in the
system need be involved. Nevertheless the role for Fe(III)
reduction in recycling the MQ pool negates the need for a
large AE between the MQH, and the multiheme cyto-
chrome chain to drive a proton-motive step. There simply
needs to be sufficient driving force to allow electron
transfer to proceed through the low-potential heme conduit
and this can be envisaged when the MQ/MQH, is pre-
dominantly reduced and there is strong oxidant such as an
Fe(III) mineral oxide to draw electrons through the system.
In closing, it is not immediately clear why MtrC need be
a decaheme cytochrome to achieve the one-electron
reduction of Fe(Ill). In the intact cell, MtrC will receive
electrons from the CymA-Stc-MtrA conduit that mediates
electron transfer between the inner and the outer membrane
and the multiheme nature of this conduit may represent an
efficient means to achieve electron transfer across the
approximately 150 A that separates these two membranes
(Fig. 1). It may be that the multiheme nature of the outer-
membrane MtrC is also important for moving electrons
long distances, but in this case this might be away from the
outer membrane through extracellular lipopolysaccharide
to the extracellular substrate. Having an extracellular
enzyme with many hemes available as potential one-elec-
tron output sites may also serve to facilitate productive
interaction with minerals in the environment that are likely
to present chemically and topographically diverse sub-
strates. Further insights into the role of the ten hemes will
require the resolution of the tertiary structure to MtrC to
resolve the molecular organization of these cofactors.
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