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NADH:ubiquinone oxidoreductase (complex 1) is the first enzyme Scheme 1. Subcomplex I1 as a Part of Complex I, Catalyzing
. . . a
of the respiratory electron transport chaitcatalyses the oxidation ~ NAPH Oxudamw},) :nd I\;AAst?:b;d onto the Electrode Surface
of B-NADH by ubiquinone, coupled to transmembrane proton NADH  NAD®+ H*
translocation. Complex | from bovine heart mitochondria is a matrix [~
membrane-bound assembly of probably 46 different proteins. vy >

contains a flavin mononucleotide (FMN) at the active site for 2e AE
NADH oxidation, up to eight iror-sulfur (FeS) clusters, and at innce I
least one ubiquinone binding sk&he clusters transfer the electrons membrane electrode |

between NADH and ubiquinone, but their reduction and oxidation
may also be coupled to proton transfer.

Complex | is L-shaped, with one arm in the membrane and the
other protruding into the mitochondrial matfixthe extrinsic arm
contains the FMN, the NADH binding site, and all of the FeS
clusters and can be dissociated from bovine complex | to produce

H+

a During voltammetry, the catalysis is bidirectional, with the net direction
imposed by the applied potentialE.

subcomplex 1.5 This communication describes the study of NADH @ 1 (RA)
subcomplex A by protein-film voltammetry. In addition to being oxidation \W 0.6
the first report of reversible, electrocatalytic NADH/NADnter- [
conversion, the catalytic behavior of subcomplex drovides 0.4
important new insights into the mechanism of complex I. I
Subcomplex1 adsorbs onto the surface of a pyrolytic graphite o6 04 02 0.2
edge electrode (Scheme 1), which it adopts as an electron acceptor Lo
or donor for the oxidation of NADH (high potentials) or the C] i
reduction of NAD" (low potentials} Figure 1 shows how the background E .02
current (the catalytic rate) responds to the applied potential (the NAD* L
thermodynamic driving force), as the potential is scanned continu- L 0.4
ously between two limits. Decreasing the scan rate does not _
influence the potential dependence of the catalytic current, which NAD* L20.6
is therefore always at steady-state. Rotating the electrode maintains reduction
the surface concentrations of both NADH and NARt their r-0.8
solution values. Therefore, the decrease in activity that occurs over -
consecutive cycles is not due to substrate depletion or product K, -1.0

inhibition but is likely to be due to either enzyme instability or
. . . . -06 -05 -04 -03 -02 -0.1

desorption. The decrease in activity may be exploited by measure-

ment of the isosbestic points, formed where all the scans intétsect. Evs. SHE

These denote the potential of zero net current (NADH oxidation Ii"g#'ﬁ 1 'fe‘{?flSig"? NA'?H oxidation and ’I\"zf’fedu‘iﬂ%? by Sé’tt’ﬁomp'ex .

Selances NAD recticto), and therefore they occur at th recuion {1 1" POeTL g Treer e oyl epeatealy, and e oren,

potential of NAD', Enap*.° are not affected by increasing the electrode rotation rate (mass-transport is
The continuous, sigmoidal waveshape of Figure 1 confirms that not rate limiting) or by further increasing the substrate concentration

both NADH oxidation and NAD reduction are electrochemically ~ (substrate binding is not rate limiting). The solution (pH 7.82) contained 1

reversible and do not require any overpotential. Considerable effort ™M NADH and 1 mM NAD". Scan rate= 10 mVIs, rotation rate= 1000

has been expended on developing an electrode surface capable qr m, ?0 C. T_he pote_ntla_l was prepoised for 10 s at the open circuit potential.
> —- A ’ set: the first derivative of the sum of scans-3, defining Eca: (the

efficient and stoichiometric interconversion of NADH and NAD  derivative maximurH) anddy» (the half-height width of the first-derivative

stimulated by the large number of NADH-coupled oxidoreductase peak;di» = 3.53RTnaxf19). The origin of the shoulder at ca:0.3 V is

enzymes that could then be exploited in biosensors and biorektors. currently unknown.

