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ABSTRACT: Protein film voltammetry is used to probe the energetics of electron transfer and substrate
binding at the active site of a respiratory flavoenzyntlee membrane-extrinsic catalytic domain of
Escherichia colifumarate reductase (FrdAB). The activity as a function of the electrochemical driving
force is revealed in catalytic voltammograms, the shapes of which are interpreted using a Michaelis
Menten model that incorporates the potential dimension. Voltammetric experiments carried out at room
temperature under turnover conditions reveal the reduction potentials of the FAD, the stability of the
semiquinone, relevant protonation states, and pH-dependent sueenaiene binding constants for all

three redox states of the FAD. Fast-scan experiments in the presence of substrate confirm the value of the
two-electron reduction potential of the FAD and show that product release is not rate limiting. The sequence
of binding and protonation events over the whole catalytic cycle is deduced. Importantly, comparisons
are made with the electrocatalytic properties of SDH, the membrane-extrinsic catalytic domain of
mitochondrial complex II.

Fumarate reductase (FrdABnd succinate dehydrogenase  The matrix/cytoplasm-facing peripheral domain comprises
(SDH) are the closely related water-soluble cytoplasm/ two tightly associated subunits, one containing three-iron
matrix-facing domains of menaquinol:fumarate reductase sulfur clusters, and the other containing @ @®-histidyl)
(QFR) and succinate:ubiquinone oxidoreductase (SQR, orcovalently bound flavin adenine dinucleotide (FAD) and the
complex II), respectively—5), that catalyze redox inter-  site for dicarboxylate binding. Whereas the crystal structure
conversion between the dicarboxylates fumarate and succi-of SQR has not yet been determined, those of two QFRs
nate E2c = 0—30 mV at pH 7). [from Escherichia coli(8, 9) and Wolinella succinogenes
(10—12)] and of four soluble fumarate reductas@8<16)

H COO-~ y
have been solved recently. In all these enzymes, dicarboxy-

\ / -
/ C=C\ +2Ht + 2~ —= 00C_~coo- (1)
-00C H

. . . . 1 Abbreviations: A, electrode area; CHES, R{cyclohexylamino]-
In bacteria, QFR catalyses the final step in anaerobic ethenesulfonic acid; DTT, threo-1,4-dimercapto-2,3-butandiol dithio-

respiration on fumarate, coupling its reduction to succinate threitol; E, electrode potential; EGTA, ethylene glycol-ifisiminoethy!

i At ; ; ether)N',N',N',N'-tetraacetic acidEom, Enr, One-electron reduction
io the oxidation of menaguinol ta menaqumoﬁé/MQH potentials for the two redox transitions of the flavin, see caption of

= —74 mV). In mitochondria and other systems, SQR finks Scheme 1; ET, electron transfer; [F], fumarate bulk concentratigns;
the citric acid cycle to the aerobic electron-transport respira- Faraday constant; FAD, flavin adenine dinucleotide; FrdAB, fumarate
tory chain by passing the electrons from succinate to the reductaseil’, electroactive coverage; HEPESL(2-hydroxyethyl)-

: - Lo o piperazineN'-[2-ethanesulfonic acid]i, current;ijm,, limiting current
quinone pool (Ub'qUmone/Ub|qL"nOEUQ/UQH2 = 70-110 (at high or low potential)K, Dissociation constant from FAD; the
mV). In vitro, both enzymes oxidize succinate or reduce superscript stands for the species which binds/dissociates (e.g., “OAA”,

fumarate using artificial electron partners. In vivo, they can “succ”, or “fum”). The subscript tells the redox state of the FAD, [

- - - . H, or R, for oxidized (quinone), half-reduced (semiquinone), and
replace one another functionally, following genetic manipu reduced (hydroquinone)k,, acidity constant for the semiquinone form

lation of the organismg; 7). of the FAD; K5*¢ K™ Michaelis constants for succinate oxidation of

fumarate reduction;" kfzu"‘, first-order potential-independent rate
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late binding utilizes hydrogen bonds from highly conserved from plasmid pH3ffdA*B*C'D") (44). Plasmid pFAB-HT
residues, and the hydrogenation reaction is thought to involvewas constructed using pH3 as a template and utilizing ExSite
hydride transfer between N5 of the FAD isoalloxazine ring PCR based mutagenesis (Stratagene, La Jolla, CA) to add
and the substrate, followed by proton transfe)( Proto- an 8-amino acid extension (Leu-Glu-6His) to the C-terminus
nation may occur via a hydrogen-bonded water molecule of the iron—sulfur protein subunit (FrdB) of fumarate
found in theWolinellaenzyme 11), although the&Shewanella reductase. The plasmid construct also resulted in deletion
putrefaciens(13) and Shewanella frigidimarina(14, 15) of the frdCD genes from plasmid pFAB-HT. Thus, pFAB-
structures, along with site-directed mutagene&d (7— HT encodes solublg. colifumarate reductase with a 6His-
19), suggest that the proton donor is a conserved arginine.Tag on the iroa-sulfur protein subunit. To express the

The one- and two-electron reduction potentials of the soluble FrdAB enzymeg. coli DW35 transformed with
active-site FAD and the resulting thermodynamic and kinetic PFAB-HT was used to inoculate 150 mL of Terrific broth
characteristics of catalytic activity are modulated by covalent (45) containing 150ug/mL ampicillin in a 1-L flask and
bonds with histidine Z0, 21) and interactions with nearby ~ grown with vigorous aeration for 6 h. The culture was then
residues. Of interest here is the intrinsic bias of the enzyme used to inoculate 1.2 L of Terrific broth plus antibiotic in
toward reduction of fumarate or oxidation of succinate, an 2-L flasks and the cultures were grown with moderate
important factor being the difference between s for aeration (200 rpm in a New Brunswick G25 rotary shaker)
FAD and fumarate: for example, in soluble fumarate for 18 h at 37°C before harvesting by centrifugation (15
reductases, the lowd® of the noncovalently bound FAD ~ min at 6000x g). The cells were resuspended in buffer A
contributes to make these enzymes poor catalysts of succinaté50 mM potassium phosphate pH 7.0, 500 mM NaCl, 1%
oxidation. A more detailed description of the reaction glycerol (w/v)] and one “Complete Protease Inhibitor” tablet
requires knowing how the FAD one- and two-electron Without EDTA (Roche, Indianapolis, IN) was added per 50
potentials depend on substrate bindigg27). These values ML of suspended cells. The cells were disrupted by one
have been measured in equilibrium titrations but not, so far, passage through an Avestin homogenizer (Ottawa, Canada)
under turnover conditions. at 15000 PSI at 4C.

