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ABSTRACT: NADH:ubiquinone oxidoreductase (complex I) is a complicated respiratory chain enzyme that
conserves the energy from NADH oxidation, coupled to ubiquinone reduction, as a proton motive force
across the mitochondrial inner membrane. Alternatively, NADH oxidation, by the flavin mononucleotide in
complex I, can be coupled to the reduction of hydrophilic electron acceptors, in non-energy-transducing
reactions. The reduction of molecular oxygen and hydrophilic quinones leads to the production of reactive
oxygen species, the reduction of nicotinamide nucleotides leads to transhydrogenation, and “artificial”
electron acceptors are widely used to study the mechanism of NADH oxidation. Here, we use a combined
modeling strategy to accurately describe data from three flavin-linked electron acceptors (molecular oxygen,
APAD™, and ferricyanide), in the presence and absence of a competitive inhibitor, ADP-ribose. Our
combined ping-pong (or ping-pong-pong) mechanism comprises the Michaelis—Menten equation for the
reactions of NADH and APAD™, simple dissociation constants for nonproductive nucleotide—enzyme
complexes (defined for specific flavin oxidation states), and second-order rate constants for the reactions of
ferricyanide and oxygen. The NADH-dependent parameters are independent of the identity of the electron
acceptor. In contrast, a further flavin-linked acceptor, hexaammineruthenium(I1I), does not obey ping-
pong-pong kinetics, and alternative sites for its reaction are discussed. Our analysis provides kinetic and
thermodynamic information about the reactions of the flavin active site in complex I that is relevant to
understanding the physiologically relevant mechanisms of NADH oxidation and superoxide formation.
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NADH:ubiquinone oxidoreductase (complex I) is a compli-
cated, proton-pumping, membrane-bound enzyme, and an entry
point for electrons into the respiratory chains of mammalian
mitochondria and many other aerobic organisms. The first step
in energy transduction by complex I is the oxidation of NADH
by a noncovalently bound flavin mononucleotide. Then, the
electrons are transferred from the flavin to bound ubiquinone, by
a series of iron—sulfur (FeS)' clusters, and potential energy from
the redox reaction is captured in proton translocation across a
membrane. The mechanisms of ubiquinone reduction and proton
translocation by complex I remain unknown, but supported by
the structure of the hydrophilic domain of complex I from
Thermus thermophilus (containing the flavin, the NADH binding
site, and all of the FeS clusters) (/), an understanding of the
mechanisms of NADH oxidation and intramolecular electron
transfer is emerging. The reactions of the flavin site in complex I,
including NADH oxidation and the reduction of molecular
oxygen (2), a physiologically important side reaction that gen-
erates reactive oxygen species and that may lead to cellular
oxidative stress (3), are the subject of this study.

Incomplex I, as in many other flavoenzymes, NADH is almost
certainly oxidized by a hydride transfer reaction (4), preventing
formation of the highly unstable NAD® radical. Recently,
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structures of the hydrophilic domain of complex I from
T. thermophilus have been determined with nucleotides bound
in the flavin site and reveal the expected juxtaposition of the
nicotinamide ring and the flavin isoalloxazine ring system (J).
During energy transduction, complex I transfers the two elec-
trons from NADH to ubiquinone, but, in vitro, the flavin can be
reoxidized by a variety of hydrophilic electron acceptors instead.
The hydrophilic electron acceptors do not react at the physiolo-
gical, hydrophobic, ubiquinone binding site, and their reactions
are not energy-transducing (6). Here we focus on four such
molecules: APAD™ (3-acetylpyridine adenine dinucleotide, an
NAD™ analogue) (7, 8), potassium hexacyanoferrate(III)
(ferricyanide or FeCN) (9, 10), hexaammineruthenium(III)
chloride (HAR) (11), and O, (2). We consider also the compe-
titive inhibitor ADP-ribose, a truncated form of NADH
(or NAD™) (12, 13). Our aim is to create a unified picture of
the reactions catalyzed by the flavin in complex I, by combining
data from different reactions in a single analysis (to ensure that
every reaction is explained by a universal set of parameters) and by
using comprehensive reaction mechanisms (which have not been
simplified to linearize data plots in reciprocal analyses). Conse-
quently, we aim to determine (or confirm) the mechanism for each
electron acceptor, to improve our understanding of the influence
of NADH oxidation on the rate and efficiency of energy transduc-
tion by complex I, and to determine kinetic and thermodynamic
parameters that can be applied to any reaction at the flavin site.
The transhydrogenation reaction between NADH and
APAD™ (and between a range of other nucleotides also) has
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been described in detail previously (7). APAD™ is reduced by
hydride transfer from the reduced flavin, in a “ping-pong”
reaction that is inhibited by high concentrations of NADH
binding to the reduced flavin. FeCN reduction by complex I
(and by its flavoprotein subcomplex) is also inhibited by high
NADH concentrations (9, 10, 14), and previous analyses have
suggested that FeCN is reduced by the flavin in a “ping-pong-
pong” type reaction (9). Molecular oxygen reacts with the
reduced flavin mononucleotide in complex I in a slow, second-
order reaction; the concentration of reduced flavin is set in a pre-
equilibrium with NADH and NAD™ (2). However, the
kinetics of the reaction have not been studied in detail, and
though it is widely assumed that O, is reduced only when no
nucleotide is bound [consistent with a decrease in the level of
O, reduction as the NADH concentration is increased (2, 15)],
this has yet to be demonstrated explicitly. An alternative is
that bound nucleotides modulate O, reduction by modulating
the flavin’s reduction potential, rather than by attenuating the
access of O; (13). In contrast, the NADH—HAR oxidoreduc-
tion reaction is not inhibited by NADH, and it has been
proposed that HAR oxidizes the reduced flavin while NAD ™"
is still bound, by reacting at a different (unknown) site on the
enzyme (/1), or that, for the flavoprotein subcomplex, NADH
is oxidized by the protein—HAR complex (/6). HAR and
FeCN probably react differently because of their opposing
charges, an idea supported by the differing dependence of
their rates on pH (/4).

