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ABSTRACT. Protein film voltammetry is a relatively new approach to studying redox enzymes, the concept
being that a sample of a redox protein is configured as a film on an electrode and probed by a variety of
electrochemical techniques. The enzyme molecules are bound at the electrode surface in such a way that
there is fast electron transfer and complete retention of the chemistry of the active site that is observed
in more conventional experiments. Modulations of the electrode potential or catalytic turnover result in
the movement of electrons to, from, and within the enzyme; this is detected as a current that varies in
characteristic ways with time and potential. Henceforth, the potential dimension is introduced into enzyme
kinetics. The presence of additional intrinsic redox centers for providing fast intramolecular electron transfer
between a buried active site and the protein surface is an important factor. Centers which carry out
cooperative two-electron transfer, most obviously flavins, produce a particularly sharp signal that allows
them to be observed, even as transient states, when spectroscopic methods are not useful. High catalytic
activity produces a large amplification of the current, and useful information can be obtained even if the
coverage on the electrode is low. Certain enzymes display optimum activity at a particular potential, and
this can be both mechanistically informative and physiologically relevant. This paper outlines the principles
of protein film voltammetry by discussing some recent results from this laboratory.

Important possibilities arise for extracting detailed infor- tected directly as electrical current, as functions of time
mation about the properties of redox enzymes that areand potential. Protein film voltammetry (PFVis a rela-
attached to a suitable electrode surfae). This is because  tively new methodology, encompassing a suite of techniques,
the protein is “wired” directly to an instrument, i.e., the

electrochemical analyz.er’ that S|multane0lmtyw_atesand 1 Abbreviations: A, electrode arealv-H.ase,A. (formerly Chro-
measuresredox chemistry; electron transfer is thus de- matiunj sinosum[NiFe]-hydrogenase: DMS, dimethyl sulfide: DMSO,
dimethyl sulfoxide; DmsABCE. coli DMSO reductase (holoenzyme);
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Another view of PFV considers the electrode as a reaction
partner that donates or accepts electrons over a continuous
range of potential (driving force). Rates of redox processes
and ensuing catalytic action respond in characteristic ways
to variations in the electrode potential; therefore, PFV reveals
the “potential dimension” in enzyme kinetics, providing a
SUBSTRATES powerful method for investigating complex multicentered

reactants/products \ / Q redox enzymes.
trans

In general, the catalytic current reflects the properties of

the electrochemical “control center”, i.e., the redox site up
MECHANISM ‘93 to which there is fast and reversible electron exchange with
rates. ener < Q " the electrode. For most enzymes, intramolecular electron
» energetics, ° ca . . . ;
regulation, < transfer is rapid so that the control center is the catalytic
< site, but cases may arise (such as conformational changes
LJ

or domain movements) where the rate-determining step is
E an intramolecular electron transfer. The control center is then

a relay site (such as a heme orF® cluster) so that details

of the catalytic action further up the line are not revealed.

This concept is introduced in Figure 2, and we will refer to

it later.

Ficure 1. Cartoon showing a multicentered redox enzyme wired  In this article, we describe studies that address the inherent
to an electrode in contact with a solution containing a substrate. roperties of enzymes, and we will not emphasize applica-

The three stages of catalytic electron transport are represented as : : .
series of resistors. In addition to the active site at which the substrate. © "> such as biosensors or developments in electrode sur

is transformed, the enzyme contains centers that are arranged in 48C€S, good accounts of which are availalie). Even so,

relay to achieve long-range intramolecular electron transport. The the interactions between proteins and electrode surfaces,
magnifying glass represents our electrochemical view of the interactions which are certainly dynamic and not static, are
enzyme’s components, including switches, resistors, capacitorspoony understood?—9). There is much interest in electrodes
(electron stores), and diodes. that can bind proteins and elicit fast interfacial electron
transfer. These electrodes include carbon materials such as
graphite, metal oxides, noble metals modified with various
types of self-assembled monolayers, and electrodes coated

ELECTRODE

ELECTROCHEMICAL ANALYZER

and we introduce the concept with the cartoon shown in

Figure 1. . . . with surfactants&, 7, 9, 10). Our discussions will focus on

A redox enzyme can be likened to a "mystery electronic gy gies with graphite, in particular an electrode called pyro-
device Jettl_soned by an alien spacec“raft D we \_Nould wish to lytic graphite “edge” (PGE) produced by mounting pyrolytic
know whatit does, so we would ask *what are its electronic - g aphite so that its basal (aromatic) layers are normal to the
characteristics?” To investigate, we would wire the device o) iion interface. Polishing with a gentle abrasive produces
to an electronic probe to measure its current, voltage, and, rogh surface that is rich in polar functionalities such as

frequency responses. The relays, switches, gates, resistorscooH and -COH groups, and together with hydrophobic
capacitors, diodes, and feedback circuits that are familiar in areas and solutes such as poly-ions (e.g., neomycin and

electrpnics have _their representatives Within_the complex polymyxin), these groups generate complex patches for
machinery of multicentered redox enzymes. Figure 1 shows protein adsorptiong). The large number of possible mi-

how electron flow through the enzyme is linked in series 10 .roenyvironments renders the PGE electrode a “combinatorial”
the rate of transport of the substrate to the electrode and tOsurface: i.e., there is a high probability that some enzyme

the rate of interfacial (electrodeenzyme) electron exchange.  ,51ecules will bind productively. A protein film is formed

