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ABSTRACT. NADH —ubiquinone oxidoreductase (complex 1) is the first enzyme of the respiratory electron
transport chain in mitochondria. It conserves the energy from NADH oxidation, coupled to ubiquinone
reduction, as a proton motive force across the inner membrane. Complex | catalyzes NADPH oxidation,
NAD reduction, and hydride transfers from reduced to oxidized nicotinamide nucleotides also. Here, we
investigate the transhydrogenation reactions of complex I, using four different nucleotide pairs to encompass
a range of reaction rates. Our experimental data are described accurately by a ping-pong mechanism with
double substrate inhibition. Thus, we contend that complex | contains only one functional nucleotide
binding site, in agreement with recent structural information, but in disagreement with previous mechanistic
models which have suggested that two different binding sites are employed to catalyze the two half reactions.
We apply the MichaelisMenten equation to describe the productive states formed when the nucleotide
and the active-site flavin mononucleotide have complementary oxidation states, and dissociation constants
to describe the nonproductive states formed when they have the same oxidation state. Consequently, we
derive kinetic and thermodynamic information about nucleotide binding and interconversion in complex

I, relevant to understanding the mechanisms of coupled NADH oxidation and"NA&uction, and to
understanding how superoxide formation by the reduced flavin is controlled. Finally, we discuss whether
NADPH oxidation and/or transhydrogenation by complex | are physiologically relevant processes.

NADH —ubiquinone oxidoreductase (complex 1) is the first
enzyme of the electron transport chain in mitochondtia (
4). The primary reaction catalyzed by complex | is NADH
oxidation, coupled to ubiquinone reduction and to the
translocation of protons across the inner mitochondrial
membrane §). Consequently, complex | is crucial for
regenerating NAD in the mitochondrial matrix, producing
ubiquinol for the subsequent reactions of the electron
transport chain and for contributing to the proton motive
force (PMP) which supports ATP synthesis and the transport
of metabolites. When the PMF is high, relative to the
potential difference between the NADand ubiquinone
pools, complex | catalyzes in reverse: NAB reduced by
ubiquinol, driven by the PMFg, 7). Complex | is known to
catalyze NADPH oxidation also, albeit at a much smaller
rate than NADH oxidation§). Finally, it is an important
source of reactive oxygen species in mitochond®g (
superoxide is produced when,@eacts with either the
reduced flavin mononucleotide (FMN) in the active site
where NADH is oxidized 10) or with an ubisemiquinone
radical which depends on the PMEL].

As complex | is known to catalyze NADH and NADPH
oxidation and NAD reduction, it may catalyze transhydro-
genation reactions between NAD(P)H and NAD{(R}so (eq
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1). In mitochondria, transhydrogenation reactions are coupled
to the PMF and catalyzed by a specific enzyme, proton-
translocating transhydrogenade{-14). Unrestrained tran-
shydrogenation reactions in the mitochondrial matrix, cata-
lyzed by complex I, would have obvious physiological
consequences, since they would tend to equilibrate the
distinct potentials of the NADPand NAD' pools (15—19).

NADPH + NAD" <= NADP" + NADH 1)
Singer and co-workers first described the transhydrogenase
activity of purified complex | 20, 21). They used a variety
of NAD* analogues (including APADand ThioNAD') as
hydride acceptors and found that, relative to NADH, NADPH
is a very poor hydride donor. The rate of NADIAPAD™
transhydrogenation was approximately 5% of that of NABH
ferricyanide oxidoreduction, and an estimated one-third of
the total NADH-APAD™ transhydrogenase activity of
bovine heart mitochondria was attributed to complex I.
Subsequently, Hatefi and co-workers studied submitochon-
drial particles and mitochondrial NADH dehydrogenase, to
specify which ‘physiological’ dehydrogenase and transhy-
drogenase reactions may be catalyzed by compl&x 22,
23). Complex | was found to catalyze NAD(P)H oxidation
and NAD(P)H-NAD' transhydrogenation, but it displayed
little or no NAD(P)H-NADP' activity. Reactions involving
NADH were significantly faster than those involving
NADPH, and it was noted that, in the mitochondrion,
transhydrogenation reactions involving NADRre energy
linked. Finally, Vinogradov and Zakharova have addressed
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Table 1: The Nicotinamide Nucleotides Used in This Study

Systematic name Structure of En(V) ﬁ;ﬁiﬁinnie
for oxidized nicotinamide (corrected to pH 7, Lo
nucleotide moiety® 25°C) extinction
coefficient
o
B-nicotinamide NH, 340 nm
NADH adenine | | -0.32 (29) 6.22mM "' em™
dinucleotide ITI (30)
R
. . -d O
B-nlcotlr}aml e 340 nm
NADPH adenine 7™ -0.32 (29) 622 mM" cm’!
dinucleotide 2'- ’ ’
N (30)
phosphate &
o
3-acetylpyridine c 365 nm
APADH adenine L7 :g'gg gg 9.1 mM" e’
dinucleotide N ’ 32
R
S
thio-nicotinamide- 395 nm
NH -
ThioNADH adenine- (j)\ ’ _8% gg 11.3 mM"! em™!
dinucleotide N ’ (€Z))
R

2R is used to denote the ADP-ribose moiety; NADPH has an additidraih@hate group on its adenosine ribose group.