The directly coupled, adsorbed enzyme described here demonstrates,

for the first time, selective and reversible bidirectional catalysis the active site: at pH 7.&nap* is —0.34 V (Figure 1) andErun

and provides a competitive alternative to small-molecule surface is —0.38 V15 Because the semioxidized NA very unstablé$

modifications!314 the catalytic reaction must be either a hydride transfer or a
The reversibility of the reaction is consistent with the match cooperative two-electron transféHowever, following its reaction

between the two-electron reduction potentials of the substrate andwith NADH (or NAD™), the flavin must be reoxidized (or

6020 = J. AM. CHEM. SOC. 2003, 125, 6020—6021 10.1021/ja0343961 CCC: $25.00 © 2003 American Chemical Society
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-0.26 - The pH dependence diyapt, measured from the isoshestic
. Gradient = -RTIn10 points, is shown in Flgure_2 and f(_)llows the_theoretlcal pr_edlctlon
£ -0.30 oF (eq 2). Therefore, catalysis remains reversible over a wide range
2] of pH. Because the reduction potentials of the flavin and the [2Fe
4 20341 — 28] cluster have different pH dependencies, determining how
é E.. (relative toExap+) and the catalytic bias depend on pH will be
o5 038 crucial in identifying the exact source Bf,. Investigations of how
’ the catalytic waveshapes and potentials respond to variations in
042 conditions (pH, ionic strength, and substrate concentrations) are
: expected to reveal further detailed information about how redox
5 6 7 3 9 10 11 catalysis is controlled, and coupled to proton translocation, by
pH complex 1.
Figure 2. 1sosbestic pointsHyap+) as a function of pH, showing that

catalysis remains reversible over a wide pH range. Conditions were the
same as for Figure 1. The best fit lif@(= 0.993) has a gradient 6f0.029
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V/decade, as predicted for a 2&H" couple. At low pH, values were
recorded at higher ratios of NADH:NAD(1:0.2), as NADH oxidation
currents are small, and then extrapolated to 1:1 using the Nernst equation.
Plots of reduction potential against In([NADH]/[NAD) were linear.

rereduced) in two one-electron steps, by an +reulfur cluster.
Analysis of the waveshape under conditions where the catalytic
rate is not limited by mass transport (Figure 1) yields the apparent
n-value,napp~ 1. Therefore, only one electron is transferred in the
rate-limiting step, suggesting strongly that it is an electron-transfer
event, not the substrate reaction between NADH and FMN. Similar
behavior has been observed for several other flavoenzymes:
succinate dehydrogenasdumarate reductasé,and flavocyto-
chromecs.’® Figure 1 also shows that the catalytic waveshape is
not ideal, since the current does not become potential independent
at either limit. This is probably due to a distribution of the rates of
interfacial electron transfer, which may become rate limiting at high
overpotential and substrate concentrafidn.

At pH 7.82 (Figure 1), the negative currents from NAD
reduction achieve a larger magnitude Et< Eyap+) than the
positive currents from NADH oxidation (&> Eyap+). Therefore,
subcomplex] appears to be energetically biased in favor of NAD
reduction. From an electrochemical perspective, this is because the
effective redox potential of the cataly&,,, is more negative than
the substrate potenti&From the first derivative of the waveshape
(Figure 1),Ec is estimated to be-0.42 V at pH 7.821 E;,; may
include thermodynamic contributions from one or more of the
ensemble of redox centers, as well as frofvalues and binding
constants, and it can be interpreted to identify the “control center”
of the reaction. As discussed abo¥g, describes a one-electron
transfer. At pH 7.8,Ecy is close to two known (one-electron)
cofactor potentials in complex2®: FMN/FMN-H* at —0.42 V!> and
the potential of a [2Fe- 2S] cluster proximal to the FMN and the
NADH binding site?! This indicates that the rate-limiting step in
NADH oxidation is either the second one-electron reoxidation of
FMN-H, or the oxidation or reduction of the proximal [2Fe2S]
cluster.

Finally, the interconversion of NADH and NAD(eq 1) requires
proton transfer, and the reduction potential should therefore depend
on pH, as given in the Nernst equation, eq 2.

NAD" + 2e” + H" < NADH (1)
, RT(, [NADH]
Enan+ = Enap+ — 7 | A +pHIn 10] &)
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