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Abstract

The interaction of metalloproteins such as cytochromes with oxides is of interest for a number of reasons, including molecular catalysis
of environmentally important mineral-solution electron transfer reactions (e.g., dehalogenations) and photovoltaic applications. loonxeduct
bacteria, thought to be cytochrome mediated, is of interest for geochemical and environmental remediation reasons. As a baseline for understandi
cytochrome interaction with ferric oxide surfaces, we report on the interaction of mitochondrial cytoch(btog), a well-studied protein, with
hematite -Fe,05) surfaces. Mcc sorbs strongly to hematite from aqueous solution in a narrow pH range corresponding to opposite charge on
Mcc and hematite (between pH 8.5 and 10, Mcc is positively charged and hematite surfaces are negatively charged). Cyclic voltammetry of Mct
using hematite electrodes gives redox potentials characteristic of Mcc in a native conformational state, with no evidence for unfolding on the
hematite surface. Atomic force microscopy imaging is consistent with a loosely attached adsorbate that is easily deformed by the AFM tip. In
phosphate-containing solution, Mcc adhers to the surface more strongly. These results establish hematite as a viable material for electrochemit
and spectroscopic characterization of cytochrome—mineral interaction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction There is also interest in the use of metal-reducing bacteria
to reductively immobilize metal and radionuclide contaminants
The interaction of proteins with minerals is relevant to a vari-[11-13] and there remains the possibility that redox catalyst
ety of emerging fields. The biochemical pathways that lead tgroteins, separate from whole organisms, could be of utility in
synthesis of heme proteins evolved very early in the historysuch applications. In this context, the interaction of a relatively
of life, and must have involved a system for iron acquisitioninexpensive and well-studied cytochrome with mineral surfaces
and incorporatiotjl1,2]. There is growing interest in the use of is ofinterestbecause (a) it provides a useful comparative baseline
redox metalloproteins, separately from living systems, as redofor understanding other cytochromes’ interactions with these
catalysts or mediators. Cytochromes and other molecules areirfaces and (b) because it may itself be of direct use in mineral-
under study as catalysts for reductive dehalogenation reactios®lution interfacial redox catalysis.
in environmental applicatior{8]; as part of understanding how Beyond these specific applications, interactions between
such a process might work, researchers have tested ideas abmitroorganisms and minerals are fundamental to the opera-
how physiological redox partners (e.g., cytochrome oxidasetion of the natural world. Plants grow in soils that constitute
and reductases) might be replaced with inorganic substancesysically, chemically, and biologically complex bioreactors
such as oxide electrodgd]. Redox metalloproteins such as involving inorganic mineral substrates, microorganisms, and
cytochromes have been applied, in conjunction with iron oxidehigher plants and animals. There is a growing understanding
and other electrodes, as bioseng$br]. The cytochromeused  of the geochemical roles played by early microorganisms and
in the present study, as well as derivatives, have been used ker by photosynthetic organismsin creating the environment on
adsorbed sensitizers on nanocrystalline 2Tfiins for photo-  earth that we, and other multicellular forms of life, enjoy (and
voltaic applicationg8-10]. must increasingly protecfll4—17] There are minerals (e.g.,
pyrite, magnetite, biotite, others) that serve as oxidizable energy
sources for organisms, and other minerals (e.g., ferric and man-
* Corresponding author. Tel.: +1 307 766 6769; fax: +1 307 766 6769. ganese oxides and hydroxides) that can be used as respiratory
E-mail address: carrick@uwyo.edu (C.M. Eggleston). electron acceptors in environments deprived of oxyfis].
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Cytochromes have been implicated in microbe-mineral electromteracts with phospholipids, mitochondria, and other isolated
transfer[18—-22] enzymes. Mcc interaction with hematite electrodes, then, might
This paper presents results for the interaction of mitochonshow a similarly small shift (compared to tin oxide) and still

