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Abstract: A new approach for studying intramolecular electron transfer in multicenter enzymes is described.
Two fumarate reductases, adsorbed on an electrode in a fully active state, have been studied using square-
wave voltammetry as a kinetic method to probe the mechanism of the long-range electron transfer to and
from the buried active site. Flavocytochrome c; (Fccs), the globular fumarate reductase from Shewanella
frigidimarina, and the soluble subcomplex of the membrane-bound fumarate reductase of Escherichia coli
(FrdAB) each contain an active site FAD that is redox-connected to the surface by a chain of hemes or
Fe—S clusters, respectively. Using square-wave voltammetry with large amplitudes, we have measured
the electron-transfer kinetics of the FAD cofactor as a function of overpotential. The results were modeled
in terms of the FAD group receiving or donating electrons either via a direct mechanism or one involving
hopping via the redox chain. The FrdAB kinetics could be described by both models, while the Fcc; data
could only be fit on the basis of a direct electron-transfer mechanism. This raises the likelihood that electron
transfer can occur via a superexchange mechanism utilizing the heme groups to enhance electronic coupling.
Finally, the FrdAB data show, in contrast to Fccs, that the maximum ET rate at high overpotential is related
to the turnover number for FrdAB measured previously so that electron transfer is the limiting step during
catalysis.

Introduction see also ref 1 and references therein), the mechanism by which
In contrast to atoms and molecules, electrons can tunnelth?gsmed'ate electron transfer remains unestablished in most
Studies of long-range electron transferls A) have recently

received interest through related work on DRAS Theoretical

research has led to two proposed mechanisms for ET along DNA
nucleotides (see Figure 1520 First, electrons may be trans-

across long distances-(4 A) without this being rate-limiting
in most biological systemsHowever, there are many examples
of enzymes in which electron transfer (ET) over even longer
ranges £ 15 A) is necessary. This problem is resolved by the
use and positioning of redox centers such as hemes (Fe
porphyrins) or iror-sulfur clusters between the initial donor  (6) Schubert, W. D.; Klukas, O.; Krauss, N.; Saenger, W.; Fromme, P.; Witt,
and final acceptor sites (i.e., a dordiridge—acceptor system H. T Mol. Biol 1997 272, 741-769.

! ) p : ! (_" "_ 1dg p _y ) (7) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi, H.;
The resulting configuration is referred to as a biological “wire” gganzla(l)vfxslgi_tcir(w).7 lfl.; Nakashima, R.; Yaono, R.; Yoshikaws&&encel 995
pr redox chain. Although these redox chains are commonplace (8) lwata, S.. Ostermeier, C.: Ludwig, B.; Michel, Nature1995 376, 660~
in enzymes (for instance, hydrogena%é€0 dehydrogenask, 669. _

(9) Kelley, S. O.; Barton, J. KSciencel999 283 375-381.

photosynthetic reaction centérdand cytochrome oxidases’;® (10) Dandliker, P. J.; Holmlin, R. E.; Barton, J. Eciencel997, 275 1465~
1468.

*To whom correspondence should be addressed. E-mail: (1) Hall D. B.; Holmlin, R. E.; Barton, J. KNature1996 382 731-73S.
Fraser.Armstrong@chem.ox.ac.uk. Fax: 0044-(0)1865-272690. (12) Lewis, F. D.; Letsinger, R. L.; Wasielewski, M. Rcc. Chem. Re2001,
)
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Figure 1. Representations of electron transfer via a nonhopping and a i
hopping mechanism in a donebridge (i.e., redox chair)acceptor system.
ferred from the donor group onto the DNA, after which they
hop from nucleotide to nucleotide (changing fbemal oxida-
tion state of each nucleotide) until they are transferred to the  Frd
acceptor group, that is, a hopping mechanism. Alternatively,
electrons may tunnetiirectly from donor to acceptor via a = %,,FAD
superexchange mechanism that is sensitive to the overlap and §< \
energies of the frontier orbitals in the chain. § 2Fe-2S 8
For multicenter enzymes, it is tacitly assumed that intra- 8 | 4Fe4s &
molecular electron transfer occurs via a hopping mechanism. ’ | 3Feds & ET
In principle, this assumption can be tested by measuring the o
ET rate as a function of driving force between the donor and S Quinol/
final acceptor. Using an electrode, this driving force can be 5 g, Quinone
varied continuously. Two limiting cases can be defined: if the 2 ; %
electrons transfer directly, the rate should increase with driving § s' ey
force (equal to the potential difference between donor and | > fop Quinol
%;\5“’; Quinone

acceptor) in accordance with the Butterolmer and Marcus
theories. For clarity, we will refer to this as the “nonhopping” Figure 2. (Top) RepresentatiéA®* of fumarate reductase frod. frigi-
mechanism. In contrast, if electrons are transferred via a hoppingdimarina(Fce),?* showing the full structure and (at right) the redox active
mechanism, the rate of electron transfer will ultimately be 970UPS- (Bottom) Representatfdfi®of fumarate reductase frof. colf?

’ . showing the full and (at right) the redox active groups.
controlled by the rateonstantfor ET between the redox-chain

component and_ the acceptor, which iredependentof the Fcg and FrdAB adsorbed on pyrolytic graphite edge (PGE)
electrode potential. electrodes give well-defined cyclic voltammetry (CV) signals
To gain further insight into the mechanism of ET along and are fully active in the presence of subst?atéé Studying
biological redox chains, we have studied the electrochemical enzymes electrochemically while adsorbed at an electrode
kinetics of two multicenter enzymes. The first of these is the (protein film voltammetry) is a unique way of extracting
globular fumarate reductase froBhewanella frigidimarina  information on their ET and catalytic propertf4-or both these
called flavocytochromes (Fces), which is a 64 kDa protein enzymes, the active site FAD can be distinguished clearly from
with four hemes in the redox chain and a noncovalently bound the components of the redox chain since it exhibits a cooperative
flavin group (FAD) in the active site (see Figure 22)The two-electron transfer reaction (the semiquinone radical state is
second enzyme is the fumarate reductase fscherichia coli relatively unstable) that at low scan rates yields a much sharper
which in its membrane-bound form is a tetramer (FrdABCD), sjgnal3°
containing one or two quinone binding sites (electron donor),  previously, we have shown that square-wave voltammetry

three Fe-S clusters in the redox Chain, and a COVaIently attached (SWV, see Figure 3) ut|||z|ng |arge amp”tudes Hmo mV)
FAD in the active site (see Figure &Here, we have used the

soluble subcomplex (93 kDa) of fumarate reductase (FrdAB) (23) Turner, K. L.; Doherty, M. K.; Heering, H. A;; Armstrong, F. A.; Reid, G.