Protein film voltammetry (PFV) is emerging as a powerful ~ Cells and membrane fractions were removed by centrifu-
tool to investigate redox enzyme2g( 29). In this technique, ~ 9ation at 1200089 in a Beckman Ti60 rotor for 35 min,
the protein is adsorbed up to monolayer coverage at anand the supernatant was applied to nickel affinity resin
electrode which effectively substitutes for the redox partner (Qiagen, Chatsworth, CA) (2 11 cm) equilibrated with
and is able to rapidly donate or abstract electrons from the buffer A. The column was washed with-5 bed vol of
enzyme depending on the electrode potential. Without Puffer A and 2 bed volumes of buffer A with 80 mM
substrate in solution, at slow scan rates, PFV yields equi- imidazole, then FrdAB was eluted with 0.5 M imidazole.
librium reduction potentials directly, while kinetic informa- ~ The dark-brown fractions containing the soluble FrdAB were
tion can be obtained by using fast modulations of the concentrated to-24 mL (15-20 mg/mL) using an Amicon
potential B0). With substrate in solution, catalytic turnover Cell with a YM30 membrane under nitrogen, then diluted
produces an amplified response, the shape of which reveal$-fold with 20 mM histidine, 0.5 mM EDTA, 0.5 mM DTT,

details of the active-site redox transformations and the role in 1% glycerol, pH 7.5. The resulting solution was applied
of the driving force in controlling activity. to a Mono Q HR 10/10 column (Amersham Pharmacia)

PFV studies ofE. coli FrdAB (31, 32) and bovine equilibrated with the same histidine buffer used to dilute the
mitochondrial 83—35) and E. coli (36) SDH, as well as enzyme. The column was washed with 2 bed vol of 0.1 M
83 -39 (36) KCl in the histidine buffer, then a gradient of KCI (6:1.0

studies of the soluble fumarate reductases f@nirigidi- : . . X
marina (37—40) have revealed substantial differences be- M) Was applied-the FrdAB fraction eluting at approximately
.35 M KCI. The dark-brown fractions were pooled and

tween succinate dehydrogenases and fumarate reductaseg.

These succinate dehydrogenases efficiently catalyze fumarat rou.ght to d (30% safcfurati(_)n with ammoniuom su(l;‘ate, t(;len
reduction, but only over a narrow potential range because Précipitated by centrifugation at 20000g at 4°C and store

activity decreases abruptly once a critical driving force is at _8.0 °C. .A Iast'FPLC step was found t'o. greatly enhance
reached, i.e., at sufficiently low potenti@3—36, 41). This the signal intensity, resolution, and stability of the voltam-
reversible “switch” (of possible physiological relevance) may MeWy- After passing through a PD10 column (Amersham
arise from a conformational change linked to the oxidation Pharmama_).to remove ammonium sultate, the samples were
state of FAD. By contrast, the fumarate reduction activities further purified anaerobically with a FPLC Mono Q column

of E. coli FrdAB (at high pH) 81, 32) and soluble fumarate ~ YSind @ 0 t0 0.5 MNaCl gradient (20 mM HEPES, 10%
reductases 40, 42) are marked by complex sigmoidal glycerol, 0.1 mM EGTA, 0.5 mM DTT, pH 7.4). Elution of

increases upon successive reductions of the prosthetic groupdn€ FrdAB, monitored using U¥Vis, occurred at ap-
In this paper, we describe experiments that probe and proximately 0.3 M NaCl. Electrochemical experiments did

compare the catalytic energetics of FrdAB and SDH during not reveal any significant difference between the wild-type

: . and His-tagged enzymes.
turnover. In particular the studies reveal effects of substrate The methvl viologen-fumarate reductase assav of purified
binding and roles of the different FAD redox states in y 9 : yorp
catalysis. FrdAB was performedn a 2 mL cuvette, containing an

argon-saturated solution of 10 mM fumarate, 200 methyl
EXPERIMENTAL METHODS viologen, with glucose (10 mM), glucose oxidase and
catalase to maintain anaerobiosis. Dithionite was added to
Purification of FrdAB and SDH. E. co$itrain DW35 [43] reduce the viologen, and the reaction was initiated by addition
was transformed with plasmid pFAB-HTrdA*B™) derived of enzyme. The decrease in absorbance at 602 nm was
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monitored and the rate of the reaction was calculated using ~800 —400 —200 0 200
an extinction coefficient of 9.6 mM cm*. The succinate- 20 [ ' * T ]
ferricyanide reductase activity was determined at 420 nm no substrate-.-/f} 7 Ea
(¢ =1 mM~* cm™) with 20 mM succinate and 200M oy 2|
ferricyanide. (In each case, the concentration of substrate E oL 4
was much greater than the Michaelis constant.) Solution - - 3
assays were carried out in 50 mM potassium phosphate at -or : T ;ﬁ (‘
pH 7.0 and at 25C. We obtained the turnover numbers 20k \ 1 e
5" = 12 st andk;™ = 450 s'* for FrdAB activity toward o it =7 5%
succinate oxidation and fumarate reduction, respectively. 50 | 4,M fumarate §§ b
Beef heart SQR was isolated from mitochondria by the = , 2%
method of Beginsky and Hatefé6), and pure fractions of £ 0r YR
soluble SDH were obtained by resolution with perchlorate - §§
(47). O i3V

Electrochemistry.Experiments were performed with a
. L . -600 —-400 —200 0
mixed buffer system consisting of 10 mM in each of CHES, E (mV vs SHE)
HEPES, and TAPS (Sigma) containing 0.1 M NaCl as _ i )
additional supporting electrolyte. Mixtures were titrated with F'(;;UR'E 1d (A) N%”"atla"y“c A’O'Famhmoggams Obtfa'”%d for FrdﬁB
| to the desired pH at 2C. Substrates (fumaric adsorbed at a PGE electrode in the absence of substrate. The raw
NaOH (')r.HC . p : voltammogram (outer dastdot line) is not to scale. The inset
or succinic acid, Fluka 99.5%) were added from 50 mM stock shows the background corrected current (small dots) and decon-
solutions prepared in the same mixed buffers. Polymyxin B voluted data. [2Fe28}*, En; = —35 mV; [3Fe4S}, —67 mV;
sulfate (Sigma), which enhances the adsorption of FrdAB [4Fe4SF”*, —310 mV; FAD quinone/hydroguinone:50 mV

. (dashed lines for individual contributions and plain lines for their
on the electrode, was prepared as a 20 mg/mL stock solutlonsum)_ Stationary (non-rotating) electrode, afea 0.03 ¢, scan

in water. ratev = 10 mV/s, temperaturd = 20 °C, pH 7. (B) Catalytic

A pyrolytic graphite edge (PGE) rotating disk working Wave showing reversible succinate oxidation and fumarate reduction

electrode 81) (geometric aread = 0.03 cn) was used in by adsorbed FrdAB in a solution containiEg succinate and fumarate
. - ith an EG&G model 636 electrode rotator. A in concentrations [SF 1.2 mM and [F_]— 4 uM, re_spectlvely. _
conjunction wit - A The scan was started from the open circuit potential marked with

platinum wire was used as counter electrode, and a saturated filled circle.» = 1 mV/s, T = 20 °C, pH 7, electrode rotation
calomel electrode (SCE) in a Luggin sidearm containing ratew = 3000 rpm.