drial cytochromec (Mcc) with iron oxide surfaces and com- be considered “native”. Chen et §82] showed, using func-
pares them to previous results for interaction of this and othetionalized alkanethiol self-assembled monolayers (SAMs) on
cytochromes with oxides. Although previous research has deadjold electrodes, that SAMs terminated with hydrophilic termi-
with tin and indium oxide electrodg®3,24] TiO, nanopar- nal groups (e.g., carboxyls), or even methyl groups attached to
ticle films [7—10], and clay-modified graphite electrod], N* centers, near-native redox potentials were observed. SAMs
this is the first report to our knowledge of the direct electro-with methyl-terminated alkanes, however, gave aredox potential
chemistry of Mcc on an iron oxide electrode as well as the firsof —320mV versus Ag/AgCI. This potential is close to that of
AFM-imaging and study of pH-dependent adsorption on iron‘bare” heme, with no protein wrapping, on similarly functional-

oxide. ized electrodef85] and has been interpreted as an indication that
the Mcc has unfolded to expose the heme. We would expect that,
2. Mcc background if Mcc unfolds on hematite electrodes, that we would observe a

similarly large shift in redox potential.

We used horse heart cytochroméPDB ID: 1HRC) from
Sigma, a mitochondrial cytochronaeMcc was among the first
redox proteins to be purified and studig$]; its amino acid
composition, basic conformational states, redox potentials, and
isoelectric pointwere known by 19447]. Mccis aglobular pro-
tein (12.4kDa, 3.4 nm diameter) consisting of 104 amino acid
residues in a single polypeptide chain and a covalently attached
heme group. It contains 19 lysine residues, of which Lys 13, 27,
72 and 79 are grouped around the heme edge of the molecule
(Fig. 1A). The high lysine content gives Mcc an isoelectric point
(IEP) of about pH 1(28]. The charge distribution is inhomoge-
nous Fig. 1B), imparting a dipole moment of 308 and 325D
for the reduced and oxidized forms, respectively, at neutral pH
[29]. The dipole moment is a key factor in the orientation and
docking of Mcc with its oxidase and reductg86]. The heme
Fe is axially coordinated by histidine 18 and methionine 80,
and is maintained in the low-spin state in the native conforma-
tion. The most easily broken axial bond (to the S in methionine
80) is disrupted at extreme pH or elevated temperature, and can
be replaced by ligands such as CNN3~, or imidazole. The
breaking of the Fe—S bond results in switching to the high spin
state, and allows a portion of the polypeptide chain (from residue
78 to residue 90) to move away from the heme and expose the
heme to a more aqueous environment that is thought to promote
electron transfer from the reduced heme to electron acceptors
[28].

Using redox mediators, the native redox potential of Mcc has
been measured at +0.04 to +0.07 V versus Ag/AGCT|32]. In
1977, two groups performed direct electrochemistry with Mcc
using solid electrodes. Reversible redox peaks at near-native
potentials were obtained if the Mcc was stabilized with a co-
adsorbed layer of 4,bipyridine [33], and Yeh and Kuwana
[23] obtained reversible redox waves using an indium-doped tin
oxide electrode. Later it was shown that a number of other co-
adsorbed molecules would also stabilize Mcc, including a layer
of adsorbed phosphafa4].

Bowden et al.[24] showed that reversible or irreversible  (B)
behavior could be produced depending on the surface treatment
of the oxide electrode and on pH. They found a slight (15 mV)Fig. 1. (A) RASMOL rendering of Mcc (PDB ID: 1HRC) with the protein in
negative shift of the Mcc redox potential on indium oxide elec-9'®: the heme in black, and the Fe of the heme a dark gray sphere. The heme