. L . A.; Chapman, S. KBiochemistry1999 38, 3302-3309.
that lacks the membrane anchors and the quinone binding siteg24) Jones, A. K.;'Camba, R. O.; Reid, G. A.; Chapman, S. K. Armstrong, F.
(FrdC and FrdD) but contains all the +8 clusters (FrdB) as

)
)
A. J. Am. Chem. So@00Q 122, 6494-6495.
. (25) Heering, H. A.; Weiner, J. H.; Armstrong, F. &. Am. Chem. Sod997,
well as the FAD group (FrdA). In both enzymes, the active site (25) Heernd cner mstrong m- ~hem. 50
FAD is buried within the protein 15 A from the surface when  (26) Sucheta, A; Cammack, R.; Weiner, J.; Armstrong, FBiachemistryl993
)

119 11628-11638.
. . 32, 5455-5465.
measured with a 10 A diameter probe, see later), whereas severab7) Leger, C.; Heffron, K.; Pershad, H. R.; Maklashina, E.; Luna-Chavez, C.:

Cecchini, G.; Ackrell, B. A. C.; Armstrong, F. Biochemistry2001, 40,
of the hemes (Feg or one of the Fe S clusters (FrdAB) of 112941145,

the respective redox chains are exposed to the surface. Thazs) Armstrong, F. A;; Camba, R.; Heering, H. A.; Hirst, J.; Jeuken, L. J. C.;
assumption, therefore, is that these redox chains somehow  Jones. A. K. Leer, C.;McEvoy, J. Praraday Discuss200Q 116, 191~

203.
facilitate electron transfer to the FAD. (29) Armstrong, F. A.; Heering, H. A.; Hirst, Chem. Soc. Re1997, 26, 169
179.
(30) The peak shape is dependent on the appareaiue,n,,, which reflects
(20) Jortner, J.; Bixon, M.; Langenbacher, T.; Michel-Beyerle, MPEc. Natl. the extent of cooperativity of electron transfer. The half-height peak width
Acad. Sci. U.S.A1998 95, 12759-12765. can be calculated by = 3.53 x (RT/ng,f). The maximum current is given
(21) Taylor, P.; Pealing, S. L.; Reid, G. A.; Chapman, S. K.; Walkinshaw, M. by ip = ndapd= ZvAL/RT, with ng the stoichiometric number of electroms,
D. Nat. Struct. Biol.1999 6, 1108-1112. the electrode area, ard the electroactive protein coveragfeThus, for
(22) Iverson, T. M.; Luna-Chavez, C.; Cecchini, G.; Rees, DS€encel999 Napp = 2, peaks are twice as sharp and four times as high as peaks with
284, 1961-1966. =1
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Square wave Voltammetry as supporting electrolyte. Measuremepts were made <€ ,18t which _
temperature the pH values of cell solutions were measured and adjusted
(1) Forwar.d and then checked after the experiment. Polymyxin B sulfate (200
y (oxidation) mL) was included as a coadsorbate to stabilize the protein layer on the
Psr_igd —O current PGE electrode. In contrast to CV experiments, the SWV pulse sequence
— sampled with large switching amplitudes destabilized the FrdAB film, but this
problem could be minimized by adding 20% glycerol (volume/total
E Eon volume). Fast scan CV experiments showed that the addition of glycerol
did not change the ET kinetics, although it slightly decreased electrode
coverage. Feefilms were sufficiently stable to perform SWV experi-

Backward ments without the addition of glycerol.
Esw (reduction) Electrodes. PGE and rotating disk PGE working electrodes were
L o —&_p current constructed as described previou¥ly* The disk of pyrolytic graphite

sampled (Advanced Ceramics Corp., Wales) was housed in a Teflon sheath so
that the edge plane is oriented to contact the solution (i.e., the basal

Time -ab plane is_ r_10r_ma| to the solution surface). Typically, t_he electrc_Jde

area was minimized to ca. 1 mnwo decrease current magnitudes. Prior

v > to voltammetry, the PGE electrode surface was polished witn bf

" »i Short and long period alumina (Buehler, U.S.A)), then sonicated thoroughly. An FrdAB

Forward

\Fast ET current
H sampled }

protein film was applied by smearing approximately:1 of protein
solution (~0.1 mM) across the electrode surface using a plastic pipet
tip and, after a short incubation time, retracting the excess of protein
solution. The coated electrode was then transferred immediately to the
cell solution. An Fcg protein film was formed by rotating the PGE

electrode at 200 rpm in a OeM protein solution ¢1 mL mixed buffer,
pH 7.0) and cycling between 0.241 ar®.759 V versus SHE at 100
mV s~ until the faradaic signal stabilized-6 min). The PGE electrode
with protein film was then transferred to a protein-free cell solution at
. the appropriate pH.
Time Voltammetry. All experiments were performed in a Glovebox
Figure 3. (Top) Variation of potential with time for a square-wave (Vacuum Atmospheres) under a nitrogen atmosphere (oxygeppm).
voltammetry experiment. (Bottom) Two examples of current traces within  The thermostated electrochemical cell was of all-glass construction,
a period of a square-wave voltammetry experiment. For each example, the, i, the main compartment housing the PGE working electrode and
sampling points for two different frequencies (i.e., periods) of a square- . . .
wave voltammogram are indicated by circles. platinum wire (surface area 1—3 mn?) counter electrode. A sidearm
compartment, connected via a Luggin capillary and filled with 0.1 M
£ NaCl, housed the saturated calomel reference electrode (SCE). All
potentials are quoted versus the standard hydrogen electrode (SHE)

1

Slow ET

is a good method for measuring ET kinetics as a function o

L a1 . ' . ) i
g.rlvmghforlse. .Theflmporltant lf)er!eflt(jog SVr\]/V IS that it com with Esce = 241 mV versus SHE at 28C.% The cell was enclosed in
ines the kinetic information obtained by chrono-amperometry Faraday cage to minimize electrical noise.