EXPERIMENTAL PROCEDURES

Preparation of Complex I from Bovine Heart Mitochondria.
Complex 1 was prepared as described previously (17, I8),
concentrated to ~10 mg/mL (determined by the Pierce bicinch-
oninic acid assay), snap-frozen in liquid nitrogen, and stored
at —80 °C.

Kinetic Measurements by UV—Visible Spectroscopy.
Assays were conducted at 32 °C in 20 mM Tris-HCI (pH 7.5)
in 96-well plates (200 L) using a Molecular Devices microtiter
plate reader. The concentration of complex I was varied to give
an appropriate rate for each reaction. NADH, ADP-ribose,
APAD™, potassium hexacyanoferrate(I11) (ferricyanide, FeCN),
and hexaammineruthenium(I1l) chloride (HAR) were added
from concentrated stock solutions in the assay buffer, and all
reactions were initiated by the addition of complex I. Initial rates
were calculated using linear regression (typically over 15 s), and
background rates (in the absence of complex I) were subtracted.
NADH:APAD™ transhydrogenation was monitored at 400—450
nm (¢ = 3.16mM ' ecm™") (7) and NADH:FeCN and NADH:
HAR oxidoreduction at 340—380 nm (¢ = 4.8 mM ' cm™ ).
Superoxide was detected by the reduction of acetylated cyto-
chrome ¢ at 550—541 nm (¢ = 18.0mM ' cm™"), and hydrogen
peroxide was detected using Amplex Red (Invitrogen) and
horseradish peroxidase (Sigma Aldrich) at 557—620 nm (¢ =
51.6mM " em™") (2). Each data point is the mean average of at
least three independent measurements; standard deviations were
calculated for each data point and were always equal to < 10% of
the average value.

Data Modeling Procedures. Plots of the initial rate versus
substrate concentration were modeled by optimizing the fits
between the experimental data and values calculated using
steady-state eqs 1—4 (see below). The qualities of the fits
calculated using different parameter combinations were assessed
both by visual inspection and by calculation of least-squares error
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(LSQE) values (the sum of the squares of the differences between
experimental data points and their equivalent calculated
values). We computationally optimized fits by testing a wide
range of possible parameter combinations (using programs
encoded in C) and choosing the fits with the lowest LSQE
values. Combinations of parameter values that gave LSQE
values below chosen limits were used to define acceptable
parameter ranges.

RESULTS

Complex I Catalyzed Reactions of NADH with APAD™,
FeCN, and O, Obey Ping-Pong Kinetics. Figure 1 shows data
from three reactions catalyzed by complex I: the NADH:
APAD", NADH:FeCN, and NADH:O, oxidoreductase reac-
tions (the APAD™, FeCN, and O, reactions). It is obvious that all
the reactions are inhibited by high concentrations of NADH, and
because the APAD™ reaction is known to obey a ping-pong
mechanism (in which the two reactants bind at overlapping
sites) (7), this observation implies that the FeCN and O, reactions
obey ping-pong-pong mechanisms. NADH and APAD™ react
with the flavin mononucleotide in complex I, so the data imply
that FeCN and O, react with the flavin also, and that NADH
binds as an inhibitor when the flavin is reduced and as a substrate
when the flavin is oxidized. Conversely, inhibition is not observed
at high concentrations of APAD", FeCN, and O,, because they
are unable to compete effectively with NADH for the oxidized
flavin.

The alternating reactions of NADH and APAD™ with the
flavin, by hydride transfer mechanisms, have been discussed
previously in detail (7), so the APAD™ reaction is used here as
a basis for describing the FeCN and O, data. The stoichio-
metry of the APAD™ reaction is 1:1, so (in the absence of any
participation by the FeS clusters) it involves, alternately, the
fully oxidized and fully reduced flavin species. Conversely,
FeCN is an obligatory one-electron acceptor, and O, is
considered here as a one-clectron acceptor also, because O,
reduction by the flavin in Bos taurus complex I is known to
produce predominantly superoxide (rather than H,0,) (2).
Consequently, the FeCN and O, reactions involve the fully
oxidized, fully reduced, and semireduced flavin species [in the
absence of any participation by the FeS clusters (see below)].
The unified scheme for all three reactions is presented in
Scheme 1. Importantly, the three rates of reaction span more
than 3 orders of magnitude, the maximum turnover numbers
being approximately 200, 2000, and 0.5 NADH s~ for the
APAD™", FeCN, and O, reactions, respectively (Figure 1). The
large range increases the significance of using a common
reaction scheme and common sets of parameters to describe
all the data sets together.