. . . occupies a “groove” that can open to solvent if axial bonding to Fe is severed.
trodes as Compamd to tin oxide electrodes, and pomted out th@) Cartoon of Mcc showing positive charge associated with the heme groove
this shift is comparable to those measured when the moleculgd an electric dipole.
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Another factor in controlling the electrochemical behavior3. Experimental
of Mcc is its orientation.Fig. 1 shows that the electroactive
Fe in the heme is close to the positively charged edge of thé.1. Hematite powders for sorption experiments
Mcc molecule; in the absence of wholesale unfolding, the heme
would be expected to achieve best electronic overlap with elec- Hematite was synthesized following Sugimoto et[4D],
trode states when the electrode surface is negatively chargeahd the structure was confirmed using XRD. The resulting thin
orienting the positively charged lysine-rich heme groove towardlatelets had a diameter of 1pPn and a BET specific sur-
the surface. It has been noted that, for Mcc separated from a gofdce area of 4.8 fg~—1. Hematite was washed three times with
electrode by varying chain lengths of carboxy-terminated alkané M KCI and again with 0.01 M KCI to obtain a 0.01 M KCI
thiols, chain lengths of 8 or less result in distance-independerdackground electrolyte (Khare et §1]) and stored as stock
electron transfer ratg86]. This result is contrary to tunneling suspension of 94.1 g hematite Kgsolids concentration.
theory, and indicates that another process is rate limiting at low
separations. The rate-limiting factor is thought to be conformas.2. Aqueous sorption experiments
tional change in the protein that promotes (or allows) electron
transfer{36]. Aqueous solutions (KCI, HCI, KOH at 0.01 M and Mcc at

There have been a few studies of polyheme bacterial men®.1 mM) were prepared using analytical grade reagents and
brane cytochrome interaction with aqueous Fe(lll) complexeslegassed, deionized water. All samples had 1.50¢ lays-
and mineral-modified electrodes. Lojou et §7] studied pended solids, ionic strength of 0.01 M KCI, and total mass
the catalytic reduction of aqueous Fe(lll) citrate by variousof 30+ 0.01g. Samples were made by weighing out 0.478g
mono- and polyheme cytochromes reduced at pelysine-  of hematite and adding 0.01 M KCI to about 30% of the final
modified graphite electrodes. Mcc, with the most positivemass; 500@L of 0.1 MM Mcc solution was then added, and
reduction potential of the cytochromes studied, did not catthe pH was adjusted using 0.01 M HCI or 0.01 M KOH before
alyze Fe(lll) citrate reduction, whereas polyheme cytochromesach sample was brought to its final mass. Sample headspace
obtained form sulfur and sulfate reducing bacteria were effecwas flushed with M. After each experiment, tubes were cen-
tive. Although these cytochromes had widely differing iso-trifuged at~6000x g for 10 min and the supernatant solution
electric points (10.2-4.8), they were comparably effective inwas decanted and analyzed. The pH was measured in a portion
Fe(lll) citrate reduction. A shared characteristic in the testedf the supernatant solution before filtering, and the remain-
cytochrome was bihistidine axial Fe coordination of heme Feing solutions were filtered using 0;2m polycarbonate filter
as opposed to histidine—methionine axial Fe coordination inmembranes. Dissolved Mcc concentration was measured using
Mcc. Such cytochromes have a more negative reduction potembsorbance at 480 nm; this is a longer wavelength than the Soret
tial. Lojou et al.[38] extended previous work by showing that band peak at 408 nm and is less sensitive to subtle variations in
outer membrane bacterial cytochromes could catalyze electrddoret band peak position. The amount of Mcc sorbed on hematite
transfer to Fe(lll) oxyhydroxides. Magnuson et[89] showed was taken as the difference between total added Mcc and Mcc
the same to be true of OmcC, an outer membrane cytochrommaeasured in supernatant solutions after each sorption experi-
from Geobacter sulfurreducens. However, neither of these stud- ment.
ies report direct electrochemistry of bacterial cytochromes using
iron oxide electrodes. 3.3. Electrochemical characterization using hematite