the mechanism of NADHAPAD™ transhydrogenation in  either in cuvettes (1 mL) using a diode array spectrometer
complex | and proposed that the reaction involves two or (Ocean Optics) or in 96-well plates (2Q@L) using a
more nucleotide binding site24), that it occurs by two  microtiter plate reader (Molecular Devices). The concentra-
different pathways 25), and that nucleotide binding is tion of complex | was varied to give an appropriate rate for
ordered during formation of the ternary comple6) each reaction. The nicotinamide nucleotides and hexaam-
Here, we study the transhydrogenation reactions catalyzedmineruthenium |1 (HAR) were added from concentrated

b;:] _erl]rifieg_(t:)c_)mple_>éI 1, using a\f/arietY_Of”Ude(’ﬁde substrates gyqck solutions in the assay buffer, and reactions were
which exhibit a wide range of reaction rates. In contrast to initiated by the addition of complex I. Initial rates were

the mechanlstlc models pr(_)posed prewqusly,_wg conte nd thmcalculated using linear regression (typically over 15 s), and
the reaction occurs at a single nucleotide binding site, and

that it occurs with ping-pong reaction kinetics with double backgrou_nd rates were gubtracted. The wavelength_s atwhich
substrate inhibition. We define kinetic and thermodynamic the reac;nons were monitored were chosen accgrdmg to the
constants individually for each nucleotide and for each absorption maxima (Table 1) and concentra‘glons Of_ the
oxidation state of the active site flavin. Thus, we further aim eéduced nucleotides; examples are reported in the figure
to determine new information about nucleotide binding to legends.

the enzyme, as a prerequisite for understanding the energy
transducing NADH-ubiquinone oxidoreductase reaction and " : o : o
particularly for understanding how the rate of superoxide Com_posmonNu.cIeotld.es were quantified using a modified
production by the reduced flavin is determined. Finally, we '€'s10N of the ion-pair reversed-phase HPLC method of
discuss the possibility that complex | catalyzes NADPH Stocchi and co-workers3g). A 20 uL amount of the test
oxidation and/or non-energy-transducing transhydrogenationSelution was injected onto a Hichrom:sn Nucleosil C18

Kinetic Measurements by HPLC Analysis of the Nucleotide

reactions in the mitochondrion. column (250 mmx 3.2 mm internal diameter), protected
with the appropriate guard column. Buffer A contained 0.1
EXPERIMENTAL PROCEDURES M potassium phosphate (pH 6) and 8 mM tetrabutylammo-

Preparation of Complex | from Bine Heart Mitochon- nium hydrogen sulfate (Fisher Scientific); buffer B contained
dria. Complex | was prepared using the method of Sharpley Puffer A plus 30% methanol (Chromasolv, Sigma-Aldrich).
and co-workers27), with minor modifications as described = The column was pre-equilibrated in 20% buffer B, and then
by Sherwood and Hirs2@). Samples were concentrated to the nucleotides were eluted at 0.5 mL minusing the
~10 mg mL! (determined using the Pierce bicinchoninic following program: 20 to 40% buffer B in 12 min, 40 to
acid (BCA) assay) and frozen in liquid nitrogen for storage. 100% buffer B in an additional 16 min, and 8 min in 100%

Kinetic Measurements by UWWisible Spectroscopys- buffer B. Elution was monitored at 254 nm, and nucleotide
says were carried out at 32 in 20 mM Tris-HCI (pH 7.5), concentrations determined by reference to standard solutions.
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Ficure 1: Comparison of the rates of the transhydrogenation
reactions catalyzed by complex I. Initial rates{smoles of
nucleotide converted per mole of complex | per second) were

calculated by linear regression, and background rates were sub-

tracted. Rates for the NADPHNAD*™ and NADH-NADP*

Yakovlev and Hirst

Scheme 1: ‘Ping-Pong’ Mechanism with Double Substrate
Inhibition Describing the Transhydrogenation Reactions
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specieskca, first-order rate constant for hydride transfer and product

reactions were measured by HPLC analysis (see text). Solid barsgissociation;Ky, Michaelis-Menten constant; Kgres dissociation
refer to the ordinate scale shown; for the open bars, the values haveonstant, referring to the oxidized or reduced state of the flavin. The

been multiplied by ten and the bars shifted upward for clarity.
Conditions: 32°C, 20 mM Tris-HCI pH 7.5, 0.1 mM nucleotide
concentration. Reactions monitored as follows: NAD(P)H-APAD
€400-500 = 3.16 mM1 Cm_l; NAD(P)H—ThIoNAD+, €420-500 —
8.23 mM1 Cmil; APADH—NAD(P)+, €400-500— 3.16 mM-1 Cmil;
APADH—ThioNAD™, €440-500 = 2.38 mM cm1; ThioNADH—
NAD(P)+, €440-500 — 2.38 mM1t Cmﬁl; ThIONADH—APADJr,
€440-500 = 2.38 mMtcmL

All analyses were performed on an Agilent 1100 system,
with manual injector, column thermostat (set at°&), and
multiple wavelength detector, controlled by an Agilent
ChemStation.