In Scheme 1, the reactions of NADH and APAD™ are
described by the Michaelis—Menten equation, whereas FeCN
and O, are assumed to undergo simple bimolecular reactions
(they do not form specific interactions with the binding site).
NADH is a competitive inhibitor because it binds to the reduced
flavin (and presumably to the semireduced flavin), as well as to
the oxidized flavin. Any inhibition from APAD™, FeCN, or O,
binding to the oxidized site is extremely weak, and so not included
for the sake of simplicity. By using the steady-state approxima-
tion for each enzyme intermediate (/9), eqs 1 and 2 can be
derived, to describe the rate of each reaction as a function of its
two substrate concentrations.
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FiGURE 1: Data from the FeCN, APAD™, and O, reactions, modeled using Scheme 1 and common values for common parameters. (A) Rate of
the FeCN reaction as a function of NADH concentration at four FeCN concentrations: 0.1 (<), 0.2 (#), 0.5 (O), and | mM (@). (B) Rate of the
FeCN reaction as a function of FeCN concentration at two NADH concentrations: 0.05 (®) and 0.1 mM (O). (C) Rate of the APAD™ reaction as
a function of NADH concentration at two APAD™ concentrations: 0.25 (O) and 1.5 mM (®) (data presented previously in ref 7). (D) Rate of the

O, reaction as a function of NADH concentration in atmospheric O,. The I1\?/2\1ramet<:r values used to model the data are from row 1 of Table 1 and
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Equation 1 was used previously to describe the APAD™ reac-
tion (7), but a very large number of parameter combinations fit
the experimental data successfully, precluding determination of
an exact value for any of the parameters. To restrict the number
of parameter combinations, the NADH:HAR oxidoreductase
reaction was used to estimate Ky P! and ke, *PH. However,
the NADH:HAR oxidoreductase reaction is not inhibited by
high concentrations of NADH (see below), so this constraint is
not included here. In a similar way, eq 2 (given for FeCN) can be
used to model the FeCN and O, data sets independently, but a
similarly extensive set of parameter combinations applies to these
reactions also. Here, we use egs 1 and 2 to fit the data from all
three reactions together, using the same values of Ky VAPH,
ke “PH and Kgea™*PH in each case. Although individual data
fits are optimized slightly less well, the size of the “parameter
space” decreases significantly, producing more meaningful
estimates of the common parameters. Figure 1 shows one of

O, or Fe3*

[Flred - NADH]

“The formation and inhibition of [Flg.q] by NADH (center) are
common to all the reactions; the return to [Flpy] is dependent on
the identity of the electron acceptor.

the “best” fit solutions; a best fit solution is one that displays the
minimum combined LSQE value (the sum of the three individual
LSQE values, weighted according to the magnitude and number
of data points in each of the three data sets).

Because of the large number of best fits that can be produced to
explain the data in Figure 1, the “satisfactory” fit approach was
taken. Each parameter was screened individually: a value was set
for the parameter being screened, and then the combined LSQE
value was minimized by allowing all the other parameters to
roam freely. If the minimum LSQE value was below the cutoff
(1.5 times the best fit value, set chosen by visual inspection of a
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Table 1: Allowed Ranges for Each Parameter from Scheme 1, Determined by Combination Modeling of Data from the APAD™, FeCN, and O, Reactions”

KMNADH kcatNADH (kcat/KM)NADH KRedNADH KsemiNADH.F KsemiNADH,O KMAPAD’ kcmAPAD‘r kl FeCN kzFeCN k . O kzoz
(M) ™ M™'s7h (M) (M) (M) (uM) ¢Th o oM o) s (T
>47 >5000 5.9x107to 1.2 x 10% 100650 0.20-24  0.20-24 110-570  220-330 >1.0x 107 >1.0 x 10" 2000—3100 > 65000
>47 >5000 5.6x107to1.2x 10°  78-650 0.20-24 >064 100—-580  220-330 >1.0x 107 >1.0 x 10" 4100—5900 4100—5900
>47 >5000  5.6x10"to1.2x 10%  77—650 0.20—43  >4.5x 107* 100—580  220—330 >6.0 x 10° >54x 10° >2000 > 2000

“In row 1, kPN = k"N and Kgemi™PHF = Keomi™PHO n row 2, k7N = 1N and £, = k,%2 In row 3, there are no constraints. Allowed
parameter values were those that gave both a combined LSQE value < 1.5 times the minimum value and three individual LSQE values <2 times their individual

minimum values. All values are reported to two significant figures. The maximum values of Ky "*P

and Ksemi™*PHC (row 3) evaluated were 2000 uM. The

: - B 3 9 =1 .-
maximum value of ke, *PH evaluated was 1 x 10° s~ The second-order rate constants, k"N, &N, k%2, and k>, were evaluated upto 1 x 10° M~ 's7!

and not allowed to exceed 1 x 10° M~ 's™!

in evaluation of the other parameters.

range of different fits) and none of the three individual LSQE
values were more than twice their individual best fit values, then
the value tested was included in the parameter’s range. Initially,
the constraints &, "N = /,"*Nand k,©* = k,% were applied, to
reflect the simple bimolecular nature of the reactions, but no best
fit could be obtained by using conserved values for Ky~*PH,
kea“APH, Kred APH and Ko™ *PH. Conversely, excellent fits
(see, for example, Figure 1) could be obtained by either allowing
the k; and k, values to vary independently, or by allowing
Ksemin “PH to adopt different values in the FeCN and O,
reactions (Ksemi*P™ is not relevant to the APAD" reaction).
Table 1 presents the ranges for each parameter determined under
the three following sets of constraints (note that not every apparent
parameter combination from Table 1 will give a satisfactory fit, as
relationships between the different parameters exist).

(1) kPN = I,FN but &y # k,%. Allowing both k, N
and k"N, and k,%> and k%, to vary in a manner independent
of one another provided excellent fits (see below), but whereas the
best fits relied on distinct values for k%> and k,%, the values
found for &,"*“N and k,"*“N were consistently similar. Reintro-
ducing the kN = ,"*N constraint did not compromise the
fits significantly, so it was retained to restrict the number of
independent parameters. The most likely explanation stems
from the different reduction potentials for Floy/Flgem; and
Flsemi/Flreq in complex I: [Flgem;] is more reducing than
[Flrea] (20) so O, reacts faster with the semireduced state; O,
is affected more than FeCN because the reduction potential
of O, [-0.33 V, to form superoxide, in 1 atm of O, (21)] is
much closer to the flavin’s reduction potentials [—0.42 and
—0.34 V at pH 7.5 (20)] than that of FeCN (0.36 V, measured
electrochemically under the experimental conditions used in
the assays).