0.1M NaCl was used as reference. All potentials are quoted

against the standard hydrogen electrode (SHE), uSipg electrode rotating at 100 rpm. After each experiment, the
= Esce + 241 mV at 20°C (48). The electrochemical cell ~ cell solution was retained, and its pH was checked &0
was thermostated at 20C using a Neslab circulator and The voltammetric data were analyzed using an in-house
housed in a Faraday cage. Voltammetry was performed usingerogram. The noncatalytic data were filtered using a Fourier
an Autolab electrochemical analyzer (Eco Chemie, Utrecht, transform 60) and corrected for charging current by
The Netherlands) controlled by GPES software and equippedinterpolating the baseline on each side of the voltammetric
with analogue scan generator and electrochemical detectiorpeaks using a cubic spline procedusg)( deconvolution of
(increased sensitivity) modules. For fast-scan experiments,the signals was then performed by least-squares fitting to
the effects of uncompensated cell resistance were minimizedthe sum of four independentedox transitions. The peaks
by using the positive-feedbadR compensation function of ~ associated with each center were assumed to have the
the potentiostat49). nernstian shapes given in ref 48 and 55 for the one- and

All voltammetric experiments and handling of enzyme tWo-electron signals, respectively. Six parameters were
solutions were carried out in a glovebox (Vacuum Atmo- simultaneously adjusted: four reductlon. potenua_ls (three
spheres) under atmosphere (©< 3 ppm). Prior to each [Fe—S] clusters and the FAD), the _d|sproport|onat|on
experiment the PGE electrode was polished with an aqueousconstant of the FADK) and the electroactive coveragdl).
slurry of alumina (l«m, Buehler) and sonicated thoroughly. | € @ssignment of each one-electron peak to artFeuster
For FrdAB, 5uL of enzyme stock (approximately 5EM) has been done as in réfz. The catalytic voltammograms
and 10uL of polymyxin solution were mixed and applied were corrected_ for charging current by subtracting a second-
to the surface of the electrode which was then inserted Ofder polynomial from the wave, such that at the low- and
directly into the cell whose large volume (4 mL) minimized high-potential limits the corrected current was constagk.

the mflyence of fumarate formation during ;Iow scans at high RESULTS AND MODELING
potentials. To study substrate-concentration dependences, a

single film of FrdAB was used at each pH and transferred Noncatalytic VoltammetryFigure 1A shows a voltam-

into solutions of increasing succinate concentration. For mogram of FrdAB adsorbed at a PGE electrode. In the
SDH, the enzyme samples were freed of residual ammoniumabsence of substrate, sweeping across the potential range
sulfate and perchlorate by diafiltration, using a micro-dialyzer
(Spectrum Micro DispoDialyzer 1356021) against a mixed 2 This assumption should be questioned, but the relatively low-
buffer containing 0.5 mM succinate. Aliquots of the enzyme intensity noncatalytic peak currents observed for large enzymes

; ; : adsorbed on an electrode seems to to preclude the investigation of
solution were added to the electrolyte (1 mL) to give a final possible cooperativity between the different redox centers. For discus-

concentration of M. Film formation was then initiated  sjons of these effects in the context of ET in multicentered enzymes,
by poising the electrode potential a200 mV for 30 s, the  see, e.g., refs 5154.
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produces current peaks due to electron transfer between the —-300 -200 -100 0 100 200
electrode and the different redox centers in the enzyme. In
the limiting case of an active site undergoing a fully
cooperative transfer af electrons, the peak current varies
asn? and the half-height width varies as? (28).

In the potential range-600 to+200mV, four signals (pairs
of oxidation and reduction peaks) are observail, ¢2):
these are the one-electron transitions of the threeS-e :
clusters, and the prominent two-electron transition of the 100 F
FAD (quinone/hydroquinone;-50 mV at pH 7) which
clearly exhibits some cooperativity. In Figure 1A, the outer
trace is a cyclic voltammogram recorded at pH 7. After
subtracting the charging current, the resulting faradaic
voltammogram can be deconvoluted to determine the con-
tributions of the individual centers. Integrating the current
over half a cycle yields the total number of electrons 10° F
transferred, and thus the electroactive enzyme covetige
this experiment]” ~ 13 pmol/cni.

100

50

i (nA)

i (na)

(@]
T

[

: % §'~.‘_\ Increasing
Steady-State CatalysiBigure 1B shows a voltammogram ¥ 1f \‘\_\ succinate
recorded for an FrdAB film in contact with a solution £ N concentration
containing both succinate and fumarate, at concentrations N
[S] = 1.2 mM and [F]= 4 uM, respectively. A low scan 1072 |, . . N .
rate was usedv(= 1 mV/s) to ensure steady state for —-300 —200 —100 0 100 200
succinate oxidation is low, vide infra). E (mV vs SHE)

The resulting voltammogram is a “direct read-out” of the 5z 5. Substrate-concentration dependence of catalytic voltam-
rate of catalysis in either direction as a function of the metry for succinate oxidation by FrdAB. Raw catalytic voltammo-
electrode potential (driving force). At an applied potential grams (A), baseline subtracted data (B) and semilogarithmic plot
(E) higher than the fumarate/succinate equilibrium potential of the catalytic waves (C). pH 7.5, scan rate- 1 mV/s, electrode
(Er9), electrons flow from succinate to electrode via the FAD fotation ratew = 3000 rpm, temperaturg = 20 °C, succinate

. . " o concentration [S}E 20 uM to 16 mM (no fumarate).
and Fe-S clusters; the resulting (positive) current is directly

proportional to the rate of succinate oxidation. At oW yaising it further produced no noticeable increase in current;
potenfual the net.dlrectlon of electron.flow is reversed, a thus there is neither substrate depletion nor product ac-
negative current is now observed that is proportional to the ., 1ation near the interfacé@). Importantly, in addition

rate of fumarate reducEiccgn. Thfsmlimiting currents at very high 1, the expected increase in catalytic current as the succinate

or very low potential i, “andiyy) reflect the maximal rate  concentration is raised, the position of the wave shifts to
of turnover in either direction, for given concentration of more negative potentials.

electrode is not limiting. o . corresponding Heyrovsky-llkovich plot shown in Figure 2C.
The filled circle in Flgure 1B |-nd|CateS- the potentlal of This p|ot of |Og.0 [(ilim — |)/|] againstE is usua”y used to
zero net current (or “open circuit potential”) at51 mV. analyze sigmoidal polarographic waves recorded under

This should correspond tis which can be calculated for  steady-statediffusion-limited conditions 68). For an n-

any concentration ratio using the Nernst equation and the electron electrochemical reaction that is reversible i.e., the

published valudgs ~ +20 mV at 25°C, pH 7 67); Ers = Nernst equation is obeyed at all times), the plot is linear
EYs + R In([FJ[S]) = —46 mV (7 is the Faraday  with a slope—n7/2.3RT. By contrast, Figure 2C shows a
constantR the gas constant, aridthe temperature). significant upward curvature over the entire range of suc-