Conceptually, these stages resemble a series of resistors, €aqy, hainting the electrode with a concentrated solution or by
with a “conductance” equated with a transit time (in the gjo\ adsorption from a dilute solution: either way, the sample
language of enzyme kinetics). A key issue is then to arrange 4 aniity actually being addressed is minuscule, on the
that the currentpotential characteristics reflect the in-  icomole level. As discussed below, the electroactive cover-

herent pr(.)perties. of the enzyme, and not transport of sub—age may not always be high enough to observe signals from
strate or interfacial (electrodesnzyme) electron transfer. — gysichiometric oxidation or reduction of individual active

Transport of the substrate can be driven hydrodynamically gjtes hyt much can still be learned when substrate is added,
by rotating the electrode; this is itself a useful variable, since §,q to catalytic amplification of the currertt1).

dispersal of the product can also be controlled to probe inhi-

bition effects. More problematically, interfacial electron ex-  Nonturnaer Voltammetry

change depends on how buried the redox centers are and

how effectively the enzyme makes electronic contact with  In these experiments, we measure the currpotential

the electrode surface; in this respect, current theories on distesponse due to electron exchange between the electrode and
tance and medium dependencies of electron coupling arethe active sites of the enzyme, under conditions where there
important guides to the feasibility of achieving fast interfacial is no catalytic turnoverl; 2). This situation is arranged
electron transfer in different case ). All being well, the (obviously) by having no substrate present, by blocking
investigator can hold an “interactive dialogue” with the turnover with an inhibitor, or by modulating the potential at
enzyme. a sufficiently fast rate that a catalytic cycle cannot be
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Electrochemical control center
is the active site (FAD)

Electrochemical control by
the relay center (heme)

\ \’
A Electrode Electrode B

Ficure 2: Concept of the electrochemical control center. (A) Fumarate reductase (FrdABEfrawli [adapted from the structure by

Iverson et al. 17)]. Compared to the rate of turnover, electron transfer is relatively fast for all stages (interfacial and intramolecular)
between the electrode and the FAD at the active site. All centers are detected in the nonturnover voltammogram. When the substrate is
present (and its supply to the electrode is not a limiting factor), the catalytic response reflects the rate-determining transfer of electrons
between the FAD and substrate. (B) Sulfite oxidase from chicken liver [monomer form, adapted from the structure of KiskéB)t al. (
Interfacial electron exchange with the heme is fast, but intramolecular electron transfer is slow because only a small fraction of enzyme
molecules on the electrode have the active site (Mo pterin) positioned at sufficiently close range (Mo and heme domains are separated by
a linker peptide). The nonturnover experiment detects only the heme, while the catalytic response is small and reflects the properties of the
heme rather than the Mo.

completed (examples of the latter are given later). Nonturn- reoxidation. The peaks lie on a relatively large background
over experiments provide a “handle” analogous to a spec-due to electrode capacitance; this is removed to produce
troscopic characteristic (like a chromophore) but with the baseline-subtracted signals that are analyzed further.

addeq feature that thg redox center is not only detected but £, 4 one-electron redox process, each peak has an area
also simultaneouslgctivated(oxidized and reduced) under proportional toAT'w (A is the electrode ared the electro-

good_electrochemical contro_l. In a cyclic voltammetry ,tive coverage, andthe scan rate) so the voltammogram
experiment conducted at sufficiently low scan rates, the redoxof a multicentered protein yields the number and stoichi-
states of the active sites remain in ratios predicted by the ometry of redox centers ). In Figure 3A, the two signals
Nernst equation, and the system is termed “reversible. In 5 4o highest and intermediate potentials have equal areas

this case, the signal observed in a cyclic voltammetry because they correspond to the [3Fe:43jnd [4Fe-4S]"
experiment consists of a pair of current peaksduction and couples, respectively, i.e., a 1:1 stoichiometry

oxidation, each of finite areaproduced as the electrode ) )
potential is swept across the formal reduction potenBl)( When more than one electron is transferred, the question
of the redox center in the negative (reducing) and positive arises of how the se_cond transfer is influenced by th_e first.
(oxidizing) directions, respectivelylp). The peak positions AN important case is @ooperatve two-electron reaction,
are similar in either direction (theoretically, they should be ©ne in which the second electron follows spontaneously after
the same), and their average value approximate=tdor the first; i.e., E”; > E*1 (14, 15). This situation is en-
the redox reaction. countered frequently with organic cofactors where the one-
To introduce the principles, Figure 3A shows a cyclic electron intermediate is inherently unstable, i.e., invariably
voltammogram for a small protein that (although not an for NAD* and commonly for flavins. A useful concept is
enzyme) contains two redox centers that yield well-separatedthe apparent value, which represents the thermodynamic
signals. The 7Fe ferredoxin froBulfolobus acidocaldarius ~ number of electrons that transfer in a single electrochemical
contains a [3Fe-4S] and a [4Fe-4S] cluster, and it adsorbs atevent: the limitingn value of 2.0 for a fully cooperative
a PGE electrode in the presence of polymyxi)( Poly- two-electron reaction occurs whevk (=E*'> — E”'1) > 180
myxin contains several positively charged groups, and it actsmV, and it falls to 1.0 aé\E decreases and the one-electron
as a noncovalent “cross-linker” between the negatively intermediate stabilizeslg). Since the half-height width of
charged protein and acidic groups on the electrode surfacea peak is 9 mV at 25°C, and the peak current varies as
(9). Sweeping the electrode potential in the negative direction n?, a cooperative two-electron transfer gives a much sharper
produces successive reductions of the [3Fe“43] and signal (L4).2 In Figure 3A, the larger signal observed at the
[4Fe-4St* clusters, and reversing the sweep results in their more negative potential is due to the [3Fe¥Sttransition,
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! T by anchor peptides FrdC and FrdD that are required for
,,—/ ] interaction with quinones. FrdAB can be prepared by
\\—_:‘\ ) ] chemical or genetic modification: lacking its hydrophobic