(2) Ksemi-*PH (FeCN reaction) + Kemi™*PH (0, reaction). In
the case of complex I, Scheme 1 is an oversimplification because it
does not consider the eight FeS clusters that are able to exchange
electrons rapidly with the flavin. The FeS clusters relax the rigid
rules by which the three oxidation states of the flavin interconvert
in Scheme 1, turning each “flavin oxidation state” into a “set of
complex I oxidation states”, resulting in a huge increase in
the complexity of the underlying scheme. For example, in the
presence of NADH only, a typical complex I molecule may be
reduced by six electrons: two on the flavin and four on the
clusters. Upon reaction with an APAD™ molecule, the four-
electron product state probably retains all four electrons on the
clusters, conforming to Scheme 1, and alternating between [Flgeq]
and [Floy] during the APAD™ reaction. However, when the six-
electron state is oxidized by either FeCN or O,, the resulting five-
electron state may contain one electron on the flavin and four on
the clusters (as in Scheme 1), or much more likely, the flavin

semiquinone may be quenched to give either an oxidized flavin
and five electrons on the clusters or a reduced flavin and three
electrons on the clusters. NADH may react directly with the
oxidized flavin in the former case. Furthermore, the average
number of redox electrons in the enzyme is set by the relative rates
of oxidation and reduction, so that the molecular identity of the
state termed [Flgen;] in Scheme 1 may differ in steady state during
the FeCN and O, reactions. The O, reaction is slow 0 [Flgemi]
resembles [Flrqq] more strongly, whereas during the fast FeCN
reaction, it resembles [Flo,]. Although not applied as
a constraint in the modeling described here, it is most likely that
NADH binds more strongly when the flavin is oxidized than
when it is reduced, so that Kgemi'PH (FeCN reaction) <
Ksemi AP (0, reaction).

(3) JyFeON 2 o, FeON 02 o Ox g K, NAPH (FeCN
reaction) # Ko APH (O, reaction). It is possible that both
effects described above are operating in complex I, so removing
all constraints allows the widest possible satisfactory ranges for
each parameter to be explored. The equality between k; "N and
k"N has been removed to acknowledge that, because con-
tributions from the oxidized flavin are nonreactive, the electron
delocalization described in the previous paragraph may also
affect the reactions of FeCN and O,. Although not applied as a
constraint in the modeling described here, the predominant effect
would be to decrease k> N relative to k"N,

The Complex I Catalyzed Reaction of NADH with HAR
Does Not Obey Ping-Pong Kinetics. HAR is a positively
charged, hydrophilic molecule which, like FeCN, accepts
electrons rapidly from complex I reduced by NADH. How-
ever, as noted previously (//), the rate of the NADH:
HAR oxidoreductase reaction (the HAR reaction) is not
inhibited by high NADH concentrations (see Figure 2A).
This observation suggests that the HAR reaction does
not follow the ping-pong-pong mechanism of Scheme 1,
but because the ping-pong-pong mechanism comprises six
independent parameters, it cannot be ruled out by visual
inspection alone. Indeed, Scheme | and eq 2 can be used to
produce an excellent fit to data from the HAR reaction (see
Figure 2).

The parameters that provide satisfactory fits to data from the
NADH:HAR reaction, according to the ping-pong-pong
mechanism in Scheme 1, are summarized in Table 2 (in row 1,
k HAR = |, HAR. i1 row 2, k, TIAR # szAR). The correspondence
between the ranges for Ky VAPH e NAPH D K (NAPH and
Keemin P! in Tables 1 and 2 is limited. In particular, there is
no overlap in the allowed ranges for ke /Kn™PH (see
Figure 2C), suggesting that the two reactions do not share a
common mechanism. Consequently, attempts to obtain a satis-
factory combined fit to data from the NADH:FeCN and
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FIGURE 2: Modeling of the NADH:HAR and APADH:HAR oxidoreductase reactions using Scheme 1. (A) Rate of the NADH:HAR reaction as
a function of NADH concentration at two HAR concentrations: 1.5 (O) and 3.5 mM (@). (B) Rate of the NADH:HAR reaction as a function of
HAR concentration at two NADH concentrations: 100 (O) and 500 ﬂM (®). The parameter values used to model the data in panels A and B are
from row 1 of Table 2 and are asf follows KyAPH = 210 duM kcu =59005"", (kear/ Kn) VPP =28 x 10’ M 's7!, Kpeg™ =790 uM,
Ksemi = 10 mM, and k,;7AR =k, HAR _ =31x10°M (C) LSQE values as a function of (km/KM)NADH for the NADH:HAR and
NADH:FeCN oxidoreductase reactions. Values for (ke “/KM)NAD " were set, and then the LSQE value was minimized by allowing all other
parameters to roam freely. There is no overlap in allowed ranges for the two reactions. No constraints were applied. (D) LSQE values as a function
of the kAR = j,HAR constraint for the NADH:HAR and APADH:HAR oxidoreductase reactions. Values for the ;™R = k,""AR constraint
were set, and then the LSQE value was minimized by allowing all other parameters to roam freely. There is no overlap in allowed ranges for the two
reactions. No additional constraints were applied.
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Table 2: Allowed Ranges for Each Parameter from Scheme 1, Determined by Modeling of Data from the NADH:HAR and APADH:HAR Oxidoreduction