The direction and rate of catalysis depend on the electrodecinate concentration.
potential and the concentrations of reactants and on the Derivation of a Potential-Dependent Michaetidenten
enzyme’s intrinsic catalytic bias which is defined as the ratio Model. The first-order rate constant for succinate oxidation
of the potential-independent first-order rate constants for by FrdAB can be estimated immediately from the magnitude
succinate or fumarate conversion in the enzymmabstrate of the catalytic currents in Figure 2 using

complex ("Candk™). In Figure 1B,if"%"™ is approxi-

mately 1 for a [S]/[F] ratio of 300, suggesting that FrdAB is iim ke

significantly biased in the direction of fumarate reduction. 27AC Ksuee (2)
However, as explained below, quantitative analysis requires 14"

consideration of binding effects. [S]

Figure 2 shows as-measured (panel A) and baseline-
subtracted (panel B) cyclic voltammograms for succinate [The 27AI" term arises because the current is proportional
oxidation in fumarate-free solutions at pH 7.5. The experi- to the total electroactive coveragal() and the fumarate/
ments have been performed with the same FrdAB film succinate transformation involves two electrons.] Assuming
successively transferred to pH-buffered solutions of increas- an electroactive coverage & ~ 1071 mol, k3'““is of the
ing succinate concentration in the range S0 uM to 16 order of a few (seconds); therefore, catalytic oxidation can
mM. The electrode rotation rate was sufficiently high that be described by a MichaetlidMenten (M—M) scheme, in
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Scheme 1: Catalytic Cycle for the Oxidation of Succinate
by SDH and FrdAB

Fum

kSUCC /‘

Eox

¥
HR Red

Tl KIS{UCC Tl K&UCC

HR-Succ =5 Red-Succ

Eur

Ox =

Tl K(S)LlCC

Ox-Suce =5

2 0x, HR (half-reduced) and Red are used to denote the three redox
states of the FAD (quinone, semiquinone and hydroquinone respec-

tively). Eos andEwr are the one-electron reduction potentials for the

guinone/semiquinone and semiquinone/hydroquinone transformations.

The average two-electron reduction potential quinone/hydroquinone is
Eor = (Eom + Enr)/2.

which all binding steps are fast relative to reactions within
the enzyme-substrate complex. The limiting current depends

on the (surface) concentration of substrate-bound enzyme,

which is proportional to [S)/([SH K'Y, whereKg'*is the
dissociation constant from the oxidized active site. Thus
K3 and k;'° can be determined from the variation in
limiting current with substrate concentration shown in Figure
2B.

To interpret the shapes of the voltammograms and

Léger et al.

acetate-concentration-dependent potential of the FAD in
FrdAB, measured using noncatalytic voltammetB)(

At high potential, the exponential terms in eq 3 vanish
(FAD is fully oxidized), and the current equation reduces to
a M—M form, with limiting current currentify,) given by

iIim _ k;ucc
27 A o Ksuce (5)
1+—
[S]

From egs 3 and 5, we obtain the logarithmic transform of
the wave,
_ i)

log,g (EXF{ RT(EO/H E)] + eXF{ RT(EO/R E)]) (6)

2. :iﬁEO/H B

22§-|(E0/R E) at low potential,

liim

logyo

E) at high potential,

~

which is expected to show a crossover between two limiting

determine the energetics of the catalytic mechanism, we mustoehaviors: the plot should be linear at high potential with a

add the “potential dimension” to the MM model and

slope —7/2.3RT decade/mV and also linear at lower

incorporate the Nernst equation to relate the populations of potential, but with a slope-2.7/2.3RTdecade/mV {58 and

the different redox forms of the FAD to the electrode
potential €). We consider only the states of the FAD, and
assume that the role of the +8 clusters is to mediate the
electrons. In Scheme Egu is the reduction potential for
the one-electron interconversion between oxidized and half-
reduced forms, anflg is the average two-electron reduction
potential. We get

- K9 1 + %j
27AC 4 exr{%(Eom ] )| + exr{z T(Eor— )]

@)

by assuming that the current is proportional to the concentra-

tion of oxidized, substrate-bound enzyfe.

—29 mV/decade, respectively, at 2Q0).

Data Analysis.Figure 3 demonstrates that the model
accounts for both the change in limiting current as a function
of succinate concentration (eq 5) and for the waveshape (eq
6).

Figure 3A shows a plot ofin as a function ofin/[S] at
pH 7.5; this is an Eadie-Hofstee plot, slope—K;,(59).

The best fit givesk}*° = (83 & 5) uM for succinate
oxidation by FrdAB.

Logarithmic transforms of two catalytic voltammograms
are plotted in Figure 3B. The average slopes-arg.,,7/
2.3RT, wheren,ppis an apparent number of electrons greater
than one 81): this qualitatively conveys the cooperative
character of electron transfer at the FABs predicted by
the model, each plot shows upward curvature and tends
toward limiting slopes- 7/2.3RTand—27/2.3RTdecade/

mV at high and low potentials, respectively. Moreover, eq

The denominator of eq 3 hides a substrate-concentrationg accounts well for the data in the entire potential range (plain
dependence: the potentials of the redox transitions are relatedines in Figure 3B), with only two adjustable parameters.

to their values in a succinate-free solutidipk([S] = 0)
andEom([S] = 0)], to the succinate concentration ([S]), and
to the dissociation constant from the oxidized, semi-reduced,
and reduced forms of the FADKE'®, K} and K§'9
according to

2.RT,  1+[SIKR™
E S]=0)+ 4a
EO/R O/R([ ] ) 207 10 1+ [S]/K%ucc ( )
2.3RT 1+ [SYKE
Eom = Eonl([S1=0) + (4b)
T

01 + [s)Kee

An equation similar to 4a was used previously to determine
the dissociation constank&X™ and K3** from the oxalo-

For a given substrate concentration and pH, the fit yields
values of the FAD reduction potentiatsgr andEon, shown
as filled and empty squares, respectively.

3 Applying the Nernst equation, the fraction of FAD in the oxidized
form equates to (% exp[Tri(Eom — E)] + expP7Tri(Eor — E)]) .
This has to be multiplied by [SJ/([S} K§') to obtain the fraction of

oxidized, succinate-bound enzyme, and thenki{° to obtain the
turnover number, and by:ZAI" to obtain the catalytic current.