. anchors, it is water soluble and adsorbs to high coverage on
L PGE, giving well-defined nonturnover signalss( 18, 19).
= i ;F - ] The structure of FrdAB and a schematic view of its electron
/m#» [3Fe—45] A transfers at the electrode are shown in Figure 2. The
[3Fe—45]"% 1 voltammogram (Figure 3B) shows a large asymmetric
S envelope of signals that can be deconvoluted to reveal
components due to the FAD and-+8 centers 1 ([2Fe-2S])
and 3 ([3Fe-4S]), and a signal at lower potential that is
.. assigned to FeS center 2 ([4Fe-4S]). Center 2 lies between
centers 1 and 3 and completes an electron relay between
fumarate and menaquinol. The signals conform to the
] expected stoichiometry; importantly, the FAD is particularly
n prominent because it is a two-electron center with an
] inherently unstable semiquinone radical.

] Figure 3C shows the voltammetry of another fumarate
reductase, the soluble periplasmic flavocytochragi@ccs)
from Shewanella frigidimarinawhich contains a nonco-
valently bound FAD and fouc-type hemesZ0). The fact
that the voltammetry is dominated by the sharp contribution
from the two-electron FAD is particularly significant in this

] case, since the UVvisible spectrum of the FAD is obscured

] by the intense bands from the four hemes. Voltammetry thus
provides a unique handle on the flavin cofactor.

A similar situation has been identified recently for a Mo
] enzyme, arsenite oxidase frofcaligenes faecaligK. R.
] Hoke, N. Cobb, R. Hille, and F. A. Armstrong, unpublished
(= L results). Unusually, an EPR signal from Khbas not been
800 —400 —-200 0 200 observed for this enzyme, which also contains a [3Fe-4S]
E (mV vs SHE) cluster and a Rieske [2Fe-2S] cluster; however, arsenite
oxidase adsorbs on a PGE electrode (yielding catalytic
Ficure 3: Examples of nonturnover cyclic voltammograms. The electrochemistry when arsenite is present), and a prominent

outer traces (not to scale) are raw voltammograms. The large _. . ) .
background current (magnitude varies linearly with scan rate) is signal due to cooperative two-electron exchange is observed

subtracted to give the faradaic signal of interest. The left-hand scalein the nonturnover experiments. This is the first example of
is for background-subtracted results. (4. acidocaldarius a Mo enzyme operating in a highly cooperative two-electron

7Fe ferredoxin, pH 8.0T = 15 °C, v = 50 mV/s, andl" = 18 Mo(VI/IV) manner, and voltammetry provides a handle for

8?:3 X‘g@*-pﬁ)B%O'T”E‘*ZSEEC‘;T'% fwgog:‘?ir?irfgfccﬁse the active site that is complementary to the role normally

(C) S. frigidimarina flavocytochromecs (Fecs), pH 5.0, T = 25 played by EPR.

°C,v =20 mV/s, andl’ = 21 pmol/cr. Many electrodes, such as PGE, can operate in aqueous
solution over a wide potential range, so it is possible to
observe redox transitions at very high potentials (generating
powerful oxidants) or very low potentials (powerful reduc-
tants). The example of the [3Fe-4%] couple has been
mentioned (Figure 3A), and this reaction is seen in many
other proteins13). Conversely, redox transitions due to the

T

0.2 |

i(u A)

T

-0.2

T

-0.4

—1000 —-500 0
E (mV vs SHE)

0.02 [

i(uA)

—0.02 [

-400 —200 0 200
E (mV vs SHE)

0.1f

i(uA)

-0.1

i.e., cooperative transfer of a further two electrons, an intri-
guing yet unresolved characteristic of [3Fe-4S] clust&s. (
These principles are used to study multicentered enzymes
in particular, those containing a flavin. Panels B and C of
Figure 3 show how the redox centers of two much larger

proteins, in this case, metalloflavoenzymes, are revealed in " S D . .
cyclic voltammograms. The membrane-bound fumarate re- Nighly oxidizing intermediate of peroxidases (Compound )

ductase (Frd) fromEscherichia coliis closely related to ~ @ré observed at potentials ef700 mV for cytochrome
succinate dehydrogenase, most commonly encountered ageéroxidase and its mutant forms, adsorbed on P&R. (
mitochondrial Complex 1116, 17). It contains a covalently ~ Reversible oxidation of the resting Fe(lll) state of the enzyme
bound FAD and three FeS clusters that are located in IS @ cooperative two-electron process, and produces a
membrane-extrinsic subunits A and B, respectively. The Prominent signal.