Reactions®

K™ P M) k™M 6T el K™ M ST K™ (M)

KSemiNA i (‘uM)

leAR/kZHAR

le/\R (Mfl Sil) szAR (Mfl sf])

120—420 4300—9600 2.1 x 107 to 3.8 x 107 >210 >210 22 % 10°t0 5.1 x 10° 2.2 x 10°to 5.1 x 10° 1
120—420 4300—9600 2.1 x 10" to 3.8 x 107 >0.98 >0.98 >1.1 x 10° >1.1 % 10° 0.0011-890
KMAPADH (.“M) kcmAPADH (S_l) (kcut/KM)APADH (M—l s—l) KRedAPADH (/,tM) KSemiAPADH (/,tM) leAR (M—l s—l) l\’zHAR (M—l S—l) /C]HAR/](ZHAR
130—500 160—360 6.5x 10°to 1.3 x 10° >45 >45 2.1 x10°t0 2.4 x 10° 2.1 x 10° to 2.4 x 10° 1
130—500 160—360 6.5 x 10°to 1.3 x 10° >0.090 >0.090 >1.0 x 10° >1.0 x 10° 5.9 x 107* to 9400

“In ré])x{ 1, the NADH:HAR reaction with kAR = "R Tn row 2, the NADH:HAR reaction with no constraints. In row 3, the APADH:HAR reaction
with k;

minimum value. All values are reported to two significant figures. The maximum values of Kgeg™*"
(rows 2 and 4) were evaluated up to 1 x 109 M 's

1 M. The second-order rate constants k;"*® and k,"AR

evaluation of the other parameters.

= "R n row 4, the APADH:HAR reaction with no constraints. Allowed parameter values \Xere those that gave an LSQE value <2 times the
DH

APADH

H Kred” s Ksemi VPP and Ksem evaluated yvlere

and not allowed toexceed I x 10° M~ 's7'in

NADH:HAR reactions, using common values for Ky NAPH,

koo “APH, and Krey , were not successful, even when the
chances of obtaining a combined fit were optimized by allow-
ing kPN £ o, FeCN j HAR 4 HAR "y g NADHE
Ksemin *PHH Furthermore, attempts to obtain good combined
fits to data from the NADH:HAR and APADH:HAR reactions
using the same values of k"R and k"R [the reaction of
HAR with the reduced enzyme should be independent of the
identity of the reduced nucleotide (see Scheme 1)] were
unsuccessful also, even when the chances of obtaining a
combined fit were optimized by allowing k7R #£ k,HAR,
Table 2 and Figure 2D show that the overlap between allowed
values of kl,ZHAR is limited: the best combined fits (based on
combining the two individual LSQE values) only just attain
satisfactory status, and the favored ranges for the k"R =

k,MAR constraint are clearly different. We conclude that the

ping-pong-pong mechanism shown in Scheme 1 is not an
appropriate description of the NADH:HAR oxidoreductase
reaction mechanism.

Competitive Inhibition at the Flavin Site. ADP-ribose
(ADPR) is a known inhibitor of NADH oxidation; it is a
truncated form of NADH/NAD™ that lacks the nicotinamide
headgroup (12, 13). Therefore, inhibition of the FeCN, APAD™,
and O, reactions was used to test the combined ping-pong(-pong)
model further, and to determine whether a set of dissociation
constants for ADP-ribose and different oxidation states of
the flavin could be obtained. Figure 3 presents data from each
of the three reactions, inhibited by ADP-ribose and modeled
according to Scheme 1 with ADP-ribose binding to each of [Flo,],
[FISemi]: and [FlRed] (KOXADPRa KSemiADPR> and KRedADPR)-
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FiGURE 3: Data from the FeCN, APAD™, and O, reactions inhibited with ADP-ribose, modeled using Scheme 1 and common values for common
parameters. (A) Rate of the FeCN reaction as a function of NADH concentration at three ADP-ribose concentrations: 1 (), 0.4 (O), and 0 mM
(@) ([FeCN] = 1 mM). (B) Rate of the FeCN reaction as a function of ADP-ribose concentration at two NADH concentrations: 0.1 (®) and
0.25mM (O) ([FeCN] = 1 mM). (C) Rate of the APAD™ reaction as a function of NADH concentration at three ADP-ribose concentrations: 1
(#),0.4 (0), and 0 mM (@) ([APAD "] = 1 mM). (D) Rate of the O reaction as a function of ADP-ribose concentration in 30 uM NADH and

atmospheric O,. The parameter values used to model the data are from row 3 of Table 3 and prov1ded excellent fits to all data recorded in

the absence of ADP-ribose also: Ky *PH = 340/(4M (kul/KM)NADH =75%x 10" M ' s, Kpeg
PADT = 270571, kPN = 2.5 107M*

KsemlNADH O = 140 uM, Kp*TAP" = 290 uM, kg
M gt k02745><105

Equations 3 and 4 refer to the ping-pong (APAD™) and ping-
pong-pong (FeCN and O») reactions, respectively.