4There is aformal analogy between the Heyrovskjlkovich plot
and the Hill plot used in studies of cooperative binding in allosteric
proteins. From the measurement of the saturatigraé a function of
the substrate concentration ([S]), the cooperativity is evidenced in a
Hill plot of log1o(Y/(1 — Y)) against logo([S]). Y is analogous to the
current (which is proportional to the fraction of oxidized enzyme), and
logio(Y/(1 — Y)) is analogous to log((iim — i)/i). The average slope
of a Hill plot or a Heyrovsky-llkovich plot exceeds one when binding
or ET, respectively, is a cooperative event.
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Table 1: Thermodynamics Properties of FAD in FrdAB Measured at@f@rom the Analysis of Voltammograms

pH KSI'ﬂUCCa KgUCCb,c K;UCCb,c KSRUCCb,c EO/Rd’e EO/RC’e EO/HC’E
7 0.14 0.31 8 —50 —42 —45
7.5 0.083+ 0.005 0.18 0.63 9 —65 —59 —66
8 0.130+ 0.01 0.25 1.8 12 —80 —78 —88
8.5 0.71 6.3 16 —-97 —109 —103
9 0.8 10 11 —118 —124 —110
9.5 0.8 nd 8 —142 —141 nd

aMichaelis constant in mM. From Eadie-Hofstee plots (as in Figure 3A), provided the films were sufficiently $@lsigociation constants are
in mM. Since fitting the data with eq 4 gives the log of the dissociation constants with anteirby the error on a dissociation consté&nis +0.1
x 2.3 x K. ¢From catalytic datad From noncatalytic data. Reproducibiliy3 mV. € All potentials correspond to succinate-free FAD, and are in
millivolts vs SHE. The good agreement between the valugsgfobtained from noncatalytic and catalytic data suggests that the error on the latter
succ

is lower than 10 mV. The errors orK§*“®andEqy are correlated: an errdr0.1 on (K;'“results in aradditionalerror of 0.1 x 60 mV onEgy.
fAt pH 9.5, the data are too noisy to be fitted with eq 4b, therefore these values could not be determined.
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107 L “_slope 2F/2.3RT 1 j LA DH 8 ]
B -8-- oe pH 9
< -180 [ . " : .
T 1 b ] 107" 10 107 10t 107°
,S succinate concentration (M)
2 Ficure 4: Changes, observed for FrdAB, in the two-electron
o r | Slope F/23RT ] reduction potential of FAD quinone/hydroquinone (filled symbols)

150 —100 —50 0 50 and one-electron reduction potential of FAD quinone/semiquinone
’ (empty symbols) as a function of the succinate concentration and
E (mV vs SHE) for different pHs. These were measured by fitting catalytic
FiGURE 3: Analysis of steady-state catalytic waves for succinate voltammograms with eq 6 = 20 °C. The symbols correspond to.
oxidation by FrdAB. (A) Eadie-Hofstee plot to determi@" pH 7 (squares), 8 (triangles), and 9 (circles). Lines are best fits
from the change in limiting current as a function of the substrate With €ds 4.
concentration (eq 5). Same conditions as in Figure 2. The best fit
to a straight line givesC' = (83 & 5) uM. (B) Heyrovsky- —-40
llkovich plot of two of the voltammograms plotted in Figure 2 (for
[S] = 150uM and [S]= 16 mM). The small filled circles are the -80
raw data. At each concentration, the fit to eq 6 (plain line) gives
the values ofEqr (W) and Eo (O).

-80

Thermodynamic Properties of the FAD from Catalytic -100 .

Voltammetry.Experiments were conducted at several pHs

E (mV vs SHE)

(7—9.5) for a range of succinate concentrationsy a0 to -120

50 mM, and in each case, values Bfr and Eqy were

determined from the fits to eq 6. Figure 4 shows that both —-140

Eor and the stability of the semiquinone state (related to

Eom — Eor) depend on pH and succinate concentration. —160 ¢, s . I L3

7 7.5 8 8.5 9 9.5

For each pH, values d&or([S] = 0), K& ““andKy ““were o

determined by fitting the valueBor against [S] to eq 4a,

- _ succ Ficure 5: pH dependences of FrdAB active site FAD reduction
then the fit ofEop to eq 4b gaVEEO’H([_S] = 0) andKy™ potentials;Eor (filled symbols) andEqy (empty symbols) for [S]
The best parameters are reported in Table 1. The most= 0 (squares) and [S} 1 mM (circles). Crosses<) are values of

pronounced pH dependence is observed K§t* which Eorr determined from noncatalytic data at [S]0. ForEor, best

decreases 30-fold between pH 7 and 9. As found also for fits (dashed straight lines) give slopeS4 mV/pH. ForEop fits
. o . to eq 7 (plain lines) give I, = 8.15+ 0.1.

SDH (5, 60) the dissociation constants for succinate decrease

(binding is enhanced) when the FAD is oxidized. investigated 79.5, thus, one proton is transferred for the
The pH dependence of the FAD reduction potentials (Table two-electron reaction, i.e., the active site operates between
1) yields the number of protons involved in the redox neutral quinone (FAD) and anionic hydroquinone (FADH
transformations of the active site. Figure 5 shows tHak states. In 1 mM succinatd&or shifts by about—25 mV
decreases by about 30 mV/pH unit in the pH range without changing the pH dependences of the redox processes.
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2.3RT
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Eom = Eon ()

a

|

(plain lines in Figure 5), givepK, = 8.154+ 0.10 for the
semiquinone form of the flavin.

In support of the above analysis, the values of several
parameters determined in two independent ways were
compared. With sufficiently stable films, Michaelis constants
were determined by Eadie-Hofstee plots yielding values of
KSMS which matched the independently measuiei{*
(Table 1), as expected from eq 5. Additionally, we compared
the average two-electron substrate-free potentials of the FAD
measured either (i) by analyzing the catalytic wave and
extrapolating the concentration dependenc&gk to zero
succinate concentration using eq 4a, or (ii) by deconvoluting
the noncatalytic voltammograms recorded in substrate-free
solution (Figure 1A). The difference was always less than
10 mV (see Table 1, and compare the filled squares and
crosses in Figure 5). The cooperativity of the ET process at
Zero succinate concentration can be estimated by analyzin
the FAD peak in noncatalytic experiments. Fitting the data
in Figure 1A at pH 7 yields a disproportionation constant
= 0.2+ 0.1, thereforeEqy — Eor = — 22 + 8 mV. By
extrapolating catalytic data to zero succinate concentration
(Table 1) we obtaineon — Eoir = — 3 & 20 mV. Both
estimates suggest a significant maximal level of semiquinone
(respectively, 20t 5 and 35+ 15%) atE = Eqr, pH 7, in
the absence of substrate.

Product Inhibition and Estimation of the Catalytic Bias
of FrdAB.From Scheme 2, the limiting current for succinate
oxidation {9 in the presence of succinate and fumarate
follows M—M kinetics with the apparer:'“increased by
a factor (1+ [F/KE™), whereKY™ is the fumarate dis-
sociation constant for oxidized FAD. Symmetrical reasoning
holds for fumarate reduction inhibition by succinate at low
potential so that:

iSlUCC kSlJCC
lim — 2 8&)
27 A0 succ = (
AL
[S] K™
-fum fum
lim —k;
27AT fum (8b)
1+-2

. ﬂ)
KSRUCC

Four parameterd<' KM™ KU™ andK3'®) are required to
estimate the catalytic bias of FrdAB from eqgs 8 and the
experiment plotted in Figure 1B. At pH Kfm“m = 160uM
(31, K*°= 140 uM and K3“ = 8 mM (Table 1). The
remaining parameter iK™ which is likely to be much
higher than the fumarate concentration used ¢ uM).
The ratio of limiting current therefore simplifieso

IG)

Emcc o k;uchfmum (9)
m K"

The limiting currents for succinate oxidation and fumarate

Léger et al.