FrdAB subcomplex is normally attached to the membrane  All the examples in Figure 3 arise from a high coverage
of enzyme, typically 3-30 pmol/cni. More frequently, how-

2|n practical terms, peaks are usually broader and flatter than ever, electroactive coverage may be insufficient to achieve

expected, due to heterogeneity among redox centers on the electrodgjetectable signals from electron exchange alone, and more
(arising perhaps from variations in protein microenvironments). Con-

sequently, a peak shape that conforms closely to theoretical expectationS€Nsitive techniques such as digital staircase voltammetry
is an excellent indicator of the homogeneity of the system. or square-wave voltammetry (SWV) are usef2®L24).
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! ' BV | The oxidation current represents the flux of electrons from
150 | A ~2500uM succinate to the active site and then to the electrode, and it
N , increases as the electrode potential is increased, reaching a
< 100 | succinate . 4 L . . . ..
) > fumarate 120uM limiting valuei; at a potential corresponding to a sufficiently
~ 50 F S 25uM high driving force at which the active site effectively remains
_______ ‘ fully oxidized at steady state. As the succinate concentration
0f J ) ] is increasedj;m increases in an analogous manner to the
reaction velocity that would be measured in solution studies
and analyzed in terms of Michaeli#enten kinetics.
However, the wave also shifts to a more negative potential
o —80 with an increasing succinate concentration. Closer examina-
= tion shows further that the wave is not a simple sigmoid (it
p 100 is steeper at low potential, at the onset of catalysiEe
> _120 current at all electrode potentials is proportional to the
£ fraction of FAD in its fully oxidized (quinone) form, the
M -140 active state for succinate oxidation. The Nernst equation links
e this fraction to the electrode potential and to the FAD
succinate concentration (mol 1) reduction potentials that depend on pH and succinate
R . . concentration. The value for FAD derived from the overall
2 s steepness of the wave is always less than 2.0 because the
§ 3 T intermediate radical accumulates to small extents depending
= El on succinate concentration. Modeling the wave shape yields
£ I - S both one-electron potentials of the FAD under ambient
- é g l conditions while the enzyme is catalytically engaged. This
El contrasts with the reduction potentials determined by poten-

tiometry, which reflect resting states of the enzyme.

In Figure 4B, these observations are modeled in terms of
E 4: Different aspects of the catalytic voltammetryEafcol the contributions made at various succinate concentrations
IGURE 4. . . . .
fumarate reductase, FrdAB, at a PGE electrode. (A) Succinate and eIectroQg potentials by the three different OXI.datIOI’] states
oxidation by FrdAB (no fumarate present), pH 8T0= 20 °C, v of the FAD; i.e., the components of the catalytic wave are
=1 mV/s, andw = 3000 rpm. (B) Circles and the leftaxis show identified with different intermediates that are formed during
the dependence of the FAD two-electron and one-electron reductionturnover. Plots of the active site reduction potentials as a
ﬁoée“t'a'.s on S?ﬁc'é‘ate cl;)nlcentré;mon t(.FAD shecles are q_U'“O“‘IE/function of succinate concentration or pH yield the substrate
yadroquinone, tiled symbols and contnuous line, and quinone : s L . .
semiquinone, empty symbols and dashed line), with fit to eq 4 of .d'fSSOC'aF'on crc])nstangs fror‘r|1 all Catalytlcflntermedlé@mlsd
ref 19. Triangles and the right-axis show the dependence g, Information shows how electron transfers are coupled to
on succinate concentration, and fit to the Michaelgenten equa- substrate and proton binding during the catalytic cycle, and
,tlor; rScontlnuous lln?)-b(?]Catgb{tlctblas; 1vgltarR/lmogIralm n:ef/;ured how the catalytic activity is revealed in thpotential
In the presence of both substrates: 1.2 mM succinatg dimension(19). The FrdAB system exemplifies the concept
fumarate, pH 7.0T = 20°C, v = 1 mV/s, ande = 3000 rpm. of anelectrochemical control centgidentified here as the
FAD. In Figure 2, electron transport between the FAD and
the electrode is rapid and reversible, but beyond this (between
Catalytic turnover produces a wave that generally has asuccinate and FAD), it is slow.
sigmoidal shape. It is usually greatly magnified compared  ap example in which the electrochemical control center
to the peak-like signals observed in the absence of substrate;s not the catalytic site but an electron relay center is provided
and observable even if the enzyme is present only at low by studies of sulfite oxidase from chicken live25. The
coverage. _ catalytic site is a Mo coordinated to a pyranopterin-dithiolene,
Figure 4A shows catalytic voltammograms recorded for
FrdAB adsorbed at a PGE electrode that is immersed in

; ini i ; 8 To proceed with confidence to interpret PFV data, it is important
solutions containing various amounts of succinaté).( that the electrochemical activity is comparable to (or higher than) the

Oxidation of succinate is the reverse of the physiological ,ciyity measured by conventional kinetic methods. To determine the
reaction, and the slow turnover numbkg,(< 15 s at pH turnover numberk,), it is necessary to know the electroactive coverage
7) ensures that the current response reflects inherent properthat is measured under noncatalytic conditions (see the previous section

: ; . ~@and Figure 3), although, sometimes, the coverage may be insufficient
ties of the enzyme rather than substrate transport or mterfamal%r detection of enzyme molecules without the amplification from

electron transfer (referring back to Figures 1 and 2). For eachcatalysis. On the other hand, the Michaelis constant can always be
case, the catalytic wave (after removal of the capacitancedetermined from theelative change iriim against substrate concentra-
background) is independent of the rate (this is sufficiently Bgc ef% gg‘:s”ggmgﬁ in Figure 4B), provided the (possibly unknown)
_SIOW) and the direction of the POte”t'a' scan, ','e" the,SyStem 4The detailed form of the wave is visualized more clearly in a plot
is at steady state. The catalytic wave shape is also indepenof log[ii/(i — 1)] against potential (a Heyrovskylkovitch plot). This
dent of the electrode rotation rate, showing there are nois described further in refo.

substrate transport limitations (as expected, since the rate of  [he shift of the catalytic wave to a more negative potential as
succinate is added (Figure 4B) arises because succinate binds more

turnover is low). This provides an important simplification, - tightly when the FAD is fully oxidized or half-oxidized (see the later
as described below. discussion and Figure 8B).