Ky VAPH [ADPR]
NADH M
rate = ([Elrorkea )/ [NADH] ( KOXADPR>
ke "KW AP [ [NADH]  [APAD']
ke MPAD [APAD"] Kred" P Ky APAP
ADPR
o). 5
KRed
Ky VAPH [ADPR]
i NADH M
rate = ([Elpgrkea )/ [NADH] < KOXADPR>
ke VAPH ( | [NADH]  [ADPR] >
i N [FeCN] Krog VPH T Kpog ADPR
ey NADH (1 [NADH] [ADPR] )+1 @)
kZ FeCN [FCCN] KSemi NADH KSemiADPR

The number of independently variable parameters in eqs 3 and
4 has increased by three, from 11 in eqs | and 2, already a
significant number. First, in rows | and 2 of Table 1, constraints
were applied to decrease the number of parameters (to nine in
each case) and analogous constraints are applied in rows 1 and 2
of Table 3, also. In row 1, kTN = k"N K, ,VAPHE =
I(SemlNADH © and KSemlADPR F= KSemlADPRO and in row 2
ke FeON = f,F wn and k%2 = kzo’ None of these constraints were
applied to row 3. Second, in all three rows of Table 1, (keu/
Kn)“APH gave a minimum error value at 7.5 x 10’ M~ 's™!, and

—1 —l’ K, edADPR _ 310/1M KSemlADPRF

NADH — 750 uM, Kseny NADHF — g /M,

o kFeCN—22>< 10°M st k02—45>< 10°
Ksemi """ = 310 uM, and Ko \PPR = 35 uM.

both Ky and k., exhibited “threshold values”, below which the
LSQE value increases sharply and above which it is independent
of the value tested. Therefore, (keo/Kn) > was constrained to
7.5 x 10" M~ s~ for Table 3. Although the reaction of APAD™
cannot be described by a second-order rate constant, a relation-
ship between Ky """ and koo “TAP" was observed in all three
rows of Table 1 also (ke ™40 = Ky™TAP" x 174000 + 220),
and it was used to further reduce the number of independent
parameters in eqs 3 and 4. Third, allowing Ksemi °'X (or
Ksemi” PP and Kgom*PPRO) to vary independently allowed
them to adopt unreasonably high values (<1 M) that were out of
the range of K*PPR, and K*PPR 4. Therefore, in all three rows
of Table 3, they were confined to lie between (or to equal)
Ko PR and KgesPPR. Table 3 reports the satisfactory ranges
for the NADH- and ADP-ribose-dependent parameters, deter-
mined by using egs 3 and 4 to model the entire data set (all three
reactions, inhibited and noninhibited), under the constraints
described. As described above, a fit was deemed satisfactory if
the minimum combined LSQE value was less than 1.5 times the
best fit value, and if none of the individual LSQE values were
more than 2 times their individual best fit values. It is important
to note that, with six independent error values, different methods
of weighting the contributions to a combined error value may
produce variations in the limits of the parameter ranges reported,
and that the ranges for the NADH-dependent parameters are
narrowed from those reported in Table 1, as the ADP-ribose data
impose additional constraints.

DISCUSSION

Mechanisms of the FeCN, APAD", O, and HAR
Reactions. The successful combined analysis of data from the
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Table3: Allowed Ranges for the NADH and ADP-ribose Parameters from Scheme 1 in the Presence of an Inhibitor, Determined by Combination Modeling of
Data from the APAD™, FeCN, and O, Reactions”

KMNADH (/uM) KScmiNADHAF (ﬂM) KS\:miNADH.O (/'tM) KRchADH (/'{M) KOxADPR (/lM) KScmiADPR.F (uM) KS(:miADPR.O (ﬂM) KRchDPR (;uM)
>190 0.20—15 0.20—15 120—520 28—56 72—-480 72—-480 230—-530
>210 0.20—15 >71 85—520 28—56 40—920 150—480 230—1000
>210 0.20—29 >55%x 107 85—520 28—56 40—-920 28—480 230—1000
aln row 1’ leeCN =k FeCN’ cmiNADH,F = K cmrNADHO and K. cmrADPR F _ K ADPRO In row 2 k FeCN _ k FeCN and k 0, _ kan In row 3 no

constraints. In all cases, kcm]\mm'/l(l\,lNADH =75x10'M 7' s and k., APAP = 174000KMAPAD +220. Allowed parameter values were those that gave both
a combined LSQE value of < 1.5 times the minimum value, and six individual LSQE values <2 times their individual minimum values. All values are reporled

to two significant ﬁ%ures The maximum values of KMNADH and Kgep P!
TN k@, and k,%2, were evaluated up to 1 x 10° M~

O (row 2) evaluated were 2000 uM. The second-order rate constants, k;
"and not allowed to exceed 1 x 10° M~

FeCN

"in the evaluation of the other parameters.

FeCN, APAD™, and O, reactions, despite their very different
rates, strongly supports Scheme 1 as an appropriate description
of their mechanisms. Scheme 1 shows that the APAD™ reaction
occurs by a ping-pong mechanism, in which NADH competi-
tively inhibits the reduction of APAD™, and that the FeCN and
O, reactions occur by ping-pong-pong mechanisms, in which
NADH inhibits the reduction of both FeCN and O,. Thus, our
conclusions are in agreement with previous work on APAD™ (7)
and FeCN (9). It is most likely that NADH inhibits the reduction
of APAD™, FeCN, and O, simply by blocking their interaction
with the reduced enzyme, suggesting strongly that APAD™,
FeCN, and O, are all reduced directly by the flavin, but only
when no nucleotide is bound. In contrast, although kinetic data
from the HAR reaction can be modeled accurately using the
ping-pong-pong mechanism of Scheme 1, it is not possible to
combine analysis of the HAR reaction with analysis of the three
established ping-pong(-pong) reactions. It is this mismatch, and
the mismatched parameter ranges from the NADH:HAR and
APADH:HAR reactions, that excludes the ping-pong-pong
mechanism for the HAR reaction. Previous kinetic analyses
suggested that the HAR reaction is “ordered” (1), but the
molecular mechanism behind the ordering remains unclear. The
distinction among HAR, FeCN, and O, probably arises from
their different charges; HAR is positively charged, FeCN nega-
tively charged, and O, neutral. A set of hydrophilic quinones
have recently been shown to react by a ping-pong or ping-pong-
pong mechanism, and they are also uncharged (22). The hydro-
philic quinones are excluded from the combined analysis because
it is not known whether they are reduced by one or two electrons
and because their effective concentrations in solution are difficult
to define, due to the formation of micelles.