W|th_the ease and accuracy of background subtraction common Cyclic voltammetry (CV) and square-wave voltammetry (SWV) were
for linear-sweep voltammetry. Here, we have used SWV t0 recorded using an Autolab electrochemical analyzer (Eco-chemie,
probe the mechanism of ET to the buried FAD groups in the uUtrecht, The Netherlands) equipped with a PGSTAT20 or PGSTAT30
two fumarate reductases, noting that significant differences arepotentiostat. CV data were recorded in the analogue mode with a fast
expected for the two ET mechanisms outlined above. First, we analogue scan generator (SCANGEN) in combination with either a fast
will show how the SWV response is expected to vary depending AD converter (ADC750) or the more sensitive electrochemical detection
on whether a hopping or nonhopping mechanism is operating. (ECD) module. Effects of uncompensated resistance were minimized

We will then describe and discuss the results that are obtainedby using the positive-feedback iR compensation function of the Autolab
for the two fumarate reductases analyzer, set at values just below those at which current oscillations

appear in cyclic voltammograni%.Voltammograms were Fourier-
filtered to remove remaining noise, then the background (non-faradaic)
current was subtracted using a program (developed by Dr. H. A. Heering
and Dr. C. Lger) which fits a cubic spline functiéhto the baseline
in regions sufficiently far from the peak, and extrapolates it throughout

Materials and Methods

Proteins and Solutions.Recombinant fumarate reducté&sé&om
Shewanella frigidimarinaNCIMB400 (Fcg) was expressed ir8.
frigidimarina strain EG301 and purified as described previodijhe the peak region.
recombinant soluble domain &f colifumarate reductase (FrdAB) was To determine whether uncompensated resistance had any influence
modified with a His-tag to facilitate purificatioff. Deionized water ~ ©On the measured SWV data and analysis, voltammograms were
(Millipore, 18 M Q cm) was used throughout the voltammetric measured with electrodes having different geometric areas 8niny)
experiments, and all chemicals were purchased from either Sigma orWith and without the positive-feedback iR compensation function. For
Merck (BDH, AnalaR). For all experiments, a mixed buffer system the data acquired (in all cases, currents wer800 uA), some

was used (25 mM MES, HEPES, PIPES, and TAPS) with 0.1 M NaCl differences were observed when larger areas (3)mrere used without
iR compensation. Peak splitting occurred at lower frequencies as

(31) Jeuken, L. J. C.; McEvoy, J. P.; Armstrong, F.JAPhys. Chem. B002
106, 2304-2313. (34) Hirst, J.; Armstrong, F. AAnal. Chem1998 70, 5062-5071.

(32) Gordon, E. H. J.; Pealing, S. L.; Chapman, S. K.; Ward, F. B.; Reid, G. A. (35) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundementals and
Microbiology 1998 144, 937—945. Applications Wiley: New York, 1980.

(33) Doherty, M. K.; Pealing, S. L.; Miles, C. S.; Moysey, R.; Taylor, P.;  (36) Britz, D.J. Electroanal. Chem1978 88, 309-352.
Walkinshaw, M. D.; Reid, G. A.; Chapman, S. Biochemistry200Q 39, (37) Press, W.; Flannery, B.; Teukolsky, S.; Vetterling, Mimerical Recipes
10695-10701. in Pascaj Cambridge University Press: New York, 1989.
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compared to measurements performed with smaller areas and using iFfit, although it did influence thég value (<20%). Cyclic voltammo-

compensation. In the most extreme case, a shift-0f3 times the
frequency was observed. In the modeling procedure (vide infra), this

grams were calculated using a finite difference procedrased on
Butler—Volmer kinetics (eq 1) with a limiting ET rate (eq 2) with the

corresponds to a change in the ET rates of about a factor of 3. We alsofollowing type of expression to calculate the flux:

observed a significant influence on the SWV peak heights, which were
much smaller at frequencies500 Hz when the iR drop was not
adequately compensated.

Modeling. General Considerations.Electron-transfer rates were
modeled using the ButlefVolmer equations®

F(E E°)
~ e ) (1)
ol OFETE)

in which E is the applied potentiak® is the formal reduction potential
of the adsorbed coupl@, is the number of cooperatively transferred
electrons,a is the transfer coefficient representing the degree of
symmetry (abouE®°) of the rate constants for oxidation and reduction
(o = 0.5 for the symmetrical case), arld is the rate at zero
overpotential. The termB, T, andF have their usual meanings.

For a range of proteinproteir?® 46 and protein-electrodé!*74°

d[FAD,{

d 4)

_k0x2 [FADred] + kr(-)dz>< [FADsem]
Experimental results were fit by a Levenbeigarquardt procedur#,

in which the error of the experimental peak positions was estimated to
be £5 mV.

Even at the slowest scan rates, voltammograms of FrdAB display a
small, nonideal separation between oxidative and reductive peaks. This
peak separation is observed for a range of proteins and might be due
to slowly interconverting redox-dependent orientations of the protein
on the electrodé&3453In this paper, we have added a smaltlQ mV),
constant peak separation to the simulated data of FrdAB to compensate
for this nonideality.

Square-Wave Voltammetry. A finite difference procedufé was
also used to model the SWV data. For simplification, the redox chain
was treated as an integral entity with a single valuE%tko, andkmasx
and it was assumed that redox equilibrium within the redox chain was
maintained throughout. Consequently, the current due to the redox chain

systems, the interfacial electron transfer has previously been reportedcould be calculated by multiplying the current modeled for a single

to be limited by a process which is believed to involve motions within
the precursor complex that are required to optimize the electronic
coupling. The possibility that the ET rates are ultimately limited (gated)
in this way was accommodated empirically using the following
equation:

1_1
kox_ BV

1
kmax

)

with knax representing the rate of the reaction preceding ET, and thus
limiting the ET rate. An analogous expression with an edalvalue
was used to calculate the rate of reducti&gq).

Cyclic Voltammetry. For modeling the CV data, only the FAD was
considered since the peak maxima are dominated by this group.