Scheme 2: Product Inhibition of Succinate Oxidation at
High Electrode Potential (top) and Fumarate Reduction at
Low Potential (bottom)

KSUCC
0 succ
Ox =~——— Ox-Succ 2 _wRed+Fum

=

Ox+Fum

K ﬂ’m fum
Red =——= Red-Fum 2w Ox+Succ

Tl KEUCC

Red+Succ

reduction are roughly equal to each other under the conditions
of Figure 1B. Equation 9 give&h™/k3"® ~ 40, while a
similar value (approximately 37) was obtained in solution
assays at 25°C, pH 7, based on methyl viologen or

gferricyanide as the electron partner (Experimental Section).

Using the valueki™ ~ 840 s obtained for WT FrdAB
adsorbed onto an electrod&l, we obtainky"~ 20 st
for succinate oxidation at pH 7.

Fast-Scan Voltammetry in the Presence of SubstFatst-
scan voltammetry provides another way to study the FAD
cofactor during catalysis3@). Figure 6 shows how the FAD
oxidation and reduction peak positions vary with scan rate
in the absence of succinate (empty symbols). Because (i)
the two electrons transfer cooperativebp) (see Figure 1A)
and (i) ET to the FAD is fast, the signal is prominent and
could be tracked over 4 orders of magnitude in scan nate (
= 10 mV/s to 100 V/s). By analyzing the position of peaks
as a function of scan rate, information on the rates of
interfacial ET and coupled chemical processes can be
obtained 80, 32).

When succinate is bound, the plot of FAD peak positions
againsty (filled symbols in Figure 6) commences at a scan
rate that is high enough to outrun catalysis, i.e., allowing
the electrons to be re-injected before transformation of the
FADox—succinate enzymesubstrate complex. The scans in
the presence of substrate were started from a reductive poise,
in 50 mM succinate at pH 7. Sin¢&'““= 8 mM (Table 1),
the active site is 86% saturated. As seen in Figure 6, the
average peak position of the FAD at pH 7, [S]50 mM is
Eor = —80 mV vs SHE. This value matches well that
determined from the waveshape in the same conditiegs (
~ —88 mV, Figure 4). The shift of about31 mV seen in
Figure 6 is smaller than expected from Figure 4, where 50
mM succinate causes a shift of neary50 mV. This
discrepancy is likely to arise to the greater errorBgr
determined from catalytic data at very low concentration of
succinate (due to the small currents which are then mea-

5 Since the fumarate concentration is very low, it should not inhibit
succinate oxidation. Moreover, the succinate concentration is much

higher thanK3' so the right-hand side of eq 8a reduceskjy®
Regarding the limiting reductive current, the succinate concentration

is much lower thark'*°—too low to inhibit fumarate reduction. With
the fumarate concentration being lower thg}i", the denominator of
eq 8b approximates t§""/[F].
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' ' T ' T model if the semiquinone is stable (i.&€gn > Egpr). In
5 0 - . this case, eq 6 reduces’to
% _50 [ 8888SggggggcZ::::oooojiijj-.'. ] ilim — F
é _100 [ Eo/r .......'..'ffoo b ’
= o and the logarithmic plot intercepts the line fog(— i)/i =
=150 . . . 1 atE = Egp, i.€., the mid-wave potential Eo (Shown as
107 107! 1 10! 10 empty squares in Figure 7A). Note that the position of the
v (V/s) wave provides no information oBor. The one-electron

FIGURE6: Fast-scan voltammetry of FrdAB without succinaty ( Shape of the wave is unambiguous evidence that the
and with 50 mM succinate®) at pH 7. The prominent high-  semiquinone form of FAD in SDH is stable over quite a

potential (FAD) peak position is plotted as a function of the scan |arge range of potential although the conclusion that the mid-
rate._Thte v marks thf value Bbr in ttht% presence ﬁf S0mM  \ave potential equaBor (eq 10) is based on the assumption
e ot DetaoaLo \évr?;pzrzgeg\,/’ aﬁg?;%éﬂil%?;?ggramsthat binding of succinate is a rapidly established equilibrum.
at low potential. As seen in Figure 7A, the value &on as determined

from the waveshape with eq 10 decreases by approximatively
o' [ ' ' ' ' 10 mV when the pH is increased from 7 to 8. This pH

dependence of the mid-wave potential has been reported
previously 84—36) but may now be interpreted. For FrdAB,
the —60 mV/pH dependence &o (Figure 7B) shows that
the FAD is protonated upon reduction to the semiquinone
state; by contrast, for SDH, the very small pH dependence
. ) L , E of Eon now shows that the semiquinone form is anionic at
~150 -100 —50 0 50 neutral pH, consistent with EPR resulgl).
E (mV vs SHE) In the case of FrdAB at pH %o shifts by about—55
‘ ' _ . mV when the succinate concentration is raised fronu&D
10° | 9 to 50 mM (empty squares in Figure 8B). This must result
from the higher affinity of succinate for the oxidized FAD
than for the semiquinone form under alkaline conditions
" ] (Table 1). A clear contrast is now evident with SDH, where
[ Eom is hardly sensitive to succinate concentration (Figure
2 B (FrdAB) 8A). According to eq 4b this suggests that in SDH, binding
. . L ) of succinate at high pH does not depend on whether the FAD
—-200 -150 ~100 50 0 is in the quinone or semiquinone state.
E (mV vs SHE)

Ficure 7: Comparison between SDH (A) and FrdAB (B): pH DISCUSSION

dzegeg‘cr’ﬁl\r}f?scgﬁ’)'*' X?iz gpgdu?é %S]E el'geg'\gf('t:\;%AsBéuaa?gs[sn]]ark In classical enzyme kinetics, turnover is measured as a
the values ofEor (M) and Eom (O). In plot A, Eor cannot be  function of the concentrations of various reactants (substrate,

4 A (SDH)

1+ a}
pH 8

(iym—1)/1
T

10

determined from the analysis of the waveshape with eq 920 protons, inhibitors) and a plausible mechanism is derived.
°C, w = 1000 rpm (SDH) and 3000 rpm (FrdABy),= 10 mV/s Such studies rely on the relationship between the concentra-
(SDH) and 1 mV/s (FrdAB). tion of reactants and their microscopic rates of binding, which

- ) affect the measurable rate of turnover. PFV adds the
sured). Under fast scan conditions, in the presence of«yotential dimension” to this investigation since rates of
substrate, we did not notice any change in the stoichiometry reqox processes depend on the electrode potential. This
of the FAD signal compared to the one-electron [4Fe-4S] girong dependence (exponential at low driving force, as

couple. opposed to a linear dependence of binding rate on species

_Comparison with SDHFigures 7 and 8 emphasize the  concentration) enables the rates of redox reactions to be tuned
differences in catalytic energetics between SDH and FrdAB.