The pseudo-first-order rate constant for HAR reduction by
complex Iis >6 x 10*s™'[1 x 10°M ™" s~ (Table 2, row 2) x
0.006 M (the highest HAR concentration studied)]. To achieve
this rate, the Ru®>* ion must approach to within 15.6 A of its
reductant [using Dutton’s equation (23) with AG = —4, zero
distance defined at ionic contact]. By using a 3.6 A diameter
probe to represent the HAR molecule, the surface of the seven
core subunits in the nucleotide-bound 7. thermophilus structure
[PDB entry 3IAM (5)] was scanned using the program Surface
from the CCP4 suite (24—26), and the closest approaches of the
Ru’* to each cluster were calcqlated. For seven clusters, the Ru**
can approach to within 15.6 A (all except the second cluster in
TYKY), and for two clusters (the histidine-ligated cluster in the
75 kDa subunit and the adjacent cluster in TYKY), it can
approach to within 10 A. Although the seven hydrophilic core
subunits are closely related in 7. thermophilus and B. taurus, B.
taurus complex I also contains a number of additional subunits:
our structural analysis is limited, but it establishes the possibility

that HAR accepts electrons from one of the clusters. HAR reacts
with the flavoprotein subcomplex of complex I (16); therefore, it
may accept electrons from the [2Fe-2S] cluster in the 24 kDa
subunit or the [4Fe-4S] cluster in the 51 kDa subunit, and it
probably binds at a negatively charged site (/4). However, HAR
cannot approach to within 15.6 A of any cluster if it binds in the
negatively charged groove adjacent to the large domain of the
75 kDa subunit in T. thermophilus (27).

Evaluation of the Methodology for the Determination of
Kinetic and Thermodynamic Parameters. The steady-state
modeling approach described here allows any kinetic mechanism
to be applied in interpreting experimental data; the choice is not
restricted to only mechanisms that can be linearized in reciprocal
data plots (to determine parameters from points of intersection
and straight-line gradients). Therefore, all the important kinetic
determinants may be considered (although an overly complex
mechanism inevitably leads to individual parameters being less
well-defined). Here, it is important to define the oxidation state of
the flavin at each point in the reaction, so that nucleotide
dissociation constants can be defined separately for each state.
Overlooking this requirement in the past has led to proposals for
more than one nucleotide binding site in complex I (8), but it is
now clear that a single nucleotide binding site is sufficient to
explain all extant data (see also ref /3). Mechanisms that are too
simple may also complicate interpretation of parameters such as
Ky or kea. The maximum rates of reaction described here vary
over 4 orders of magnitude, and the apparent Ky values
vary from <0.1uM for O, (2) to ~10 uM or more for FeCN and
APAD™, but the same underlying Ky VAPH and k., NPH values
are identified in the combined analysis, which makes Ky~*"!
and k., VAPH independent of the electron acceptor and which
precludes incompatible values being produced in separate ana-
lyses. Finally, our modeling approach recognizes the fact that the
data cannot necessarily distinguish a specific value for every
parameter and, instead, allows a set of satisfactory ranges to be
determined, to describe the possible values for each parameter
that are consistent with the data set.

Interpretation of Kinetic and Thermodynamic Para-
meters and Comparison with Reported Values. Ky "™
and ke, APH are defined explicitly in Scheme 1, to be indepen-
dent of the reactions of APAD*Y, FeCN, and O, and our
data modeling suggests that Ky(“*PH > 50 uM and ke, MAPH >
5000 s~ ' (Table 1). Inclusion of the ADP-ribose data raises their
lower limits further, to Ky*PH > 200 uM and koo VAPH >
15000 s' (Table 3). In either case, the data are consistent with
a koo “PH/KNPH value of ~7.5 x 10’ M~ !'s™!, a value that
approaches the lower limit expected of a diffusion-controlled
enzyme-catalyzed reaction (28); NADH binding to produce the
Michaelis complex is unlikely to limit the rate of turnover.
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To interpret the values of K™ APH and ke, MPH further, it is
necessary to resolve them into their constituents; indeed, even
NADH binding to the oxidized flavin is unlikely to be defined by
a single transition state (29). Importantly, ke, *P" includes both
reversible hydride transfer and NAD™ dissociation (rendered
irreversible by the absence of NAD™ in the bulk solution), so the
first-order rate constants for “forward” hydride transfer and
dissociation of NAD" from the reduced flavin must both be
greater than 15000 s~'. The much studied hydride transfer
catalyzed by dihydrofolate reductase is governed by enzyme
dynamics and occurs at ~950 s~' (30), but much faster hydride
transfer reactions have also been reported [for example, ~2 x
10* s~ in proton translocating transhydrogenase (37) and ~2 x
10°s~" in protochlorophyllide oxidoreductase (32)]. Therefore, it
is not possible to identify a single rate-limiting step in NADH
oxidation by complex I at present. There have been few previous
estimations of the rates of the reactions that comprise NADH
oxidation by complex I. Recently, freeze-quench EPR was used
to show that NADH reacts with complex I from Escherichia coli
within ~90 us (~8000 s ') and that a second reaction occurs after
~1 ms (~700 s~ ") (33); the first reaction is probably limited by
either NADH binding or hydride transfer and the second by
dissociation of NAD™ from the oxidized flavin. The results
suggest that turnover may be limited by NAD™ dissociation,
but the values are difficult to compare directly because the FeCN
reaction is slower in E. coli complex I than in B. taurus complex 1.