FAD,, *Kel FAD

semi Kox2

lﬂedz FAD

red (3)
Initially, the CV data were analyzed in terms of the nonhopping model.
To simulate the cooperative two-electron-transfer reaction of the FAD,
we made the simplifying assumption thef,,, and E2,, for the
reactions FARx == FAD semiand FADRem == FAD eq, respectively, are
equal. This corresponds to an apparent cooperatiity) (~1.4 and a
half-height peak width of 62 mV at 18C. 255 Furthermorek, was
assumed to be the same for both ET reactions (andkhuis koxe and
kea1 = kreaz at all potentials). Increasing the difference betwefy,,

and E(F’ADZ (=20 mV) did not significantly change the quality of the

(38) Moser, C.; Dutton, P. LBiochemistry1988 27, 2450-2461.

(39) McLendon, G.; Pardue, Kl. Am. Chem. S0d.987, 109, 7540-7541.

(40) Zhou, J.; KosficN. J. Am. Chem. Sod.993 115 10796-10804.

(41) Ivkovic-Jensen, M. M.; Ullmann, G. M.; Crnogorac, M. M.; EjdekaM.;
Young, S.; Hansson, O.; KosfidN. M. Biochemistry1999 38, 1589-
1597.

(42) Qin, L.; Kosti¢ N. Biochemistry1994 33, 12592-12599.

(43) Ubbink, M.; Ejdebek, M.; Karlsson, B. G.; Bendall, D. Structure1998
6, 323-335.

(44) Amsterdam, I.; Ubbink, M.; Jeuken, L. C.; Verbeet, M. P.; Einsle, O;
Messerschmidt, A.; Canters, Ghem:Eur. J. 2001, 7, 2398-2406.

(45) Pletneva, E. V.; Fulton, D. B.; Kohzuma, T.; Késti¢. M. J. Am. Chem.
S0c.200Q 122 1034-1046.

(46) Davidson, V. L.Biochemistry200Q 39, 4924-4928.

(47) Avila, A.; Gregory, B. W.; Niki, K.; Cotton, T. MJ. Phys. Chem. BO0Q
104, 2759-2766.

(48) Feng, Z.; Imabayashi, S.; Kakiuchi, T.; Niki, K. Chem. Soc., Faraday
Trans.1997 93, 1367-1370.

(49) Chi, Q.; Zhang, J.; Andersen, J.; Ulstrup,JJPhys. Chem. B001 105
4669-4679.

(50) Plichon, V.; Laviron, EJ. Electroanal. Chem1976 71, 143-156.

redox-chain component by the number of redox groups in the chain
(see also Figure 4). For the nonhopping model, the Butimer
equations with a maximum ET rate (eqs 1 and 2) were used to calculate
the ET rates between the electrode and the redox chain or the FAD
group. For the hopping model, the ET rate between the electrode and
the redox chain was again calculated using eqgs 1 and 2, while the ET
rates between the redox chain and the FAD,

K,
FAD,, + redox—chair}edk%l FAD,,;+ redox—chain, (5a)
ok .
FADg it redox—chalr}edka_2 FAD, 4+ redox-chain, (5b)

had to be consistent with the difference in reduction potential between
the redox chain and the FAD, that is,

(EgAm - E; d h 'r‘)F
kllk_l — ex[{ RI’-T— ox—chall

eX{{(EFADZ ?edo#chair‘)F
RT

(6a)

Kofk = (6b)

The fluxes were then calculated using formulas of the type:

d[FAD,]

P [k, x [redox—chain.g x

[FAD,,]

&_; x [redox—chain,,] x [FAD¢,,JO(7)
Again, to simulate the cooperative ET reaction of the FAD, we used
the simplifying assumption thd2,,, = E2,,. For the nonhopping
model, we assumed th&g values for the two one-electron reactions
were equal, while for the hopping model we assurked k_,.5 Like

the CV data, the SWV data were fit by a Levenbelarquardt
proceduré®? with the error of the SWV peak positions estimated to be
+10 mV. Also, for the SWV simulations, it was found that increasing

(51) Britz, D.Digital Simulation in ElectrochemistnySpringer-Verlag: Berlin,

)
1988; Vol. 2.
(52) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, BNBmerical
Recipes in C2nd ed.; Cambridge University Press: Cambridge, 1992.

(53) Jeuken, L. J. C.; Armstrong, F. A. Phys. Chem. R001, 105 5271-
5282.

) It was assumell; = k-, because these values are rate-limiting for very
crossed potentials (i.e., large negative difference betwekp, and

EZ,\00), Since thek_; andk, values become very large.

(54
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Hopping result in the current being measured at zero overpoteiiial (
Non-hopping

E°), that is, alower reduction or oxidation rates, and a current
e may be detected. At low this results in peaks being detected
e ° at E° & Egy (and thus the peak splitting is 2 Eg,). Whether
A 0 0 or not peak splitting occurs will depend on the value$ ahd
o) L
I ET

Esw used in the SWV and on the ET rates as a function of
overpotential.

For a range of proteinproteirt®46 and proteir-electrodé’—4°

ET o systems, it has been found that intermolecular or interfacial ET
€mes

is limited (gated) by a preceding process. The nature of this
restriction on rates is not yet clearly defined, but it is believed
to involve adjustments in the configuration of the precursor
complex required to optimize electronic coupliffg*® This
limitation of the ET rate shows up profoundly in the SWV
results, as described recently for the small electron-transfer
protein, azurirt® Figure 5A shows that SWV is indeed very

Figure 4. Representations of the nonhopping and hopping models based

on which of the CV and SWV is fitted as described in the text. sensitive to the limitation in ET rate (with the rakg,,, modeled

by eq 2).
the difference betweeR2,,, and E2,n, (<20 mV) did not signifi- Multicenter Enzymes. Referring to the fumarate reductases
cantly alter the quality of the fit, but did change the determined values studied in this paper, Figure 5 also shows the results for a two-
of ko or ki (=k-2) (<20%). component system that includes a redox chain (with three one-

To account for the sampling time required by the potentiostat to glectron redox groups) and a two-electron-transfer group (i.e.,
measure the current at the end of the p_eriod, the current in _the the FAD withnap,= 1.4). As in the first example, this modeled
simulations was averaged from the start until the end of the sampling system includes limited ET rates at high overpotentials. The
period. Calc_ula_tl_ons shgwed that mtrod_uctlon_of the sampling time into two ET mechanisms we have outlined in the Introduction are
the model significantly influenced the simulation and therefore needed - .
to be included. represented in Figure 4. For both models, the effect of varying

two parameters is analyzed. The first parameter is the difference
Results between the reduction potential of the redox chain and the FAD,
and we note that this difference can be systematically varied in
the experiments by altering the pH (the FAD potential is much
more pH-dependent than the redox-chain components). The
second parameter is the ET rate to the FAD, which, for the
nonhopping model, can be determined from cyclic voltammetry
experiments.