In both figures, the upper plots (Figures 7A and 8A) are the 6 Usi _ 7 _ 6 reads:
logarithmic transforms of catalytic voltammograms for SDH ?mgk. exp Tra(Eon — Eor). €q 6 reads:
adsorbed at PGE, whereas the lower plots (Figures 7B and ('nm - ') _ ( p[7 ]
! . | —] =1 ——(Eor— B)| +
8B) correspond to catalysis by FrdAB under the same OG0\ 0G| Vic ex RiFor B
conditions. For reasons that remain unclear, SDH does not eX[{EEO _ E)]) (11)
give a high electroactive coverage at PGE (nonturnover RW‘ iR
signals have not been reliably detected) and the films are!f the semiquinone is very stable karge), the first term is much greater

- Aafi than the second (except at extremely low potential, where hardly any
unstable 83—36). Even so, the data are well-defined enough current can be measured), and eq 11 simplifies into eq 10.

to draw comparative insights. 7 In contrast with FrdAB, this hypothesis is questionable in the case
Two catalytic voltammograms for succinate oxidation by of SDH since the generally accepted physiological role of the latter

; ; T ; enzyme is to catalyze succinate oxidation. Just as in the case of Briggs
SDH are plotted in Figure 7, differing only in pH. The Haldane kinetics where the Michaelis constant is not a true dissociation

waveshape is not distinguishable from a line of slepe/ constant, the one-electron mid-wave potential for succinate oxidation
2.3RT decade/mV that is expected from the above-M by SDH may have to be interpreted as an “appar&aj.




11242 Biochemistry, Vol. 40, No. 37, 2001 Léger et al.

T T T

firmed by Figure 2C, the catalytic current as a function of
10t [ . the potential follows a sigmoidal increase with a two- or
one-electron shape at low or high driving force, respectively.
This can be understood in the following simple terms.
According to our hypothesis of rapidly established equilib-
rium among the different states shown in Scheme 1, the rates
of ET and binding are all greater than that for transformation
of the enzyme-substrate complex. (iAt low potentia)
reduced FAD accumulates: its oxidation at the electrode
. appears as a cooperative two-electron reaction because upon
ol formation of the semiquinone form, the second electron is
E removed spontaneously. (At higher potential the semi-
guinone form becomes more prevalent, and the waveshape
N E now reflects the furtheoneelectron oxidation necessary for
turnover. (iii) At very high potentiglthe fully oxidized form

Y4 of the FAD predominates, and turnover is now limited by
the transformation of the FAR—succinate complex, the rate

of which is potential-independent; the catalytic current thus
reaches a plateau.

The model developed here is the electrochemical coun-
terpart of Michaelis-Menten kinetics. We have assumed that
catalysis proceeds via hydride transfer between the succinate
and FAD. This has the slowest rate constant in the entire
sequence of evenfspver the whole potential range, and
ensures that the other processes are always at equilibrium.
over orders of magnitude, and makes PFV a potentially Consequently, turnover is proportional to the level of fully
powerful method to investigate the catalytic properties of oxidized (quinone) FAD that can be maintained by the
complex multicentered redox enzymes8,(31-38, 40, 62). electrode potential. The model would not apply if turnover

FrdAB. FrdAB, the principal subject of the present study, were limited by ET between electrode and FAD; were this
gives a stable electrochemical response when it is adsorbedo be the case, the wave would broaden at high driving force
onto a graphite electrode. First, we note that the enzyme is(56) whereas the limiting slope of the logarithmic transform
firmly biased to operate in the direction of fumarate reduction does not decrease below the nernstian limit-of7/2.3RT
(Figure 1B), with succinate oxidation being slwlhis decade/mV (Figure 3B).

proves to be a valuable asset in our study of the electro-  gtrictly speaking, the net unimolecular rate constgt
kinetics. The noncatalytic signal (i.e., in the absence of that we interpreted as the rate of succinate oxidation in the
substrate) is easily deconvoluted to measure.the redUCtio%nzym&substrate complex could instead be for fumarate
potentials of the FAD and the F clusters (Figure 1A).  release. That this is not the case is shown by fast-scan PFV.
Due to the cooperativity of the two one-electron transfers, |f fumarate release were rate limiting, the “faradaic capacity”
the FAD moiety is easily distinguished as a prominent peak; of the active site, evidenced in the shape of the FAD
this provides an alternative to optical or EPR titrations to component of the signal, should increase to four electrons
determine its redox properties and observe its reactions. The(the FADkecfumarate enzymesubstrate complex could be
two-electron reduction potential of the FAD can even be fyrther oxidized before the scan is reversed). This change
measured from the peak positions in the presence ofsnhould be easily quantified using the low-potential [4Fe-4S]
substrate, provided the scan rate is high enough to outrungne-electron signal as a one-electron reference (Figure 1A).
catalysis 88). The shift in the FAD noncatalytic signal to  apart from the shift in potential, there was no change in the
low potential when succinate is present (Figure 6) mirrors stoichiometry of the noncatalytic voltammograms recorded
the shift in the catalytic wave when the concentration of 4t high scan rate in the presence of succinate; this shows
succinate is raised (Figure 2B). As a specific example, Figure that the transformation of the FARsuccinate complex into

(ilim_i)/i

-50 0

(i —1) /1

| B (FrdAB)
il ] ] 1
—-200 —-150 —-100 -50
E (mV vs SHE)

Ficure 8: Comparison between SDH (A) and FrdAB (B):
succinate-concentration dependenc&gf,. [S] = 50 uM (dashed
lines) and 50 mM (plain lines). As in Figures 3 and 7, the squares
mark the values oEqr (B) andEqn (O). T = 20 °C, @ = 1000

rpm (SDH) and 3000 rpm (FrdAB), = 10 mV/s (SDH) and 1
mV/s (FrdAB).

6 shows that at pH 7, [S} 50 mM, the 2-electron potential
of the FAD moves t6-80 mV vs SHE. The good agreement
with the value ofEqr Obtained by analyzing catalytic data
(Eor &~ — 88 mV at pH 7, [S]= 50 mM, Figure 4) fully
supports the model developed here in which the catalytic
waveshape is linked to the FAD reduction potentials.
According to eq 6, the semilogarithmic transform of the
catalytic wave (the Heyrovsky-llkovich plot) reveals a
crossover between two limiting behaviors. As indeed con-

8 The pH dependence of the limiting current for [S]50 mM (data

FADgesfumarate is slower than the release of fumarate.
Importantly, while the cooperativity of the two one-
electron transfers at the FAD depends on the pH and
succinate concentration, the semiquinone has a significant

stability across the whole experimental range §H—9.5,
[S] = 0—50 mM): Eon — Eojr ranges betweer-20 and
+25 mV (Figure 4); therefore, under turnover conditions,
the maximum percentage of semiquinone Eat Egqj) is

9 Accordingly, the oxidation of perdeuteriosuccinate by SDH is
significantly slower than that of succinate, whereas deuteration of

not shown) is as expected for a reaction whose rate depends on th&umarate has no observable effect (see3®and references therein).

basic form of an acid of I§, = 6.8 & 0.2. Thusk3;"“increases less
than 2-fold between pH 7 and 9.