-200 0
E (mV vs SHE)

[AN)
o
o

Catalytic Voltammetry
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while electrons are relayed to the natural partner by a single
heme located on a separate, mobile domain. The enzyme is
actually a homodimer, each monomer consisting of Mo,
heme, and linker domains. Nonturnover experiments give
only a signal from the heme, while addition of the substrate

gives a catalytic wave that reflects the properties of the heme ° : ]
rather than the Mo (activity is low, the value is 1.0, and 0 e 7
the position is not sensitive to pH or sulfite concentration as R . S !
would be expected if the Mo cofactor were the control —800 —400 —200 0 200

center). Evidently, on the electrode, the rate-determining step
is intramolecular ET, as represented in FigureAhother
example is a complex between cytochromexidase and
cytochromec adsorbed on an Au electrode modified with
3-mercapto-1-propanol1(Q). The voltammetry shows a
nonturnover signal due to cytochronee but the catalytic
wave that is obtained in the presence gfffas an amplitude
that is much lower than expected, and occurs at a potential
corresponding to that of the mediating cytochrome. Fast
electron transfer is thus effective only as far as cytochrome
¢ (the electrochemical control center in this case), and there

is some problem with the proteitprotein orientation that 8o e 60°C .-~ o

prevents fast transfer from cytochromento the enzyme. . 60 - Pt ]
One of the simplest demonstrations with PFV is that of ~ § 4 | e —

catalytic bias, i.e., the degree to which a redox enzyme is " Hy, > H Ll e T

biased to operate in one particular direction. Figure 4C shows <0 Lo 7300 - -

that for FrdAB, at pH 7, the succinate oxidation current orb L e — ]

produced by 1.2 mM succinate is equal to the reduction C . L 1 !

current given by just 4uM fumarate (9).” Fumarate -400 -200 0 200

reduction (the assumed physiological reaction) is actually . , , : :

so fast that the current response is complicated by mass 3 b

transport. (For Figure 4C, the electrode was rotated at a high 5

frequency; otherwise, the fumarate reduction componentis 2 F

attenuated.) A similar experiment has demonstrated that .3 _

succinate dehydrogenase is actually a very good fumarate -~ L b

reductased6, 27). L

The ability of PFV to address each of the different stages
depicted in Figure 1 is demonstrated in studieg\kdchro-
matiun vinosum[NiFe]-hydrogenaseAv-H,ase) £8—31).
The active site, an unusual binuclearNfe center, is buried

i (uA)

i (1A)

Current Topics

[ LI
jszOOO rpm
[ 2000 rpm
1000 rpm

1 L |

| 1

-600 —-500 —400 -300 -—200

-400

—200

0

E (mV vs SHE)

well within the enzyme, and electrons are relayed to the Fgure 5: Different aspects of the catalytic voltammetry Asf

natural reaction partner (or electrode) by three Belusters.
Adsorbed on a PGE electrodiy-H,ase exhibits remark-

ably high activity, as illustrated in Figure 5A, which shows

catalytic voltammograms recorded for 0.1 barat 30°C

vinosum[NiFe]-hydrogenaseAv-H,ase) adsorbed at a PGE elec-
trode, recorded under the conditions given below. (A) Mass
transport-controlled KHoxidation: 0.1 bar kB pH 6.5, T = 30 °C,
andv = 100 mV/s. (B) Proton reduction: 1 banpNI'=5 °C, @

= 6000 rpm,» = 3 mV/s (pH 6.9) and 6 mV/s (pH 5.1). (C)

(28). The oxidation current increases with electrode rotation Electron transfer-controlled Hoxidation: 1 bar H, pH 7,0 =

rate because the jbxidation activity is so high that the
current is limited by transport of Ho the electrode. A useful
diagnostic tool is the so-called Levich relationship, a plot of

2500 rpm, and’ = 1 V/s. (D) Enzyme-controlled fHoxidation: 1
bar H, T =5 °C, = 2000 rpm, and’ = 200 mV/s.

current against the square root of the rotation rate, which is the catalytic rate is controlled by the inherent properties of

linear if the current is controlled by mass transpd2)( In the enzyme 18). _ S
this case it is. More frequently, the current levels off at high [N the case oAv-Hoase, coverage is low, and itis difficult
rotation rates, and a plot of the inverse current versus thet0 quantify the number of active enzyme molecules on the
inverse square root of the rotation rate (a Kouteekgvich electrode surface; however, close inspection of voltammo-
plot) allows extrapolation to an infinite rotation rate, at which 9rams measured in the absence ofdften reveals a small
signal at approximately-30 mV, in the region expected for

6 A recent study has been reported for a bacterial sulfite oxidase in the [3Fe-4S] cluster, Con.SIStent-Wlth a m-ax-lmum coverage
which the Mo and heme domains are not separated by a linker. Both of 3 pmol/cn’?. On th? basis of this upper limit, the turnover
redox centers can be observed in nonturnover voltammograms, althoughnumber for H oxidation at 30°C exceeds 150078, a value
the stoichiometries are not clear, and the catalytic rates are in accordancehat is substantially higher than that measured using soluble

with those expected from conventional kinetid®)( ; ;
”The exact magnitude of this catalytic bias must be determined by dyes as electron acceptor@g(. This suggests that in

more detailed studies that include consideration of the binding constantsCOnventional solution assays, the rate is limited by the
for fumarate and succinate to each redox state of the enz{@e ( reaction with the soluble electron acceptor and not by H
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oxidation at the active site. The PGE electrode appears to T
be a superior artificial redox partner because electrons (or [
holes) are effectively “on tap”.