The dissociation constants for nucleotides from the flavin in
complex I remain poorly defined. In principle, Kn™PH contains
information about Ko, P, because Ky = Kp, but Ky PH >
200 uM 50 Ko V*PH can take any value. The idea that NADH
binds “tightly” to complex I when the flavin is oxidized has arisen
from inappropriate consideration of apparent Ky; values from
multistep reactions (for example, refs 27 and 34) and may or may
not be correct. By considering a more complex reaction scheme for
NADH oxidation, Vinogradov has estimated that KOXNADH <
100 uM, but this estimation is still based on varying “k.,” by
varying the concentration of the electron acceptor (35). There is
better agreement on KreaAPH, which has been estimated to be
20 uM (13), 20 or 50 uM (35), 50 uM (9), 160—260 uM (7), or
80 uM (34). To the best of our knowledge, there are no reported
values for KSemiNADH, but as discussed above, KSemiNADH 1S
convoluted and the molecular identity of the semireduced state is
poorly defined (similar comments apply to Kgemi " V). There is
good agreement, however, for the dissociation constants of ADP-
ribose. The previously reported values [Ko,*PPR = 25-30 uM,
and Kgea"PPR = 400—500 uM (12, 13, 35)] are well within the
ranges defined here. Interestingly, ADP-ribose binds more
strongly when the flavin is oxidized, suggesting that the negative
charge of the reduced flavin decreases its affinity by electrostatic
interactions with the phosphates. If the same effect contributes to
the determination of the dissociation constants of NADH and
NAD™, then Ko, “*PH would be estimated to be between 2 and
50 uM, and from the generally accepted estimate for Ko AP of
~1 mM (35), Krea™*P" would be estimated to be ~10 mM.
Mutation of the conserved glutamate in the flavin site in E. coli
complex I has supported the idea that a local negative charge
decreases nucleotide binding affinities (36), but charge is clearly
not the whole story, because the positively charged nicotinamide
ring of NAD ™ actually serves to decrease its affinity (Kox 2 of
~1 mM compared to Ko, *PTR of 25-30 uM).

Implications for Complex I in the Mitochondrion. The
direct participation of the reduced flavin in the reduction of O, by
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complex I has been demonstrated thermodynamically [in the
absence of any other electron acceptor, the rate is defined by
the NADH/NAD™ ratio and hence by the fraction of the flavin
that is in the fully reduced state (2)]; similar dependencies of O,
reduction on NADH/NAD™ ratio have been reported for
complex I in the mitochondrion (37, 38). However, there is little
direct information about how O, reduction is affected by the
flavin site occupancy, and hence by the NADH and NAD™"
concentrations. Although the recently determined nucleotide-
bound structure of the hydrophilic domain of complex I from
T. thermophilus suggests that the access of O, to the reduced
flavin is blocked by bound nucleotides, there is no clear correla-
tion between the flavin accessibility and the rate of O, reduction
in a range of flavoenzymes (39). Here, we demonstrate ex-
plicitly that nucleotide binding decreases the rate of O, reduc-
tion by the reduced flavin in complex I, and our data are fully
consistent with bound nucleotide preventing O, access. An
alternative possibility, that bound nucleotides modulate the
rate of O, reduction via the flavin’s reduction potential (/3),
can now be excluded: the extent of inhibition by ADP-ribose
cannot be explained by the ~30 mV potential shift that results
from a 10-fold higher affinity for the oxidized flavin (relative to
the reduced flavin), and our ability to explain data from the
APAD"' and FeCN reactions alongside the O, reaction
(APAD™ must be blocked by nucleotide binding, and these
two reactions do not depend so explicitly on the NADH/
NAD ratio) confirms that this explanation is not predomi-
nant. In any case, our observations further confirm the direct
participation of the reduced flavin in the O, reduction reaction.
Finally, high concentrations of both NADH and NAD™ are
present in the mitochondrial matrix. The total concentration is
approximately 3 mM; ~300 uM is present as NADH under
typical conditions, but binding to other proteins also affects the
concentrations of the free nucleotides (40—43). Figure 1 shows
that 300 uM NADH exerts a significant inhibitory effect on O,
reduction, so the effects of nucleotide binding must be included
in comparisons of superoxide production by isolated complex I
and complex I in the mitochondrion. Furthermore, predicted
rates of O, reduction by the flavin in complex I under
“physiological conditions” (the NAD™ pool is 90% oxidized,
the NADH concentration is 300 #M, and the O, concentration
is low) are essentially negligible: physiologically, ROS produc-
tion by the flavin site in complex I can be significant only when
the NAD™ potential drops.

Clearly, NADH oxidation by the flavin is crucial for energy
transduction by complex I because it delivers the electrons for
ubiquinone reduction, but how relevant is a structural, thermo-
dynamic, and kinetic understanding of the mechanism of the
flavin-catalyzed reaction to understanding the complete mechan-
ism of energy transduction? First, NADH oxidation is much
faster than quinone reduction, so that NADH oxidation does not
limit catalysis. Second, energy transduction by complex I is
reversible (the conversion of AE into Ap is efficient), so the
potential energy from NADH oxidation must be conserved;
different states of the flavin site (oxidized or reduced, occupied or
unoccupied) possess different levels of potential energy, so
“control” over which states are visited may be important in
energy conservation. Finally, the two “half-reactions” of NADH
oxidation and ubiquinone reduction must be tightly coupled, and
thus, it may not be possible to dissect the energy transduction
mechanism cleanly into sections: information about the rate-
limiting steps and reaction intermediates of the NADH oxidation
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reaction is a crucial part of building an understanding of the
complete mechanism of energy transduction by complex I.
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