Assays for HPLC analysis were conducted under the same

conditions as UV-visible assays but in the absence of O
(see text). Using anaerobic solutions, inside,echintaining
glovebox (Belle Technology), nucleotides were incubated in
the assay buffer for 2 min (to equilibrate the temperature),
the reaction was initiated with complex I, and the reaction

vessel was sealed. The solution was incubated for a further
3 min, the anaerobic seal was broken, and the mixture was

filtered quickly through a 0.22tm filter (Sartorius) and
injected onto the column. It was assumed that the reaction
was quenched upon injection, and the total time of incuba-
tion, including filtering and loading, was used for calculation
of the reaction rate.

Data Modeling ProceduresModeled curves for data
fitting were calculated using either the Michaeliglenten
equation or eq 2, and the quality of the fits from different

model is shown for the NADHAPAD™ reaction but is applied to all
reactions studied.

catalyzed by complex |, using four different oxidized and
reduced nucleotide pairs (see Table 1) all present at a
concentration of 0.1 mM. All the measurements reported are
from the purified, detergent-solubilized enzyme (in the
absence of a PMF). It is immediately clear that significant
differences result from the nucleotide identities. When
NADH is the hydride donor, rapid reactions are observed
with both APAD' and ThioNAD', but hydride transfer from
NADH to NADP* is very slow. APADH is an ineffective
hydride donor, but APAD is an efficient acceptor (it
has the most positive reduction potential, see Table 1).
ThioNADH and ThioNAD" (with an intermediate reduction
potential) display reasonable reactivity in both the oxidizing
and reducing directions. These observations reflect the
relative thermodynamic driving forces of the reactions (see
Table 1). However, reactions in which NADPH is the hydride
donor are much slower than those with NADH, indicating
that kinetic factors dominate in this case (NABnd NADP
have the same reduction potential). Table 1 shows that
NADH, APADH, and ThioNADH differ only in their
nicotinamide moieties, whereas NADPH has an additional
2'-phosphate group on the adenosine ribose moiety. Although
there is no bound nucleotide present in any structural model
of complex | so far, it is possible that the phosphate presents
a significant barrier for access of the nicotinamide moiety
to the active site, perhaps by disrupting stacking interactions

parameter combinations were assessed both by visual inSperetween the adenine ring and aromatic residues at the

tion and by calculation of least-squares error (LSQE) value
(the sum of the squares of the differences between calculate
and experimental data points). Fits were optimized math-
ematically by minimization of the LSQE values (using

programs coded in C) to investigate a wide range of possible
combinations of the different parameter values. When a
single unique fit could not be found, combinations of

S

parameter values which gave LSQE values below chosen

limits were used to define acceptable ranges.

RESULTS

Complex | Catalyzes Hydride Transfer from a Reduced
to an Oxidized Nucleotidd=igure 1 presents an overview

£

ntrance to the binding chann&6j.

The Mechanism of the NADHAPAD'™ Transhydrogena-

tion Reaction.Figure 1 shows that the NADHAPAD™
reaction has the highest rate, so it was chosen as the primary
subject for our mechanistic studies. Scheme 1 defines the
‘ping-pong’ mechanism (with double substrate inhibition)

for the transhydrogenation reactions catalyzed by complex

I. Crucially, it is a single site mechanism; all the nucleotides
bind to the same active site, and the close match between
the substrate (see Table 1) and active site flavin potentials
(—0.38 V at pH 7.5 87)) enables the same flavin to catalyze
both the oxidative and reductive half reactions. Each nucle-
otide may bind to both oxidation states of the flavin, and

of the relative rates of the transhydrogenation reactions the binding constants depend on the oxidation state. Oxidized
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nucleotides binding to the oxidized flavin, and reduced Initial rate Initial rate
nucleotides binding to the reduced flavin, produce nonreac- 207 (s-1) 2507 (s
tive states and are competitive inhibitors characterized by 200
dissociation constants. Our model assumes that inhibitory 4,
nucleotide binding is fast and reversible. A reduced nucle-
otide binding to the oxidized flavin (and vice versa) produces
a reactive state and is characterized here using the Michae- 50

200

. . 0.1 mM NADH A 0.5 mM NADH B

lis—Menten equation and the parametigsandke. Thus, 04 m 06— - :

our model assumes that all steps following the production 00 1 S 2 0 0 1 1S 2

of the Michaelis-Menten complex can be considered as one, - [APAD?] (mM) - [APAD?] (mM)

and that the catalytic interconversions are irreversible (in  Initial rate (s°1) Initial rate (s-1)

initial rate measurements ‘back-reactions’ of the products '] 20

need not be included). Finally, for simplicity, we assume 1001 200

that nucleotide binding and interconversion are not affected 75| 150

by the oxidation states of the iron-sulfur (FeS) clusters in 5o 100

the enzyme. Equation 2 is derived from Scheme 1 by

applying the steady-state approximation to each enzyme % (25 mm APAD*C 30 1.5 mM APAD+D

intermediate 8), for a total complex | concentration of 0 0e

E 025 05 075 1 125 0 025 05 075 1 125

[Eltor. [NADH] (mM) [NADH] (mM)
KNADH [ElrorINADH] Ficure 2: Dependence of the rate of the NABHAPAD"

rate= Kya "[Flo, — NADH] = transhydrogenation reaction, catalyzed by complex |, on substrate