Sallez et al[25] studied the interaction between Mcc and electrodes
polyheme cytochromes from sulfate reducing bacteria using
pyrolytic graphite (PG) electrodes modified with clay coatings, Hematite (-Fe,O3) from Tarascon sur Aége, France was
including electroinactive minerals such as kaolinite and montused as working electrodes. As received, these crystal surfaces
morillonite as well as electroactive goethite-FeOOH). The were contaminated with a discontinuous coating of probable
electroinactive clays tended simply to screen the PG electrodgoethite &-FeOOH) particle$42]. These were removed read-
from the cytochromes, but CV currents were greater on goethitaly, along with contaminating organic matter, using a 1-2 min
modified electrodes than on bare PG electrodes. CV of Mcboil in nitric acid, followed by a brief rinse in concentrated
on goethite-coated PG electrodes suggested that Mcc retaihaOH and rinsing with filtered DDI water. This hematite has
near-native conformation in the presence of goethite, and thatn electron donor impurity concentration (mostly Sn and Ti) of
the goethite helps attract cytchrome to the electrode, but thabout 2.0x 103 at.% based on ICP—MS analydég]. Cyclic
electrochemical response does not reflect direct electrochemeltammetry (CV)was conducted using this hematite as working
istry (electron transfer) between goethite and cytochrome. Somaectrodes, a platinum counter electrode, and either an Ag/AgCl
polyheme cytochromes exhibited large cathodic peaks but smalkference electrode or an oxidized silver wire calibrated against
or absent anodic peaks, suggesting that these cytochromes car Ag/AgCI reference electrode as a pseudo reference. CV
alyzed goethite reduction. The present study is the first, to ouexperiments took place using 0.1 M KCI solutions, with or with-
knowledge, of direct electrochemistry between cytochromes andut added Mcc. The electrochemical cell was stirred and purged
Fe(lll) oxide electrodes, and is intended as a comparative basef oxygen using flowing ultra high purity nitrogen gas. CV was
line for subsequence studies of outer membrane cytochromgegrformed using an EG&G 263A potentiostat controlled from
from dissimilatory iron reducing bacteria (DIRB). a PC. Cleaned hematite crystals were attached to a metal clip
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and suspended in the solution of interest. Thus, the CV results
are not unique to a particular crystal face. The fragile crystals
frequently broke while changing solutions, and the total area of
the crystal exposed to solution varied with changes in solution,
so the absolute magnitudes of current are not necessarily com-
parable from experiment to experiment. However, the presence
or absence, and position, of redox waves is comparable between
experiments.

Current (amperes)

3.4. Atomic force microscopy (AFM)

AFM imaging of Mcc sorbed on hematite (00 1) surfaces ;
was done using a Digital Instruments Nanoscope llla operat- -4x10°0 1
ing in both contact and AC imaging modes. The same hematite ]
samples were used as electrodes and in AFM observations. We T T T T T 1

used etched silicon tips/cantilevers with an Al coating to enhance 04 ‘2;2 ) 10‘0 A /(;2 o 04 0.6
reflectivity. otential (V vs. Ag/AgCI)

Fig. 3. Voltammogram of Mcc (0.1 mM, 0.1 M KCI) using a hematite electrode
4. Results (solid line) and of KCI solution without Mcc (dotted line). Because the elec-
) trode contact area is different in these two experiments, currents are not directly

. . . comparable.
The pH dependence of Mcc sorption to hematite particles

in agueous suspension is givenHFig. 2 The point of zero net : . . 3 .
charge of the hematite surface occurs at about pH 8.5, and tI?Sé)lutlon at pH 7. Redox waves are evident; half-wave potentials

) . . . .._for this experiment are listed ifable lalong with the redox
isoelectric point of the Mcc is at about pH 10. Thus, opposite . .

A . otentials of Mcc from selected literature examples. Our redox
electrostatic charge on hematite and Mcc only occurs between

pH 8.5 and 10. This pH range coincides closely with the peak irpotential for Mcc interacting with hematite electrodes is directly

. Lo . . . comparable to those of other studies (cited above) using oxide
adsorption density iRig. 2, suggesting that the primary sorption o

) L . . electrodes. The form of the voltammograntig. 3is virtually

interaction is electrostatic. However, van der Waals attractive . . .