Modeling. Throughout this paper, we will analyze the forward
and backward currents of the SWV separately, and we will not
comment on the net current since this is the difference of the
former two currents and does not provide additional information.
We will further denote the reductive currents (measured after a
negative step in potential within the square-wave voltammetry

sequence) as the backward currents, and the oxidation signals Nenhopping Model. In Figure 5B and C, the electrons are
as forward currents (see Figure 3). transferred directly to the FAD via a nonhopping mechanism

(Figure 4, left). While this need not be the case, the examples
shown here are for the case in which the ET to the redox chain
is faster than that to the FAD, which is in line with our results
for FrdAB and Fcg (see later). When thE® value of the redox
chain is equal to that of the FAD, little difference is seen as
compared to a system that contains only one redox group (Figure

low f, the peaks separate, approaching a maximum splitting of 2. However, when th&® values differ relative to one other,

2 x Egu As explained elsewhefd5657this peak splitting isa (€ average peak position shifts with frequency. At high
consequence of the way that the ET rate to or from the redox Teauencies (short periods), the faster ET to the redox chain
site increases with overpotential (as modeled with the Butler "€SUlts in higher currents as compared to those of the slower
Volmer eq 1). In SWV, the current is sampled at the end of ET t0 the FAD (see Figure 3). At lower frequencies (longer
each period (see Figure 3); importantht, long periods(low periods), the redox chaln will already be at equilibrium with
), a fast ET reaction will already be complete, and no current the electrode by the time the current is sampled (at the end of
will be detected. At potential values closeEd, the Eqy steps e period). The slower ET to the FAD will not yet be at
will result in the current being sampled at high overpotentials €auilibrium and, consequently, will be the sole contributor to
(E° + Es), where both reduction and oxidation are fast. the current measured (F|gur§ 3). Inthe nonhopping model, the
However, when the voltammogram is measure@at: Eqy, FAD transfers electrons directly with the electrode, and,

the Esy Steps in one-half of the cases (reduction or oxidation) therefore,_the ET rate tq the_FAD Wi|| have a sim_ilar dependency
on potential as a protein with a single redox site. Because the

(55) At even highef (or lowerko), the peak maxima will deviate frof® (see FAD is the sole contributor to the signals at low frequencies,

refs 56,57). Because our measurements are limited2000 Hz and our  the SWV simulation at low frequencies is identical to that of
ET rates are fastkf > 100 s!), this region is not relevant and will,

Peak Splitting. Figure 5 shows the results of several SWV
simulations, in which the peak positions of the forward and
backward current are plotted against frequency. First, we will
discuss the case of a single ET site (Figure 5A). At high
frequencies f§, the forward and backward currents show
identical (but oppositely signed) peaks, positione®at® At

therefore, not be discussed in our modeling section. the model with a single redox site (as shown in Figure 5A),
(56) ?21262%7&3%1 Ribes, A.; Osteryoung, J. I.Electroanal. Chem1993 and thus the peak splitting approaches E,. Consequently,
(57) Reeves, J.; Song, S.; Bowden,Anal. Chem1993 65, 683-688. the average of the peak positions at low frequency in Figure
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Figure 5. SWV simulations (forward and backward peak positions as a function of frequencyEwits 0.2 V. If the simulated SWV contains two

resolved peaks, the peak position of the highest peak is shown. (A) A single ET sit€with0 V, kg = 500 s1, and kmax as indicated. (B and C)
Multicenter enzyme with one FAD group and three identical, one-electron centers in the redox chain, with ET occurring via a nonhopping mechanism (see
Figure 4, left model). In both caseBe. o, cnain= 0 V, Ko redox-chain = 500 %, andkmax = 200072, For (B), ko Fap = 100 st and for (C),E2,, = 0.05 V.

Insets show the average peak positions of forward and backward peaks. (D and E) Multicenter enzyme as before but occurring via a hopping mechanism (see

Figure 4, right model). In both CaseEX o.cnain= 0 V. Ko redoxchain= 500 §°1, andkmax = 2000 s and for (D), kredoxchain-Fap = ki = 100 L. For (E),E2,
=0.01V.

5B and C is given by the reduction potential of the FAD, while groups involved (eq 5). Because of this difference, the peak
at higher frequency the average of the peak positions is splitting of the FAD at a certain frequency is less than that for
dependent on the reduction potential of both the FAD and the the redox chain, which results in a “constriction” in the plot
redox chain. Where and how the transition of average peakthat coincides with the frequency at which the FAD signal
positions takes place depend on the ratio of the ET rates of thebecomes resolved. The constriction is present as long as the
two components (Figure 5C). intramolecular ET between the redox chain and the FAD is
Hopping Model. In the hopping mechanism, the electrons slower than the interfacial exchange between the electrode and
are transferred first to the redox chain, then relayed on to the the redox chaink; < knay. Unlike the nonhopping model, the
FAD (Figure 4, right), which results in “Jellyfish”-shaped plots peak splitting does not approach 2 Egy (unlessk; > ko
(Figure 5D and E). Analogous to the nonhopping mechanism, redoxchaid- Furthermore, when thig® value of the redox chain is
the FAD signal dominates at low frequency. Contrary to the different from that of the FAD, the simulations show a
hopping mechanism, the ET rate to the FAD depends on the pronounced asymmetry (Figure 5E). The differendeif=(RT/
intramolecular rate constants and the oxidation state of the nF) x In(Kgy)) results in a difference between the forward and
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30 ___/\__,/ Figure 7 shows SWV results from an Bdd@m. The results
< obtained at pH 6.0, 7.0, and 8.0 were very similar, and the peak
Iz o positions for a range of switching amplitudds,() are plotted
& against frequency in Figure 8A. At high frequency, the forward
5 -304 and backward peaks do not have a sharp and resolved FAD
feature as observed in the CV at 100 mV §Figures 6 and 7).
60 However, when the frequency is lowered, a sharper signal
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Figure 7. Square-wave voltammograms (raw data and smoothed baseline-

subtracted signals) of Feat several frequencies (mixed buffer, pH 7.0,
200ug mL~t polymyxin, 10°C, Esy = 125 mV, electrode area 0.8 mn¥).