Ky " 1R_F@[NADH] K K AR nucleotide concentration. Initial rates—fs moles of APADH
[APAD *] KNADH | APAD* produced per mole of complex | per second) were calculated by
M at linear regression usingoo-s00= 3.16 MMt cm-1, and background
@ rates were subtracted. Conditions: € 20 mM Tris-HCI pH 7.5.
where @, experimental data points; solid lines, fit to the data using
Ko™ = 0.094 mM, K" = 2700 s?, Kpag™ = 0.16 mM,
I =1+ KAPAD [APAD™] + [NADH] KA = 0.32 mM, KFPT =340 s, KEYAPT = 5.0 M.
X K’l:l/IADH
Initial rate Initial rate
and 2500, (s°1) 10, (s
+ 2000 = A
NADH [APAD ] il
® =1+ Kgeg [NADH] + T PADT 1500 R 6
M
1000 4
Figure 2 shows how the initial rate of the NADHAPAD™ 500 A 21 &£ B
reaction varies according to the concentrations of both o 0 , ‘ , ,
nucleotides. The APAD concentration dependencies are 01 02 03 04 05 0 1 2 3 4
[NADH] (mM) [NADPH] (mM)

hyperbolic and dominated by the Michaetlidlenten com-
ponent, whereas the NADH concentration dependenciesFIGURE 3: Dependence of the rate of the NABHHIAR and
indicate thak.s is achieved at much lower NADH concen- NADPH—-HAR oxidoreductase reactions, catalyzed by complex I,

trati d that. at hiah trati NADH b on substrate nucleotide concentration at 3.5 mM HAR. Initial rates
ration an al, at higher concentrations, ecomes a(s*l, moles of NADH or NADPH consumed per mole of complex

competitive inhibitor, binding to the [kl{ state. Figure 2 | per second) were calculated by linear regression and background
shows also a fit to the data obtained using eq 2, demonstratrates were subtracted. NADH oxidatiorago-400 = 4.32 mM?
ing clearly that the data can be explained and modeled ¢ *; NADPH oxidation: es70-400 = 2.75 mM™* cm™* or €390-400
accurately by the single-site mechanism in Scheme 1. = 0-5mM™ cm%. &, experimental data points; solid lines, fits to
Equation 2 contains six independent parameters, and it wagn® Michaelis-Menten equation Ui ™ = 2500 s, Ky
quickly found that it is not possible to define one unique set 0.089 MM,k " "= 18 5~ andKy """ = 3.7 mM. ©, the data
. R . or NADPH are shown in A) for comparison.
to fit the data in Figure 2. Therefore, to constrain the number
of possible combination&y andk., values for NADH were
estimated by studying its oxidation by complex I, in by minimizing the LSQE. AllowingKy*®" and kiz*" to
conjunction with the artificial electron acceptor hexaam- Vary also decreased the LSQE by approximately half (giving
mineruthenium (1) (HAR). Experiments were performed Ky/™" = 0.038 mM andK,"" = 500 s?), but visual
using high HAR concentration, so that the rate is determined inspection did not reveal any significant improvement in the
as much as possible by NADH oxidation, the step common fit quality. In addition, the quality of the fit depends most
to both the oxidation and transhydrogenase reactions. Datastrongly on K:°"/KN"°"); the individual values cannot be
for the NADH—HAR oxidoreductase reaction are shown in determined with any confidence. Consequently, we chose
Figure 3A and were fit using the Michaelidenten equa-  the pragmatic approach of using the NABHAR oxi-
tion; several independent experiments gave the range ofdoreductase values fd(y """ and kXa>", to anchor our
values reported in Table 2. Consequently, the data shown inparameter search and to avoid unrealistic parameter combi-
Figure 2 were fit using<}y""" = 0.094 mM andd4"" = nations which may, in responding to imperfections in the
2700 s, by allowing the other four parameters to vary and data, give the lowest LSQE values. Finally, LSQE minimiza-
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Table 2: Summary of All the Parameter Ranges Derived from Modeli

ng the Transhydrogenation Reactions

Ky (MM) Keat(S ™) KealKn (STTM) Kox (MM) Krea(MM)
NADH [0.094+ 0.01F [2700+ 200F [2.9 x 107 - 0.16-0.26
NAD* >0.020 >1.6 (5.0-80) x 10° >0.11 -
NADPH [2.0-4.6P [13—22] [(3.0-6.5)x 1072 - >0.090
NADP* >0.14 >0.24 (0.50-1.7) x 10° >0.015 -
APADH [0.15+ 0.02F [150 £ 20J [1.00 x 1072 - -
APAD* 0.19-0.54 290-460 (0.78-1.7) x 10f 2.8-125 -
ThioNADH 0.055-0.15 29-46 (1.2-5.2) x 10° - 0.018-0.20
ThioNAD* 0.15-0.32 180-230 (0.71.3) x 10° 0.27-0.45 -

a Square brackets denote values from the HAR reactions, which were consistent with the modeling of the transhydrogenase reactions; the values

for APADH are presented for comparisdtOnly a minimum value could
established minimum¢).

be established)( ¢ The true value is likely to be much larger than the

tion can always find one ‘best’ fit (whereas for the data
presented in Figer 2 a variety of parameter combinations
give very similar fits), and it is biased toward fitting high
values at the expense of low values (whereas different criteria
identify alternative best fits). Therefore, we determined
parameter ranges from Figure 2, by identifying combinations
which gave LSQE values below a ‘satisfactory’ threshold,

set by visual inspection. The parameter ranges determined

from Figure 2 wereKiayW = 0.086-0.26 mM, Ky A°" =
0.19-0.54 mM, K:PAPT = 290-460 s, and KAPAP"
0.69 mM.