In the case of FrdAB, a large decrease in fumarate reduction activity
results upon substitution of @ by DO (unpublished results).
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20—50%. In the absence of substrate, at pH 7, analysis of SDH. With SDH, a clear and reproducible noncatalytic
noncatalytic experiments (the shape of the FAD peak) and signal has not so far been detected. This may largely be due
extrapolation of catalytic data to zero succinate concentrationto our inability to obtain a sizable coverage. Furthermore,
both suggest that the level of semiquinoneEat Eor is the FAD will not be conspicuous unless the two one-electron
about 25%. This contrasts with the previous EPR investiga- transfers show reasonable cooperativity. That the latter is
tion according to which no significant radical signals were unlikely is evidenced by the fact that the catalytic current
observed at 165 K after room-temperature solution titration, can be well fitted to a one-electron sigmoid (Figures 7A and
and it was concluded that the maximum semiquinone level 8A). In view of the model described, this implies that the
must be <2% (32). The reason for this discrepancy is semiquinone form of the FAD is stable over quite a large
unclear; however, from the literature, it appears that the potential range, the oxidation of the semiquinone to the
stability of the FAD radical in QFR may vary from one quinone being the step revealed in the one-electron wave-
preparation to another, and be sensitive to such factors asshape. In this respect (and like QFR, see above), EPR
the presence of the membrane anchor domain (FrdCD) andinvestigations (in the absence of substrate) have given
mutations thereof@3, 64). conflicting results [the maximal percentage of FAD semi-
The catalytic cycle of succinate oxidation consists of (i) duinone measured by EPR ranges from B (o 70% 61,
oxidation of the FAD and binding of succinate, and (iiy ©68)]- Despite this, the measurement B in SDH from
subsequent oxidation of bound succinate and reduction of EPR €7) is consistent with results from reductive reactiva-

the FAD. The only quantity we measure regarding the latter ion experiments g9). Our previous hypothesis that the
step is its ratek$** and this is also possible with solution attenuation of fumarate reduction at low potential is due to
assays. However, PFV reveals the thermodynamic propertied €duction of the FAD&4) is not in conflict with the present
of the FAD during the reoxidation half-cycle, which et work: this was modeled as a two-electron switch, but this

rate limiting during solution assays with oxidizing dyes. May Well appear at the average two-electron reduction
Discrete redox states of the FAD can be probed by PFV potential of the FAD rle the unimolecular rat_e const_au_wt for
because it is possible to tune the electrode potential tofumarate reductionk;"™) depends on the ratio of oxidized
influence their levels during turnover. From the direct © reduced flavin, this quantity being independent of the
measurement of the FAD reduction potentials as a function Stability of the semiquinone.
of the succinate concentration and pH, we were able to In contrast with FrdAB, reoxidation of the hydrogquinone
determine the succinate-enzyme dissociation constants forin SDH is thought to involve two protons$4, 36, 67, 70)
the three redox states of the FAD (Table 1) and the succinate-while the present observations suggest that no proton is
concentration independent acidity constant of the semi-released during oxidation of the anionic semiquinone.
quinone (K, = 8.15 4 0.10). With respect to the model Williamson et al. demonstrated that the interpretation of the
flavin 8a-N-imidazolylriboflavin ©5), the enzyme environ-  pH-dependent reduction potentials of synthetecM-imi-
ment raises thek, of the radical by over 1 pH unit. These dazolylriboflavin has to take into account the protonation of
thermodynamic properties of the FAD are relevant to the the imidazole ring and of the N1, N3, and N5 positions on
catalytic cycle, regarding the protonation and binding states the isoalloxazine ring@5). In flavoenzymes, this could be
of the FAD intermediates. further complicated by the protonation of nearby amino acid
During the catalytic cycle of FrdAB, the two-electron residu_es and solvent water, and makes doubtful the i_nter-
reoxidation of the anionic FAD hydroquinone is associated Pretation of any potentiometric data in the absence of reliable
with the loss of one proton. The60 mV/pH dependence ~ cOmMplementary spectroscopic evidence.
for Eon below pH 8 (Figure 5) shows that this proton is lost
during the one-electron reoxidation of the semiquinone to

t_he quinone. The semiquinpne is therefore neutral, gnd most \we have shown previously the SDH activity for fumarate
likely g)ro'to.nated at NS. This contrasts with the finding that  roq,ction shuts down partly below a certain potential (above
8(1_-(N_-h|st|d_yl) _Covalentl_y bound flavins generally give , .artain driving force)33—36, 41). Such behavior may be
anionic semiquinone radical§1, 66). widespread for enzymes exhibiting multiple oxidation levels,
The data in Table 1 show that at neutral pH, the as evidenced further in our recent report of the catalytic
dissociation constant for the FrdAB enzymsuccinate  activity of DMSO reductase frork. coli (62). Just as most
complex containing reduced FAD is very high, whereas those enzymes function in vivo at substrate concentrations lower
for the semiquinone and the quinone forms are low (and than K, they are unlikely to be subjected to extremes of
equal toK}'®) (Table 1). Therefore, unless [S} 1 mM electrochemical driving force, dictated by the reduction
(for K§'°> [S] > K%, binding of succinate must occur  potential and concentrations of the physiological, membrane-
during the catalytic cyclafterthe hydroquinone is oxidized, associated electron donor or acceptor. In the case of QFR,
i.e., to semiquinone (or quinone) state. In solution assaysthg physiologically relevant driving force is given by
with high-potential dyes, or in voltammetric measurements E‘,\),lQ,MQHZ + RT, 7 InMQ/yionz. With Ef,,Q/MQHZ =—-75mV
on the limiting current plateau, the reoxidation may be so at pH 7; therefore, a 400-fold excess of menaquinone over
fast that binding could occur later, i.e., to the oxidized form, menaquinol would be required for the activity to lie on the
but not to the reduced form since this is not favored from a activity plateau at 0 mV (Figure 2B). The physiologically
thermodynamic viewpoint. However, determining the se- most important region of potential is certainly tlezersible
quence of binding events occurring in vivo would require region (around the reduction potential of the electron partner)
to take into account all the dicarboxylates which compete that PFV is able to investigate precisely. The potential
for binding to the active site. dependence revealed by our studies is therefore not only a
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controllable parameter useful in mechanistic studies, but also 18. Doherty, M. K., Pealing, S. L., Miles, C. S., Moysey, R. K.,
a physiologically relevant quantity that should be explored
as a possible basis for metabolic regulation.

Determining which amino acid residues are responsible
for the differences in the electrocatalytic properties of FrdAB  20.
and SDH is an interesting and important task. The distinction

is not trivial since even in a single organism, QFR is

expressed under anaerobic conditions and SQR under aerobic

conditions. This occurs not only i&. coli. as a striking

example, the maturation of the larvae of the liver fluke
Fasciola hepaticanvolves moving from a sheep’s lungs to
its liver; concomitant with the change from aerobic to

anaerobic conditions, the mature fluke stops using SQR and 4
synthesizes QFR as a separate gene product to use fumaraté

as a terminal oxidant instead of oxygéti). Microorganisms

may have evolved separate genes for succinate oxidation and

fumarate reduction to obtain directional specificity (to

improve the catalytic bias), and not only to speed up the

turnover rate.
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