0.6

backward rate constants, which manifests itself in a profound
change in the average peak positions as compared t&°tbé
either the redox chain or the FAD.

Experiments. Fca. Figure 6 shows a cyclic voltammogram
(CV) from an Fceg film at pH 7.0. Typically, the coverage, as

appears. At lower frequencies, two peaks can be observed for
the backward current (one sharp and one broad peak, see Figure
7). For the forward current, only one peak maximum is observed,
since the sharp peak lies on top of the broad peak. For reasons
discussed later, only the sharp peaks will be considered (closed
symbols). The forward and backward peaks are relatively
unseparated at high frequency, while at lower frequency the
peak splitting approaches 2 Eg.

Comparison with the CV data strongly suggests that the FAD
is responsible for the sharper peaks in the SWV. Figure 9 gives

estimated from the area under the peaks and using the geometrithe average peak potentials as a function of frequency for three

area of the electrode, is—43 pmol cnT2. After baseline

different pH values; these provide compelling evidence that the

subtraction, the envelope consists of a broad base resulting fromsharper signals indeed belong to the FAD. At lower frequencies,

the redox transitions of the four hemes upon which the sharper
signal of the two-electron transition of the FAD is super-
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average peak potential can be given. However, assuming thatFigure 11. Square-wave voItammograms (raw data_l and smoothed baseline-
s subtracted signals) of FrdAB at four differet, (mixed buffer, pH 8.0,

at pH 8.0 the peak S_p“tt'ng also approaches £y, at low 200ug mL™* polymyxin, 10°C, 20% glycerolf = 31 Hz, electrode area

frequency, the potential of the sharper peaks also correspondsy 1.0 mn?). From the voltammograms &, = 0.2 and 0.3 V, a constant

with EgAD at pH 8.0 (data not ShOWHEgAD depends strongly current has been subtracted from the raw data for clarity (1.5 and/.0

on pH23 and, as expected, so does the average of the sharpefeSPectively).

peaks. In contrast, the average potential of the forward and current) (Figure 11). Similarly to Fgctwo observations show

backward peaks measured at higher frequencies does nothat the square-wave voltammograms of FrdAB are dominated

coincide with EEAD and is relatively independent of pH. This by FAD signals at lower frequencies, while at higher frequencies

suggests that the signal intensity arises mainly from the hemethe Fe-S clusters seem to be dominant. First, although at low

groups with the FAD undistinguished. There is no evidence for frequency (and lowEs,) the [4Fe-4SE™* signal is small

a constriction as observed for FrdAB (see below). relative to the major peak (see Figure 11), at high frequency

FrdAB. Figure 10 shows a cyclic voltammogram of FrdAB. the [4Fe-4SF+* signal becomes more intense (approximately

As for Fcg, the electrochemical response of FrdAB can be one-half that of the major peak, data not shown). Second, like

deconvoluted into signals due to the redox chain and signalsFcg, the average of the major peaks at low frequency corre-

due to the FAD. The coverage (typically-8 pmol/cn?) is sponds to the pH-dependent reduction potential of the FAD

somewhat lower than that for Fg@and the reduction potential ~ (Figure 12). The signals from the [4FdSE* cluster will not

of one of the redox groups of FrdAB ([4F4SE*+'") lies outside be analyzed further in this paper since they are only visible

the envelope of the remaining redox groups. The 4#8F*+ with low Egy values, while the measurements at higkgy,
cluster is also visible in the square-wave voltammograms when values are a vital part of the analysis.
measured with lowEs, values, but at higheEs, the signal Importantly, there are two main differences between the

disappears under the envelope of the other redox groupsresults observed for FrdAB and those obtained withsFthe
(backward current) or moves out of the scan range (forward first is that the FAD signal becomes dominant at lower
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frequencies for FrdAB than for Fgq~100 vs ~500 Hz, ) L o

respectively, see Figures 9 and 12). The second differencefor such distanceSThis implies that the redox chain is necessary

becomes most clear at pH 8.0 (Figure 13A and B), where for fast electron transfer between the electrode and the FAD.

instead of a continuous increase in peak splitting with decreasing Although the SWV data of Fe@and Frd show some explicit
frequency, the FrdAB data exhibit a constriction (denoted with and distinguishing features, the complex nature of the enzymes

a *) resulting in the Jellyfish-shaped plot. required us to incorporate several simplifications into the models
that were used to simulate the data. As explained in the Results
Discussion section, two limiting cases have been considered, that is, the

hopping and the nonhopping models (see Figure 4). We will
now summarize the simplifications and assumptions made for
both models.

(i) By analogy with the small protein azurin, described
previously3! electron transfer from the electrode to the proteins
is described by the ButlerVolmer equation but is limited or
gated by a physical process (egs 1 and 2), which is the same
for reduction and oxidation.

(i) Simulations of the FrdAB data do not include the [4Fe
4SPH* cluster, which has a reduction potential that is very
different from those of the other centers. Assuming electrons
Fre distributed rapidly and thermodynamically among the &e
clusters, this simplification is justified (except that the signal
(58) Sanner, M. F.; Olson, A. J.; Spehner, J.Bbpolymers1996 38, 305— d_ue to _the [4Fe4S]2+/+_ qluster will not be _present in_ the

320. simulations). The remaining redox centers in the chains are

The fact that the FAD signals in the SWV data are not
resolvable at higher frequencies but dominate the envelope at
lower frequencies means that ET to and from the FAD is slower
than interfacial ET to and from the redox chain. This is not
surprising since in both Feand Frd the active site FAD is the
most buried redox group in the protein, as shown in Figure 14.
In this figure, the distances between the redox groups and the
protein surfaces are presented, in which the solvent-excluded
surface® are calculated for increasing probe sizes. It is apparent
that a large flat electrode surface would not be able to move
closer than~15 A to the FAD groups, while the relatively fast
ET kinetics suggest better electronic couplings than are expecte
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Figure 14. Minimum distances between four redox groups and the solvent-
excluded surfaces of FrdAB and Fcat various probe sizes as calculated
by the program MSM% (freely available at http://www.scripps.edu/
~sanner/python/). For the FAD molecules, only the isoalloxazine groups

independently determined from (fast scan) CV data (Figure 8B,
solid line). The ET rate to the FAD was assumed to be limited
by the same process that limits the ET rate to the hemes and
thus to have the same value fo4x>° The parameters acquired
from the fits are presented in Table 1. Althoukthvalues for
the FAD were used that were independently determined by fast
scan CV, the SWV data could also be fit without fixing the
value forko. In the latter caseky values were obtained that were
similar (£50%) to those obtained by CV (data not shown).
Furthermore, when this SWV model, which included the redox
chain, was used to simulate the CV data, a good fit was obtained
(Figure 8B, dashed line).