Transhydrogenation Reactions with Different Nucleotide
Combinations.Three further transhydrogenation reactions
were characterized in detail (see Figure 4). The NABH
ThioNAD™ reaction is relatively fast, and, because NADH
is the hydride donor in both this and the NABHAPAD*
reaction, the same values i§§"°", KA, andKRas " must
apply. Figures 4A,B show that (as for the NABDHAPAD™"
reaction) the ThioNAD dependence is hyperbolic, whereas
inhibition is observed at high NADH concentrations. The
data were modeled using eq 2 wik]/"°" = 0.094 mMm,

MPH = 2700 s, andKjay " = 0.086-0.26 mM, and with
the ThioNAD" parameters allowed to take any value. The
satisfactory fitting approach narrowed the rangeKgf;"

(to 0.16-0.26 mM) and defineck}"™"**°* = 0.15-0.32
mM, kTONAPH = 180-230 s%, and KJ\*VAPt = 0.27-
0.45 mM. For the ThioNADH-APAD* and NADPH-
APAD™ reactions (Figures 4C,D and 4E,F), the APAD

>

Initial rate
150, (s1) .
125 aalh
100

Initial rate (s-1)
140
120
100
80
60
40

0.5mM NADH A 20

1.2 mM ThioNAD* B

0e R 4 . . v
1 2 3 4 5 0 025 05 075 1 1.25
[ThioNAD*] (mM) [NADH] (mM)
Initial rate Initial rate
1757 (s71) 25, (s1)

20
15
10

2.51 0.1 mM ThioNADH C 1.6 mM APAD+ D
o8 1 2 3 2 %% 02 02 06 o8 1
[APAD*] (mM) [ThioNADH] (mM)

Initial rate
6 (S- 1)

Initial rate (s-1)
5

5 } }
3 4
3
2 2
0.75 mM NADPH E ! 0.5 mM APAD* F
0O 1 2 3 4 5 0 04 08 12 16
[APAD*] (mM) [NADPH] (mM)

parameters mus’F agree W't_h thos_e q_etermlned above, EVeIY GuRe 4: Dependence of the rate of various transhydrogenation
though the reaction rates differ significantly. In both these yeactions, catalyzed by complex I, on substrate nucleotide concen-

cases inhibition is observed at high APADBoncentrations,
as APAD' is able to compete with ThioNADH and NADPH
for the oxidized flavin site but not with NADH (see Figure
2). The ThioNADH-HAR and NADPH-HAR (Figure 3B)
reactions provided estimates &f"M°" = 0.045-0.12
mM, kNP = 63-86 s, KI*°PH = 2.0-4.6 mM, and
MPPH = 13-22 s1 These ranges were not modified,
except that it was necessary to decreaSg™P" b
approximately 50% (to 2946 s%) and to increask;,"*"""
slightly (to 0.055-0.15 mM) to achieve a satisfactory fit to
Figures 4C,DKEIONAPH and KNaY™H were allowed to take
any value and were found to be 0.6482 mM and>0.09
mM, respectively. The ranges fét, """ andK. """ were
unchanged, but that fdtg,"°" was narrowed to 2:812.5
mM.

The NADH-NADP" and NADPH-NAD" Transhydroge-

nation Reactions Studied by HPLC Analysisanshydro-

tration. Initial rates (s, moles of ThioNADH produced (A and B,
€420-500 = 8.23 mM1 cm™1), ThioNADH consumed (C and D,
€440-500 = 2.38 mMt cm™1), or APADH produced (E and F,
€400-500 = 3.16 mM1 cm™1), per mole of complex | per second)
were calculated by linear regression, and background rates were
subtracted. Conditions: 32C, 20 mM Tris-HCI pH 7.5.#,
experimental data points; solid lines, fit to the data usirg"""

= 0.094 mM,K%P" = 2700 s, KRag" = 0.25 mM,Kj N0t =

0.22 mM,kIoNADT = 200 51, KINONAPH = 0,33 mM (A and B);
Ky oMAPH = 0,095 mM, K[IOVAPH = 34 g1 KINONAPH = g 055
mM, K§PAP* = 0.31 mM,KERAPT = 400 s2, K§PF = 4.2 mM
(C and D);K*°PH = 2.3 mM, KAPPH = 18 s, KR = 1.0
mM, Ky A" = 0.33 mM,K2APT = 350 s1, K5APT = 3.0 mM

(E and F). In E and F, the additional data poini$ @re from
equivalent measurements by HPLC analysis (see text).