The negative current at low potentials in Figure 5A results
from the catalytic reduction of Hto evolve B, and Figure
5B shows how this is investigated further under ap N
atmosphere30). Significantly, there is still a dependence
on electrode rotation rate, even at low temperatures (the
experiment whose results are shown was carried out at 6000
rpm and 5°C). In contrast with experiments whose results
are depicted in panel A, this dependence is not due to supply
and depletion of substrate (in this casé)ut to dispersion
of the product, H, which strongly inhibits F reduction if
it accumulates in the vicinity of enzyme molecules on the
electrode surface. Electrode rotation is thus exploited to
observe and control product inhibition.

The potential range, shape, and amplitude of the catalytic
wave for H" reduction are dependent on pH, and detailed
analysis sheds important light on the mechani8).(The .
voltammograms in Figure 5B show that the current at low Or
potentials does not level off at a limiting value, as expected, b
but displays a residual slope. This observation is mechanisti-
cally significant, and is particularly noticeable in the direction
of H, oxidation, for which a dramatic alteration in the wave
shape is observed as the temperature is increased (Figure [
5C). In these experiments, control by, Hransport (the -1 L
rotation rate dependence) was removed by lightly polishing -400 —-200 0 200
the electrode to decrease the enzyme coverage and by : : —
increasing the Klpartial pressure to 1 baB{). The nearly ol Z
sigmoidal wave observed at low temperatures (see panel D
for an enlarged scale, similar conditions) converts to a
response that iBnear over a potential range of more than
0.5 V when the temperature is increased t6¢6(031). This [
behavior arises from heterogeneity in the adsorbed protein -02}
layer, and the contribution of enzyme molecules having L .
poorer electron coupling with the electrode (lower interfacial —-400  —200 0 200
ET rate constants), which contribute to turnover only at a E (mV vs SHE)
greater driving force. The slope reflects the competition
between the enzyme’s catalytic activity and the rates of FIGURE 6: Activity switches (potential optima) exhibited -
interfacial electron transfer. The increase in linearity as the Hzase and two Mo enzymes. (A) Oxidation of Hy Av-Hoase.
temperature is increased can be understood in terms of ther(%:N hen a very low scan rate is used, the enzyme is qbserved to switch

h - Aok > . eversibly to an inactive form at a high potential: 1 bas, HH
being a lower activation energy for interfacial electron 9.0, T =45°C, w = 1500 rpm, and’ = 0.3 mV/s. (B) Potential
transfer than for catalytic turnovér. optimum exhibited byE. coli DMSO reductase (DmsABC) for the

Figure 5D shows voltammograms for a low-coverage film gegu(fjt;%’;]g;?i'r\g?: 225”],'\(:" DMS% P%G(gtggr‘]ténuoeulz(':it?gé g)”d

. D . = w =
O.f hydrogenase catalyzing 2I-.bX|dat|on (1 bar) at two . andv =5 mVI/s. (C) Potenti'al optimapexhibited tE/.rycoIi nitrate ’
different pH values. The experiment demonstrates that while requctase (NarGHI) for the reduction of different concentrations
the position of the catalytic wave shifts considerably with of nitrate: pH 7.0,T = 30°C, @ = 2000 rpm, and’ = 10 mV/s.
pH, the approximate limiting current does not. The contrast (D) Effect of adding azide (i) on the catalytic response for nitrate
with H- reducion (Figure 58) can be understood in terms SEAStOn By MG, P20 2000 S 000 m g 0
of the rate—dgtermlnlng step inztdxidation mvolvmg qnly nitrate with TN aide. .
one protonation state of the enzyme, while, ldvolution
stems fromtwo different protonation states, hence the inherent catalytic limiting rate under any conditions. Inspec-
contrast in current magnitude8Q). Importantly, unlike a  tion of Figure 5D shows how, using a chemical electron
chemical electron donor or acceptor, the electrode can takedonor with which equilibrium is established rapidly at
the potential to whatever value is required to attain the true approximately—250 mV, the rate of K oxidation would

appear to be high at pH 9.0 but negligible at pH 4.6.

8 Interestingly, the linear relationship that exists between the slope F_'QUfe 6 shows different _examples in which catalytic
and turnover rate implies that measurement of the limiting current at a activity of an enzymelecreases opposition to the electrode
high driving force can be substituted by measurement of the slope. potential becoming more favorable. First, we returrAte

This is useful in cases where the act!V|t¥ does not level off in the H.ase, for which the voltammogram in Figure 6A has been
experimental range of electrode potentials; for example, the change in

slope as a function of temperature has been used to measure thén€a@sured at a very slow scan rate. This reveals the inter-
activation energy of catalytic Hoxidation @1). conversion between the active enzyme and an oxidized

i (uA)

i (uA)

i (uA)
|
(@]
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inactive Ni(lll) state in which an additional ligand, believed 0 : )
to be OH", has become coordinate82j. The H, oxidation
activity drops as the potential is increased, but is recovered — iur;fgjifate
on the reverse scan, as the active site switches rapidly back E -2 1
to the Ni(ll) state and releases the inhibitory ligand; -
consequently, Hoxidation exhibits gotential optimumThe A
potential dependence and kinetics of the transformations can 41 c’::f/ 1 1 ]
be deconvoluted with another technique, chronoamperomery, -600 400 —200 O 200
in which a potential step is used to activate the reaction and 10 . ; .
the time course of the resulting current is measuB). (