Simulations of FrdAB Data. The most important differences
between the experimental results for FrdAB andsFae as

were used to calculate the distances to the surfaces. The crystal structuresollows: (i) A constriction is clearly observed in the plots of

are taken from Brookhaven Data Bank 133Bnd 1FUM?) with the two
domains (FrdC and D) deleted from the PDB file of the Frd crystal structure
(FrdABCD) to obtain FrdAB. The solvent-excluded surface is determined
by the probe sphere tangential to the surface atoms of the pré#éins.

potential against frequency (denoted with a “*” symbol in Figure
13A and B). This constriction is seen because the peak splitting
of the FAD group is smaller than that of the 8 clusters,

Therefore, the electrode surface could be seen as analogous to the probegnd at<300 Hz the FAD signals become resolved above the

(with probe size> 10 A) and the minimum distance being the distance
between the FAD, 2Fe2S cluster, Heme 4 and the electrode surface. The

redox-chain signals (and vice versa). (i) The difference in

2Fe-2S cluster and Heme 4 are the redox groups in the chains which are average peak position at low versus high frequency (i.e., the

closest to the FAD in FrdAB and Fgcrespectively.

treated as being identical (equ&l, ko, andkmay With an equal

dependence of ET rate on potential. Together with the assump-

tion that ET among the groups in the redox chain is fast, this
allows a simplification of the model so that all redox groups in

the chain can be represented by a single component (see Figur

4; the current contribution calculated for a single redox group
is multiplied by the number of groups in the chain). Calculations
in which each redox group in the chain is treated individually
were performed to check the validity of this approximation.
These calculations showed no significant improvement of the
fit.

(iii) The reduction potentials of the two one-electron reactions
of the FAD as well as the rates of the two reactions (eitger
or ky andk-») are assumed to be equal (giving @, = 1.4).
Both assumptions are realistin;p, is close to the measured
value of 1.60+ 0.12 (see ref 23), and the trumpet plots (Figures
8B and 13C) are symmetric, indicating that the reduction and
oxidation rates of the FAD are similar. Furthermore, calculations
showed that small deviations<R0 mV) in EZ,;, and EZ,p,
(with [ E2,p; + EZ,p,1/2 remaining the same) did not influ-
ence the qualities of the fits.

(iv) In the hopping model, it is assumed that the ET rates
from the redox chain to the FAD can be approximated by a
“redox-state level” dependence as shown in eq 7.

(v) Finally, it is assumed that (the pulsed nature of) the
electrode potential does not influence the intramolecular ET or

that intramolecular ET does not give rise to a strong capacitative

(nonfaradaic) current. This latter assumption is well supported

by our previous work on protein film voltammet#§2°
Simulations of Fcg Data. For Fcg, the SWV results shown

in Figure 8 provide compelling evidence for a ET mechanism

that does not require hopping via the heme groups. Electron

transfer to and from the FAD group is simply described in terms
of the Butler-Volmer model with a maximum rate constant

representing the limitation of the preceding reactions on the ET
rate. The lines in Figures 8A and 9 show the results of the best
fits using the nonhopping model that is represented in Figure 4 .,

(left). For the FAD groupE® andkg values were used that were

FAD group versus the redox chain) never exceeds 30 mV for
FrdAB, while for Fcg there is a 80 mV shift at pH 6.0 (Figures
9 and 12).

The FrdAB data could only be simulated by the nonhopping
model if two different maximum ET rates (tw@ax values, one
for the redox chain and one for the FAD) were used (Figure

33A, for parameters see Table 2; this model has not been

considered in the Modeling section). As befdtgfor the FAD
group was independently determined with CV (Figure 13C).
Importantly, and in contrast with Fgcthe FrdAB data could

be modeled well with a hopping mechanism (Figures 4 (right)
and 13B; for parameters see Table 3). Within the hopping model,
the ET rate constants to and from the FAD could not be
determined independently from the CV data, since the peak
positions in the CV depend on a combination of parameters.
However, reasonable fits of the CV data are obtained using the
parameters determined from the SWV data (Figure 13C, dashed
line).

Comparison between Fcg and Frd. On the basis of the
results from FrdAB simulations, it is important to rationalize
why the Fcg data could not be described with a hopping model.
The first reason is that all simulations based on a hopping ET
mechanism result in Jellyfish shapes such as those observed
for FrdAB (Figure 13A and B) but not for FedFigure 8A).

The second reason is that when the reduction potentials of the
redox chain and the FAD groups lie far apart, the forward and
backward rates from the FAD to the redox chain differ by orders
of magnitude, and, consequently, ET to the FAD is fast, while
ET from the FAD back to the electrode is very slow (or vice
versa). This would result in a profoundly asymmetric response
in the SWV data when peak positions are plotted against
frequency (Figure 5D and E), a feature thah@t observed in

the data (Figure 8A). In other words, the difference of up to 80
mV between high and low frequency observed in thesleta
makes it impossible to simulate these data with a hopping model.