. : identical to that reported by Sallez et[@5] for Mcc interacting

forces also probably play a role in attracting Mcc molecules to . . o :

o .with a goethite-modified PG electrode. There is no electrochem-

the surface under conditions of very small (or zero) electrostatic ; . . : .

repulsion ical evidence for unfolding or denaturation upon interaction of

Fig. 3compares the voltammogram of a bare hematite eIeCIylcc with the hematite electrodEig. 4 compares the results of

trode in 0.1 M KCI with that of hematite in the 0.1 mM Mcc an experiment at pH 7 W'th one at pH 9.5_(th|_s hematite crystal
was smaller than the previous one, resulting in lower currents).

The current is slightly greater at pH 9.5 than at pH 7, consis-

® tent with a greater tendency for the positively charged heme
o ® groove to be oriented toward the surface at pH 9.5 than at pH
= 7 (given a point of zero charge of the hematite surface near pH
3 8.5). Because these experiments were done with an Ag wire
Lo
2"
= Table 1
_;.t: ] ® Redox potentials for Mcc on different electrode types
S 6=
—§ . Electrode type Redox potenfial
éj Hematite (this work) pH 7, Ag/Ag¢l 40
5 4 Hematite (this work) pH 7, Ag wife ~25
g Hematite (this work) pH 9.5, Ag wife ~10
g L ) ® SN0 [23] ~30
<, SnQ, [24] 55
® 1203 [24] 55
® Alkanethiol-NCHz on Au[32] 130
® P o ® ’ Alkanethiol-Chb-CHs [32] —320
0 IQ | : | ! Alkanethiol-COOH[32] 40
4 6 3 10 12 Goethite coated PG25] 58
pH 4,4-Bipy on Au[33] —38

Fig. 2. The pH dependence of Mcc sorption to hematite particles in aqueousa Redox potential is taken as the midpoint between reduction and oxidation
suspension. The pH region of greatest sorption corresponds closely to the piaves, mV vs. Ag/AgCl). _ _ .

region of opposite charge on hematite (negative above pH 8.5) and Mcc (positive . Reference electrodes in different hematite experiments are given.

below pH 10). ¢ PG, pyrolytic graphite electrode.
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T - populated with a larger number of particles. These particles are
e TN up to 2.5nm high relative to the surrounding surface (though
T B many are not so high) and 20-60 nm wide. In contact-mode
imaging, these particles are easily swept aside, and the images
) are highly streakyKig. 6). At a low contact force (1-2nN),
— i streaky images such as thaffig. 6A are obtained. By increas-
. Oy ing contact force to several hundred nanonewtons, an image of a
_..-:""-" clean surface is produceHi¢). 7A). When contact force is again
e reduced to a few nanonewtons, and scan area increased, the area
P < scanned at high force (during which sorbed Mcc is swept aside)
, - becomes visible as a scan field in the larger im&ig 68). Both
e - in contact and AC imaging modes, the particles vary from about
ir” 1.0-2.5nm high, and are up to 60 nm wide. These results sug-
. 04 o 00 02 04 06 gest that the 3.4 nm (diameter) native Mcc molecules are either
Potential (V vs. Ag wire) being perturbed by the AFM imaging (whether or not the AC
_ _ _ imaging mode is used) or have changed physical dimensions
Fig. 4. Voltammogram of Mcc (0.1 mM, 0.1 MKCI) using a hematite electrode 55 5" ragylt of adsorption. The fact that we observe native-like
at two different pH values. Dotted line: pH near 7; dashed line: pH 9.5. . .
redox potentials suggests that no unfolding takes place on the
surface, leading us to conclude that the AFM dimensions reflect
as a pseudo-reference electrode, the potentials are not direcéy imaging artifact. The adsorbed Mcc molecules also probably
comparable to those d¢fig. 3. However, our calibration of the occur as small aggregates.
Ag wire against Ag/AgCI suggests that the corrected potentials Fig. 7A shows an Jum x 1 wm area after it had been cleared
should be about 100 mV higher, at 10 mV for pH 9.5 and 25 mVof sorbed Mcc by high force scanning in contact mode. In
for pH 7. Again, despite uncertainty, these results are compardhis imaging session a 100 mM ammonium phosphate solution
ble to previous results for Mcc interaction with oxide electrodeswas used. Phosphate interacts with Mcc, and dissociation con-
The reduction wave at pH 9.5 is slightly negative of the reduc-stants are known for three different phosphate binding sites on
tion wave for pH 7, possibly indicating that a small amount ofMcc [44]. Phosphate also sorbs coordinatively to iron oxides
Mcc is starting to unfold under high pH conditions (Mcc unfolds and hydroxideg41]. We hypothesized that Mcc would adhere
above pH 1443]). more strongly to hematite in the presence of phospliade 7B
AFM imaging (in AC mode) is presented FFig. 5. In the  shows a nearby area, also after clearing, in which some Mcc
image of a hematite surface in KCI, before addition of Mcchas apparently remained attached to steps. This result suggests
(Fig. 5A), some scratches and a few likely inorganic contami-that steps either hold a greater electrostatic attraction for the
nant particles are evident along with some well-defined stepsvicc molecules or that there is coordinative attachment of the
Phase-lag imaging (data not shown) suggests that the particlesolecules to steps, perhaps via phosphate “linker” molecules.
are not fundamentally different from the surrounding surface Finally, the images ifrig. 5were taken in circumneutral pH
with regard to adhesive or damping interaction with the oscil-KClI, and the images ifig. 6were taken at pH 9.5; as expected,
lating tip. After addition of Mcc Fig. 5B), the surface appears there is greater apparent surface coverage in the high pH images
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Fig. 5. AC (oscillating cantilever) AFM images of hematite surface without (A) and with (B) sorbed Mcc. Inset: vertical grayscale applies to testh maag
scales are in micrometers.
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Fig. 6. Contact mode AFM images of a hematite surface in 0.1 mM Mcc solution, pH 9.5. (A) Image taken at low contact force (1-2nN). (B) Image taken at lo