Potential optima for catalytic activity may indeed be a —~ 0} 1
common property of redox enzymes, analogous to familiar §
pH optima @3). Examples are to be found with Mo enzymes ~ —10} .
in which the active site can exist in states Mo(1V), Mo(V), B
and Mo(VI), not to mention the different oxidation states 90 LY , ‘ ‘ L]
possible for the pterin cofactor(s). Figure 6B shows that -600 -400 -200 O 200
DMSO reductase fronE. coli efficiently catalyzes the 40 F — ; ; :
reduction of DMSO to DMS, but at pH 9, this activity is oo )
optimized in a narrow potential window that correlates with
the maximum stability of the active site Mo(V) state (the § Or ]
active site is a Mo-bisMGD center, where MGD is molyb- T ]
dopterin guanine dinucleotideB4). This result was inter- _s0 b ¢
preted in terms of the rate-determining step being facilitated ‘ ) 1 1

when the active site is in the intermediate Mo(V) oxidation 600 —400 -200 0O 200

state. Figure 6C shows the profile for reduction of nitrate E (mV vs SHE)

by E. colin?trate_ reductase, which als_o contains Mo-bi_sMGD Ficure 7: Voltammetry of a film of Fcs in the presence of

as the active site3f). At very low nitrate concentrations,  fumarate showing the effect of increasing the potential scan rate to
the activity reaches a maximum and then drops to negligible a value that outruns the catalytic cycB9). The solution contained
levels as the potential is reduced further. As more nitrate is 264%@}! f(uAn)warlat\z;:/:t(%l; 75%28%0\;% C(UC)I }:)?noelrpgé ?S“Od/siows
added: catalytic activity builds up at more neganve potentlgls, baseline-subtracted daté, with the prominent component from the
and this eventually takes over as the dominant characteristicrap highlighted with arrows.

at high nitrate concentrations. One interpretation is that

although Mo(IV) is an essential intermediate in the catalytic

cycle, nitrate actually binds more tightly to Mo(V); in other Fast Voltammetry and Detection of Transient States

words, Ky is much lower. Thus, contrary to simple ex- In these experiments, the electrons are moved rapidly
pectations, low levels of nitrate are reduced only at high within the enzyme by employing a fast potential modulation.
potentials. This can provide insight into the rates and mechanisms of

This concept can be pursued further by adding an inhibitor intramolecular electron transfer and allow detection of
that competes with substrate binding but has a strongtransient catalytic intermediates. .
preference for a particular redox state of the active site. Figure 7 shows cyclic voltammograms for a film ofdzc
Figure 6D shows that the local activity optimum around ©n @ PGE electrode in a solution containing 0.42 mM
—50 mV disappears when azide Nl is added. This is a fumarate ¢ 10K,), and recorded at scan rates of 10 mV/s, 1

known inhibitor, but it is also a “hard” ligand that is expected V/S. and 80 V/s §9). As the scan rate is increased, the
to bind more tightly to Mo(V) than to Mo(IV). sigmoidal waveform converts to a composite peak-like signal

(Figure 7C) resembling that obtained in the absence of
substraté.The reappearance of the sharp component due to
! . 0 @2 the FAD (although this is broadened compared with the result
qorrelanons have been made with E_PR sp_ectrosgopm titra- g ptained at low scan rate, shown in Figure 3C) shows that
tions of the Mo center36). A potential optimum is also 4 this faster time scale both the required electrons are
seen in experiments carried out on the multi-heme enzymeyansferred through the enzyme to the FAD, and then both
nitrite reductase, in which the activity for six-electron 4ye “re-called” to the electrode before they can be passed to
reduction of nitrite to ammonia drops below a certain the sybstrate. The catalytic cycle is therefore outrun, and the
potential 7). Notably, this effect was first detected for flavin is detected as a transient, in this case on the millisecond
succinate dehydrogenase from mitochondria (later also fromtime scale. The fact that this transient voltammetric signal

E. coli) for which the rate of fumarate reductialecreases  contains no additional features or increased faradaic capacity
when the electrode potential becomes too nega@@eZ7, shows that the bound substrate molecule does not provide
38). It was remarked that the decrease in activity as the an additional electroactive component on this time scale;

driving force is increased resembles the action of a tunnel therefore, product dissociation is not rate-determining. It

diode, an electronic device displaying negative resistance

(38). This property may have a physiological function, such s the peak separation reflects the fact that ET is not infinitely fast
as the rapid regulation of activity of respiratory chai88)( with respect to the time scale of the experiment.