Attempts were made to fit the Fe8&WV data with a model
based on a hopping mechanism in which all the redox groups

) Modeling the data with differerknax values for the hemes and the FAD
did not significantly improve the fits.
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Table 1. ET Parameters for Fccs Obtained by Fitting SWV Data with a Nonhopping Mechanism

0 . o
EFAD Ehemes

Koao)* (57%) Kotnemes) (574 Kmax (57 (mV vs SHE) (mV vs SHE)
pH 6.0 1090+ 140 40004+ 200 54004+ 100 —0.118 —0.214+ 0.004
1570+ 100 3800+ 200 5300+ 200 —0.118 —0.2104+ 0.005
pH 7.0 970+ 190 4900+ 300 6000+ 200 —0.151 —0.235+ 0.005
15504+ 110 42004 300 56004+ 200 —0.151 —0.232+ 0.005
pH 8.0 1904 300
890+ 60 3700+ 300 5200+ 200 —0.196 —0.2304+ 0.008

aThe first line (including error) at each pH is independently determined using CV and consequently fixed in the fitting procedures for the SWV. For the
second line at each pH is allowed to optimize freely, and the error is determined from the fitting procedure of the SW\Pddagood fit could be
obtained for the SWV data while fixing this value to that obtained from CV experiméRalues determined from CV and fixed in the fitting procedure
of the SWV data.

Table 2. ET Parameters for FrdAB Obtained by Fitting Two Sets of SWV Data with a Nonhopping Mechanism

0 a o
Era Ere—s

kogan? (57%) Kmax(eap) (S72) Kogre—s) (57%) Kmax(re—s) (57%) (mV vs SHE) (mV vs SHE)
pH 6.0 330+ 50 11004+ 100 750+ 100 2900+ 100 —0.039 —0.065+ 0.005
pH 7.0 2804 40 1100+ 100 1300+ 100 31004+ 100 —0.065 —0.068+ 0.007
pH 8.0 130+ 20 900+ 100 460+ 30 2600+ 100 —0.093 —0.068+ 0.004

aValues are independently determined from CV and used to model SWV.

Table 3. ET Parameters for FrdAB Obtained by Fitting Two Sets of SWV Data with a Hopping Mechanism

0 a o
Erap Ere—s

Ke—s—rap) = ki (571 koe - 5) (72 Kmax (572) (mV vs SHE) (mV vs SHE)
pH 6.0 12004+ 100 450+ 40 3700+ 300 —0.039 —0.050+ 0.003
pH 7.0 1300+ 100 900+ 100 2600+ 100 —0.065 —0.067+ 0.002
pH 8.0 900+ 100 500+ 40 2200+ 100 —0.093 —0.081+ 0.003

aValues are independently determined from CV and used to model SWV.

in the chain were treated individually. As for the simpler model, = These results suggest that for gtte biological redox chain,

it was not possible to obtain acceptable fits. However, we cannotwhich connects the buried FAD group with the protein surface,
exclude the possibility that more complex models which include might function predominantly by increasing the electronic
(in part) a hopping mechanism could also describe the date. coupling between the donor and acceptor.sFaantains four

For instance, it is possible that models which combine hopping hemes (Figure 2) which are all located relatively close to the
with nonhopping can fit the data. This could be possible if the surface. One of these hemes is also located near the FAD, and
electron only hops via one of the heme groups (i.e., heme 4) toa scheme is conceivable in which electrons are transferred to
the FAD, leaving the other heme groups out of the ET path. the FAD via only one or two of the hemes. The properties of
Many other complex models may be considered, but all thesethe Fe-porphyrin, with the strongly delocalized-orbitals,
would have many parameters making a unique analysis orwould be suited to increase the electronic coupling of the FAD
interpretation impossible. Future studies could focus on enzymesto the protein surface that contacts the electrode, enabling
with fewer redox-active cofactors to circumvent the need for electrons to be transferred via a superexchange mechanism. On
models in which the redox chain is simplified. However, in each the other hand, FrdAB contains three-F# clusters of which
case, care must be taken to ensure that the active site isonly one is located at the protein surface. This exposedS-e
sufficiently buried into the enzyme to preclude the possibility cluster does not lie close to the FAD, and only via the other
of a direct, unmediated, electron-tunneling process. two Fe-S clusters can a pathway to the FAD be envisaged
(Figure 2). For FrdAB, the SWV data are not able to distinguish
between models based on hopping or nonhopping mechanisms.

We have shown that square-wave V0|tammetry provides Finally, irrespective of the ET model used, the data give a
insight into the intramolecular ET in multicenter enzymes that good indication of the maximum ET rate to the active site site
is complementary to that obtained by other methods. We have FAD group. For Fcg this is equal tokmax (5—6 x 10° s79),
studied the ET kinetics to buried FAD groups in two enzymes: Which is an order of magnitude higher than the catalytic rate
fumarate reductases fro®. frigidimarina (Fcg) and E. coli (kear= 120-250 s’ 232459, For FrdAB, the maximum ET rate
(FrdAB). For both proteins, the ET kinetics can be described to the FAD is eithekmaxrap) (Nonhopping model) or approaches
by Butler—Volmer equations, suggesting that the electrons are ki (=k-2) (hopping model). These values correspond well with
transferred directly from the electrode surface to the active site €ach other, ranging from 820 to 1500"swhich is very close
FAD. This might involve a superexchange mechanism via the to the fumarate reduction rakes,~ 840 s,°* but much higher
orbitals of the relaying redox chain. The SWV data of FrdAB than the succinate oxidation r&®.Therefore, the rate of
could also be described by a mechanism in which electrons arefumarate reduction may be limited by intramolecular ET. On
transferred to the FAD via a hopping mechanism involving
redox changes at the intermediately locatee Seclusters that (60) Morris, C. J.; Black, A. C.; Pealing, S. L.; Manson, F. D. C.; Chapman, S.

; . K.; Reid, G. A,; Gibson, D. M.; Ward, F. BBiochem. J1994 302 587—
connect the buried FAD to the protein surface. 593.

Concluding Remarks

5712 J. AM. CHEM. SOC. = VOL. 124, NO. 20, 2002



Electron Transfer through Biological Redox Chains ARTICLES

the other hand, the slower succinate oxidation seems not to be In conclusion, these experiments with structurally defined,

limited by ET and can be analyzed by a Michaellenten multicentered redox enzymes represent a new approach to

model that incorporates the potential dimensibAs we have  investigate the nature of long-range intramolecular electron

shown previously? limiting ET rates can explain the compli-  transfer. What is now needed are more examples of suitable

cated catalytic waves that are observed for fumarate reductionyjticenter enzymes along with site-directed mutants designed

by FrdAB, for example, a boost in the catalytic reduction of 1, giter systematically the ET energetics.

fumarate when the potential is lowered bel& of the [4Fe-

48] cluster?>26 The complicated waves support the idea that
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