genation reactions between NAD(H) and NADP(H) are
spectroscopically invisible because the bVsible spectra
of NADH and NADPH are the sam@&(). However, all the
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NAD* Initial rate Initial rate
S 40 - NADP+ 0.8 0.8 (S_l)
é APAD+ 0.6 0.6
E 30+ 0.4 0.4
S|
Ny 0.2 0.2
o 20+ 0.5 mM NAD+ A 0.75 mM NADPH B
4 04 0
2 0 02 04 06 08 1 02 04 06 08
o [NADPH] (mM) [NAD*] (mM)
Initial rate Initial rate
") (s 0
0 . \ \ ; 0.2] 012
0 10 20 30 40
time (min.) 0.15] & 0.08
Ficure 5: HPLC analysis of a nucleotide mixture. The nucleotides 0.14
were all present at 5aM. The small extra peak observed at 14 005 0.04 0.75 mM
min was an undefined impurity present in APADH. Conditions: 5 1 05 mMNADP+C ¢ NADH D
um Nucleosil C18 column (250 mm 3.2 mm), injection volume 00 02 0a o6 o8 i 0O 2 o4 06 os
20uL, elution at 0.5 mL mintin 0.1 M potassium phosphate (pH [NADH] (mM) [NADP*] (mM)

6) containing 8 mM tetrabutylammonium hydrogen sulfate with a
gradient of 6-30% methanol (see Experimental Procedures). Ficure 6: Dependence of the rate of the NADPNAD* and
NADH—NADP transhydrogenation reactions, catalyzed by com-

reactions of NADPH and NADPare slow (see Figure 1), Plex |, on substrate nucleotide concentration. Initial rate} (soles

: : : : of each product produced per mole of complex | per second) were
so that HPLC analysis, at a fixed time point, can be used to calculated from HPLC analysis of the nucleotide concentrations as

determine their rates. . described in the text. Conditions: 32, 20 mM Tris-HCI pH 7.5.
Figure 5 shows a typical HPLC trace, quantifying the @, experimental data points; solid lines, fit to the data using

different nucleotides in a mixture. Analysis of standard K}"°"" = 2.4 mm,KMPPH = 18 51, KNAPPH = 0.54 mM,KNAP*
solutions (0 to 1 mM) confirmed that the elution peak areas = 0.95 mM, K\4°" = 10 s, KE°* = 0.16 mM (A and B);
varied linearly with concentration, and that concentrations Ky°" = 0.094 mM, KX2P" = 2700 s?, Kiay™ = 0.18 mM,
down to 2uM could be determined. First, our methodology Ky *°"" = 0.48 mM,Ke""" = 0.47 s, K§,°"" = 1.0 mM (C
was established using the NADPHAPAD™ reaction, and and D).

Figure 4F includes data points from both HPLC and-UV

visible assays, confirming their close agreement. In all cases,observed betwee and N§D+, and, using the satis-
preliminary experiments were used to confirm that the 3 min factory fitting approach, a range qug‘QDJr/K;\'AADJf) was

time point used was within the linear phase of the reaction, gptained( NADH/KNADT — (5-80) x 10° s~L M~Y). For the

enabling the initial rate to be determined. All the reactions NADH—NADP* reaction (Figures 6C,D), the expected

were carried out under anaerobic conditions,_ b_ecause theirinhipition from NADH is observed, while the dependence
turnover rates are so slow that @ompetes efficiently for

the reduced flavink0). leading t toichi ic ch on NADP" concentration is hyperbolic. The data were
e reduced flavini0), leading to nonstoichiometric changes modeled usind¥*™" = 0.094 mM,K¥°H = 2700 s?, and

in nucleotide concentration. In preliminary experiments, all  yapn ; .
four nucleotide concentrations were quantified, but only the KRed L 0.16-0.26 mM (determined above), W.'th the
two products were used in routine analysis, since the high VADP" parameters allowed to take any value. Again, many

reactant concentrations gave very small percentage changedifférent parameter combinations gave satisfactory fits,
and thus higher errors. Finally, the NADHNADP* and consistent with the linear dependence on NAR®Bncentra-

NADPH—-NAD" reactions are extremely slow, so that tion and the lack of NADP inhibition. The true value for

relatively large amounts of enzyme are required, limiting the Kog ' is anticipated to be significantly above its estab-

number of assays that could be carried out. lished minimum, 0.015 mM. Only minimum values could
Figures 6A,B show data for the NADPHNAD™ tran-  be established fakiy >F " andkq"" ~ (Ki°F " > 0.14 mM,
shydrogenase reaction. Consistent with a high value for K°* > 0.24 s1), and a relationship betwedg};"" " and

Ky~ ", the dependence on NADPH concentration is hy- KNAPP+\yag again observed, as both parameters could go to
perbolic, whereas mild inhibition is observed at the highest much higher values (for example, 100 mM and 50)s
NAD™ concentration. The data were modeled udiqg”"" without affecting the LSQE value. The range established for
= 2.0-4.6 MM, k™™ = 13-22 %, andKgeq - > 0.09 (KNAPPH/KNAPPT), of (0.5-1.7) x 108 st M2, was lower in

mM (see above), and the NADparameters were allowed  magnitude than the corresponding range for NAD

to take any value. Because of the limited datasets available,

the NADPH parameters were not refined further, and pscussion

screening for satisfactory values ¢f, °", K4P*, and

KNAP* resulted in wide ranges, for which only minimum  The Mechanism of Transhydrogenation by Compléti|.
values could be establishefy;”" > 0.11 mM could adopt  the transhydrogenation reactions catalyzed by complex | were
values as high 1 M without compromising the fit.  modeled successfully using the single-site ping-pong mech-
Similarly, KN*P* > 0.02 mM andd4P* > 1.6 st could be ~ anism with double substrate inhibition, and reactions with
far higher than their minimum values (for example, 100 MM common substrates were modeled with common parameter
and 600 s! respectively). However, a relationship was sets (final parameter ranges are summarized in Table 2).