Potential optima effects have been observed Witia-
coccus pantotrophusitrate reductase (soluble domain), and
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Ficure 8: Trumpet plots showing how peak positions due to the
FAD group of fumarate reductases vary with scan ratm (volts

per second) and the introduction of substrates.§Afrigidimarina
Fccs without substrated) and in the presence of 0.42 mM fumarate
(®) at pH 7.0 and 10C. (B) E. coli FrdAB without substrate()

and in the presence of 50 mM succina® ét pH 7 and 20C. In
panel B, the arrow marks the value of the reduction potential of
the FAD in FrdAB in the presence of 50 mM succinate.
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departure of two electrons as well as the necessary number
of protons, and relaxation around the active site) hale
occurred within the fast cycle. When fumarate is present,
the nonturnover signal is replaced with a catalytic wave, and
the FAD peaks are not observed until the scan rate is
sufficiently high (Figure 7) to outrun catalysis. When they
do appear, at-20 V/s, it is clear that the reduction potential
(obtained from the average of the oxidation and reduction
peak potentials) is similar to that observed when no fumarate
is present. Therefore, fumarate binds with the same affinity
regardless of whether the FAD is oxidized or reduced.
Notably, the decreased peak separation shows that the rate
of electron transfer to the FAD is higher for the enzyme
substrate complex. Similar observations have been made for
E. coli FrdAB in the presence of fumarate.

A different result is obtained with succinate, as shown in
Figure 8B, in this case for FrdAB (Eg is inactive for
succinate oxidation)1Q). Because the turnover rate in this
direction is much lower, the FAD peaks make their appear-
ance below 1 V/s, and the observation that the FAD reduction
potential is more negative when succinate is bound is
consistent with the shift observed in the catalytic wave
(Figure 4A) discussed earlier.

Square-wave voltammetry (SWV) provides an alternative
way of driving electron transfers in an adsorbed enzyme.
Whereas with cyclic voltammetry the potential is varied in
a linear or shallow staircase manner, SWV uses a square-
shaped potential modulation superimposed upon a shallow
staircase background. By varying the frequency and ampli-
tude of this modulation, one can obtain information about
rates and energetics of electron transfgs, (24). Large
potential modulations can be used to measure how sensitive

would otherwise be possible to move four electrons rather @ process is to the electrochemical driving force. For
than two, back and forth between the electrode and the FAD.example, does varying the electrochemical driving force have
From the appearance and positions of oxidation and a significant effect on the rate of redox cycling of an active
reduction peaks as a function of scan rate, it is possible tosite located at the end of a chain of relay centers? This is
determine not only the standard rate constant for electronrelevant to the question of whether electron transport occurs
exchangel; is obtained by fitting the data) but also how by hopping or superexchang@3). According to Marcus

electron transfer is coupled to chemical proces46s41).1°
The data are displayed as a “trumpet plot”, which monitors
the active site in different time domaing, (2). Two such
plots are shown in Figure 8.

Figure 8A shows results obtained withdzcin which the

theory, the rate of a simple electron transfer reaction at an
electrode reaches a limiting valuk,() when the driving
force is much greater than the reorganization eneldy. (
Electrochemists normally use a controlled potential step
technique called chronoamperometry to measure electrode

peak positions for the FAD signal are measured in the kinetics as a function of potential, but this is unsuitable for
absence and presence of fumara®).(Without substrate, ~ studies of a monolayer of protein moleculd2) First, the

the data are continuous throughout the range of scan ratescurrent due to electron transfers is small and usually masked
The left side (low scan rates) provides data about the slow by the large current due to electrode double-layer charging
time scale, analogous to those obtained in a potentiometric(this is particularly problematic with PGE); second, most
experiment; i.e., there is plenty of time for the system to €nzymes contain several redox centers, and it is important
equilibrate. The right side (fast scan rates) shows how theto isolate the one of interest. SWV overcomes these problems
FAD behaves on the millisecond time scale: under these as it allows the use of large potential steps to vary the driving
conditions (pH 7), the reduction potential (the average of force, while probing also the potential dimension to distin-
the oxidation and reduction peak potentials) is very similar guish rates for different centers.

to that observed for the slow time scale; therefore, the Given the complexity of this approach and the constraints
processes necessary for establishing equilibrium (arrival andof space, we refer to recent papers that describe results
obtained by SWV %3, 24). In several cases, it is found that
kmax Values are much lower than expected from Marcus
theory, and suggest that electron transfer is attenuated by
other processes, such as fluctuations in protein orientation.
While the data for FrdAB could be fitted to a model in which
electron transfer between the FAD and PGE occurs by
hopping along the relay of F€S clusters, the results obtained

10 For example, the buried [3Fe-4S] clusteAinotobactewinelandii
ferredoxin | takes up a proton when it is reduced from thé to the
“0” level. By recording the peak positions for the [3Fe-#Skignal
over a wide range of scan rates, from 10 mV & 100 V s?, and
extending this to several structurally defined mutated forms, we
determined the mechanism of proton transfer to and from the cluster
(a mobile carboxylate side chain is used as a cour#). (
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for Fccs could only be fit on the basis of direct process,
raising the likelihood that ET occurs via a superexchange
mechanism utilizing the heme groups to enhance electronic
coupling.

Concluding Remarks

Protein film voltammetry is a relatively new concept which
explores largely uncharted territory, and it offers many
interesting opportunities for fundamental and applied re-
search. This article has aimed to outline the ideas and identify
the special information that can be acquired. Among the
chemical challenges are the problems of synthesizing and
characterizing electrode surfaces that are better defined
structurally and more realistic biologically, as well as
producing fast interfacial ET. Another direction is the
application of specialized spectroscopic methods to comple-
ment and exploit (e.g., using potential modulation) the
excellent electrochemical activities of many adsorbed pro-
teins. For the enzymologists, there are opportunities to
understand complex, membrane-bound systems in ways
analogous to characterizing an electronic component by its
current-voltage response. This may be particularly true in
bioenergetics, where some aspects of metabolic control may
be determined at the membrane/electrochemical level.
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