force after a high-force scan was taken near the center of the image area. Mcc had been cleared away from the central scan field, and is in theqriningss of res
from the Mcc solution in which the imaging was performed.

0 0.25 0.50 0.75 1.00 O 0.25 0.50 0.75 1.00
pM

Fig. 7. (A) AFM images taken in 0.1 mM phosphate with 0.1 mM Mcc after a high for@0Q nN) scan to clear the area of Mcc. (B) High force AFM scan under
the same conditions at in (A), showing Mcc molecules adhering to step edges.

than at neutral pH, consistent with the results presented inccur when the hematite surface is negatively charged and thus

Fig. 2 likely to attract the positive edge of the Mcc dipoleid. 1).
The positive edge of the Mcc dipole is near the heme groove,
5. Discussion which brings the Fe of the heme in Mcc relatively close to

the hematite surface. The very low currents associated with

The aqueous sorption results are generally consistent witthe redox waves are probably in part the result of rather small
electrostatic attraction between the soluble Mcc molecule andlectrode—solution contact areas (on the order of 48yran
the hematite surface, perhaps enhanced by weak van der Waslgll as the relatively weak electric field at the hematite surface.
forces of attraction under pH conditions slightly outside theAny molecules not oriented with the heme as close as possi-
pH range of expected electrostatic attraction between Mcble to the surface will be less able to participate in electron
molecules and the hematite surface. The cyclic voltammetrgxchange with the hematite electrode, resulting in overall lower
results indicate that little or no unfolding of the Mcc molecule currents.
occurs upon interaction of Mcc with the hematite electrode The AFM imaging is consistent with loosely sorbed Mcc
surface, and that the molecules are oriented such that elemolecules not likely to be coordinatively bonded to the surface.
tron exchange with the hematite surface is possible. This i€ontact mode AFMimaging can easily displace molecules, even
expected; the conditions of maximum sorption dendfig(2)  atthe lowest contact forces. While imaging in aqueous solution,
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we found that Mcc resorbed in scan fields within two or threebrane cytochromes from DIRB may be performed using both
scans <5 min). hematite and other oxide electrodes.

It is likely that some of the large particles (FigsB, 6 and
7B) are aggregates of two or more Mcc molecules. A singleAcknowledgements
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