NAD+
KM
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Clearly, comparing data from different nucleotide combina- the reduction of different subsets by different nucleotides.
tions provides more robust parameter sets, and a morelt also includes observations of nucleotides, acting as either
stringent test of our reaction mechanism, than only a single inhibitors or substrates, displaying different affinities in
combination. We conclude that the single-site mechanism ‘forward’ or ‘reverse’ electron-transfer reaction46( 47).

of Scheme 1 is a simple and sufficient model for the However, we propose a simpler and more robust explanation,
transhydrogenation reaction, and it is not necessary tothat the oxidation state of the active site flavin differs
propose the existence of multiple nucleotide binding sites according to the ‘direction’ of the reaction, and that this
in complex I. Although it combines hydride transfer and defines the nucleotide affinities.

nucleotide dissociation into a single irreversible step (so is  Nucleotide Binding and Kinetic Constan&cheme 1 and
not completely comprehensive), it has allowed the determi- Table 2 show that very different reaction rates are produced
nation of parameter ranges for future refinement and further by competition for the nucleotide binding site, tempered by
investigations. Finally, our mechanism is clearly distinct from jts specificity, the ‘productive’Ky and ke versus the
that of transhydrogenase itself3, 14). Transhydrogenase ‘inhibitory’ Kowred

does not require an additional cofactor, such as the complex (i) For the reduced nucleotide NQDH > ( ;ADH,

| flavin, to shuttle the hydride moiety. Instea}d, direct hydr.|de T;(ioNADH) > KVADPH (see Table 2), indicating that, espe-
transfer between the two nlcotl_namlde rings occurs in a cially for NADPH, either hydride transfer or product
ternary complex, and conformational changes link hydride

f he PME h r heeling’ dissociation is slow. Within the active site, steric interactions
transfer to the to prevent the enzyme ‘free wheeling. oy hinder the stacking of the nicotinamide and isoalloxazine

Previous studies by Vinogradov a+nd Zakharova concluded (s required for hydride transfer. In transhydrogenase,
that, in complex I, NADH-APAD™ transhydrogenation g htje effects on the conformational changes which produce
requires “’YO d|st|r_1ct nucleptl_de blndlng S|t_e24(—26_). the ground state for hydride transfer have recently been
Clearly, their dual-site model is incompatible with the single- ¢, 0314 in studies of thionicotinamide nucleotide analogues
site model presented here. It is possible that the dlsagreemen€48). For NADPH, the additional phosphate may disrupt
arises because the previous studies relied on doubleyiaractions between the adenine rings and aromatic residues
re_C|procaI plc_>t analysis. Here, we chose_: the more intuitive 4 the entrance to the NADH-binding cavit§€), preventing
%ri%n%?]ig??&r?égzuﬁemitt?r?gdg;glri-;ﬁﬁggﬁ? ;(;:amtglf(;r?) 2the nicotinamide headgroup attaining the correct position.
confounding the interpretation of double-reciprocal plots and d e(s"(): ri%gcaffgﬂct:nt(lﬁgc?;oﬁgtze/kgning;l:gr;nkgn dziisnsdoié(i)gting),

proviing o anallcar scianiage. ndeed | s 1SS0 tre magniuce ok afectsy. Hovever, NADPH has
P P 9 smallestk.o: and the largesky of any reduced nucleotide,

?nhibition cogld b_e neglected’ were either cur_vilinear, or they indicating that the rate of nucleotide binding is a second key
intersected in different quadrants depending on Substratedeterminant of the turnover rate. Furthermore, the specificity

;:oknce[ltration Z‘:’ 29). IAltipu%h sucg obse:xations vt\)/_eré; constanik../Ku) for NADH is 4 orders of magnitude higher

axen 1o suggest compiex KiInelics and more than one bindingy, , , ., NADPH, and one order higher than for APADH
site, they are consistent with the double-reciprocal form Ofdand ThioNADH (Table 2): an encounter between the
eq 2. Furthermore, using the mechanism from Scheme 1 an oxidized enzyme and NADH is much more likely to produce

tmhg dzzgn;;{:rsshgv?/m T:Xtﬂgngh twia\;\ilt?art?v:gerggmgeenqev(/?tfa reactive complex than an encounter with NADPH. In fact,
g d J (KPP PH) is close to the diffusion controlled limit and

the previously reported experimental da24,(25). at s

Kr?owledgeyof t%e numbgr of substrate bgng)ing sites is a coTpiilrable to the values of acety| chollnssteirlasielﬁl’lﬁ)g
prerequisite for understanding the mechanism of an enzyme.'(\;ﬂatags()e’ ?Z:bf(;liﬁqhs)ﬂ)ﬁ?zg)(lﬁ'?’ x 10'M™s7), and
A single nucleotide binding site was identified in the Nqol '

subunit in the structure of the hydrophilic domain of complex . (il The Ku values in Table 2. do not provide direct
| from T. thermophilug36), consistent with earlier labeling information about the substrate dissociation constants, be-

studies which showed that the bovine 51 kDa subunit C2USEKm = Ko only if Kot > Keay, and thekey values are too

contains an NADH binding site3@). Although NADPH high. quever,KM qlefines the upper Ii_mi_t OKF".ThUS'
binds to the 39 kDa subunit in bovine axérrowia lipolytica EADH binds mhore t|%htly.vyhendthe f!(avmls oxidizeds
complex | @0, 41), the 39 kDa subunit is supernumerary 0.094 mM) than w en Iitis reduce ea = 0.16 10 0.26
(42) so the bound NADPH is probably spatially and mM), whereas APAD binds more tightly when it is reduced

functionally separate from the redox machinery. Indeed, no (K_D = _0'19 ©00.54 mM VerS”KQX = 2.81012.5 mM). The
catalytic function has been identified for it, and in a form of OX|dat|_on-state-depender_lt binding of APAIma)_/ reflect t_he

Y. lipolyticacomplex | that lacks the 51 and 24 kDa subunits pehawor of NAD' (for which only very "”.“te.d information
(but retains the 39 kDa subunit) the iron-sulfur (FeS) clusters 'S "?‘Va"abie)' but we note that the four binding constants for
were not reduced by NADH or NADPHIB). We note that 1 WONAD™ and ThioNADH do not vary significantly.
further evidence to support more than one catalytic nucleotide There is little published data for comparison with the data
binding site in complex | has been presented. It includes !N Tab!e 2. By <_:onS|der|ng complex | catalyzed NABH
different FeS cluster reduction patterns upon the treatmentWB oxidoreduction (WB, Wurster's Blugy,N,N',N'-tetram-

of complex | with NADPH or NADH @4). However, similar ~ €thylp-phenylenediamine), Avraam and Kotlyar used the
data has been explained by the slow NADPH dehydroge- limit of Ku — Kp as Viax — 0 (determined by the WB
nation rate and enzyme autoxidatiofs(, and when the  concentration) and reported thl§*>" = 0.17 uM (50).
positions of the clusters were definey, it became clear  Inhibition by NAD* gave K°" = 1.6 mM (we expect
that electrons should pass easily between them, precluding<|"®* ~ K§:°"). They further determine&y/°" = 25
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uM andKMPH = 80 uM (=~ KNaPM) during ATP-dependent
reverse electron transport in submitochondrial particles, and
proposed thak is slow so thatk}y"°" ~ KY*°". Simi-
larly, but using HAR as the electron acceptor, Sled and
Vinogradov reportecky > = 40 uM and K}*°* = 2.0
mM (51), and by studying ATP-dependent reverse electron
transport, KN°* = 0.9 uM and K[**°" = 40 uM (47).
Although it is obvious that the twdy"°" and K}"°*
values differ significantly, the data in Table 2 are consistent
with both sets of values, and good agreement is observed
between values foKxay' (160-260 uM, Table 2) and
KM'P" (40 and 80uM, see above). Finally, we note that
using reverse electron transport, driven by the PMF, to study
the kinetics of NAD" reduction, is a significant challenge,
both experimentally and theoretically. Though not a focus
of the current work, NAD reduction driven by transhydro-
genation may provide an alternative, simpler, approach.
Does Complex | Catalyze Transhydrogenation Reactions
in Mitochondria ?In mitochondria, the NAD and NADP*
potentials are held at different values; the NAPool is
predominantly oxidized, whereas the NADPool is pre-
dominantly reduced1@, 15—19). Because transhydrogena-
tion by complex | is not energy transducing and so not
controlled by the PMF, complex | could, in principle,
catalyze ‘downhill’ hydride transfer from NADPH to NAD
to collapse the NADP potential. Consequently, re-establish-
ing the NADP' potential, most obviously by the transhy-
drogenase enzyme using the PMF to drive the reverse

cycle @2). Mitochondrial NADPH is important in, for
example, maintaining the glutathione pool potential to

minimize oxidative damage, fatty acid and steroid synthesis, 14-
and as a substrate for enzymes such as glutamate dehydro-, o

genase 12, 52, 53).

On the basis of estimated potentials and concentrations
for NAD(H) and NADP(H) in the mitochondrial matrixLe,
15-19), we consider transhydrogenation by complex | in
the presence of 0.3 mM NADH, 3 mM NAD 3 mM
NADPH, and 0.03 mM NADP. The parameters in Table 2
indicate that NADH heavily out-competes NADPH for the
complex | active site, with less that 0.2% of the dehydro-
genation reactions attributed to NADPH. Once the flavin is
reduced, NAD (and NADP") compete with ubiquinone for
the electron pair, and with NADH (and NADPH) for the
active site. Transhydrogenation will only occur if NAD
binds to complex | and is reduced, since NADfeduction
would re-form NADPH, and the reduction of ubiquinone (or
the binding of NADH to the reduced flavin, blocking the
active site until ubiquinone is reduced) would result in one
turnover of NADPH-ubiquinone oxidoreduction. Thus, our
results suggest that the strong specificity of complex | for
NADH (rather than NADPH) is the predominant way in
which significant transhydrogenation is prevented, aided by
the minimization of NAD (or NADP") reduction, by NADH
binding to the reduced flavin and by ubiquinone reduction.
It is likely that a small amount of NADPHubiquinone
oxidoreduction occurs physiologically and is tolerated or
compensated for.
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