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ABSTRACT. The reduction kinetics of coenzyme Q (CoQ, ubiquinone) by NADH:ubiquinone oxidoreductase
(complex I, EC 1.6.99.3) was investigated in bovine heart mitochondrial membranes using water-soluble
homologs and analogs of the endogenous ubiquinone acceptqp {flm®Qlower homologs from Coglo

CoQ;, the 6-pentyl (PB) and 6-decyl (DB) analogs, and duroquinone]. By far the best substrates in bovine
heart submitochondrial particles are Gapd PB. The kinetics of NADHCoQ reductase was investigated

in detail using Co@Qand PB as acceptors. The kinetic pattern follows a ping-pong mechanisiq;,the

for CoQ is in the range of 2(M but is reversibly increased to GIM by extraction of the endogenous
CoQo. The increasel, in CoQi-depleted membranes indicates that endogenous ubiquinone not only
does not exert significant product inhibition but rather is required for the appropriate structure of the
acceptor site. The much lowst,ax with CoQ, but not with DB as acceptor, associated with an almost
identicalKn,, suggests that the sites for endogenous ubiquinone bind 6-isoprenyl- and 6-alkylubiquinones
with similar affinity, but the mode of electron transfer is less efficient with @o®he knin (KeafKm) for

CoQ is 4 orders of magnitude lower than the bimolecular collisional constant calculated from fluorescence
quenching of membrane probes; moreover, the activation energy calculated from Arrhenius klgis of

is much higher than that of the collisional quenching constants. These observations strongly suggest that
the interaction of the exogenous quinones with the enzyme is not diffusion-controlled. Contrary to other
systems, in bovine submitochondrial particles, @aQually appears to be able to support a rate approaching
that of endogenous Cag) as shown by application of the “pool equation” [Kger, A., & Klingenberg,

M. (1973)Eur. J. Biochem 39, 313-323] relating the rate of ubiquinone reduction to the rate of ubiquinol
oxidation and the overall rate through the ubiquinone pool.

NADH:coenzyme Q oxidoreductase (EC 1.6.99.3), also protons, with a H/2e stoichiometry of 4 (Weiss et al., 1991)
called complex | at the time of its original isolation from (site | of oxidative phosphorylation).
bovine heart mitochondria [cf. Hatefi (1963)], catalyzes the  The enzyme has been isolated and characterized in detail
reduction of lipid soluble coenzyme Q (ubiquinone, CbQ)  from povine heart (Ragan, 1987) akurospora crassa
by water soluble NADH (Weiss et al., 1991). This enzyme | gonard et al., 1987); purified complex | has a molecular
represents the first step of the mitochondrial respiratory chain mass of approximately 700 kDa and is an assembly of at
(Ragan, 1987) and is linked to outward translocation of least 41 different polypeptides (Fearnley & Walker, 1992).
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Ministerio de Educacion y Ciencia, Madrid, Spain. genome (Chomyn et al., 1986). The enzyme also has a rich
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1 Abbreviations: 12-AS, 12-(9-anthroyloxy)stearic acid; BHM, two different sites, are present (Degli Esposti & Ghelli,

bovine heart mitochondria; CeQcoenzyme Q (ubiquinone) with 1994).

isoprenoid units; DB, decylubiquinone (2,3-dimethoxy-5-methyl-6- I .

decylbenzoquinone); DCIP, 2,6-dichlorophenolindophenol; DQ, duro- 1 N€ €nZyme is inhibited by several compounds, of which
quinone (2,3,5,6-tetramethylbenzoquinone); EPR, electron paramagnetigotenone and piericidin A are the most commonly used
resonance; ETR phosphorylating submitochondrial particles from beef (Singer, 1979); a large collection of inhibitors is available

heart; keoi, bimolecular collisional frequencymin, the minimal as- ; . Eriadr . ; :
sociation rate constant of enzyme to substrate, corresponding to the(Shlmornura etal., 1989; Friedrich etal., 1994; Degli Esposti

kealKm ratio; PB, pentylubiquinone (2,3-dimethoxy-5-methyl-6-pentyl- €t al., 1994), among which are compounds widely used as
benzoquinone); PL, phospholipids; SMP, bovine heart submitochondrial pesticides (Hollingworth et al., 1994). Moreover, compounds

particles obtained by ultrasonic irradiation; pyrene; REE pyrene-PG), previously believed to act as specific inhibitors of complex
1-hexadecanoyl-2-(1-pyrenylhexanoyl[or -decanoglpglycero-3- . . . S
phosphocholine; UHDBT, B-undecyl-6-hydroxy-4,7-dioxobenzothia- 1, @ myxothiazol and stlgmatellln, are a|§O potent inhibitors
zole. of NADH—CoQ reductase (Degli Esposti et al., 1993).
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Recently, interest in complex | has increased as a kinetic mechanism of interaction of a quinone acceptor with
consequence of the discovery that some degenerative disthe enzyme taking into account the chemical, physical, and
eases, including the so-called mitochondrial enkephalomyo- steric properties of the exogenous acceptor used and the role
pathies (Morgan-Hughes et al., 1988), Parkinson’s diseaseof bound ubiquinone(s). The kinetic mechanism of complex
(Parker et al., 1989), and Huntington’s disease (Parker etl (type | NADH dehydrogenase) using either ferricyanide
al., 1990), may be associated with genetic or acquired defectgone electron) or DCIP (two electrons) as acceptors was
of this enzyme and that complex | defects may be one of found to be a ping-pong bi-bi mechanism (Dooijewaard &
the major consequences of primary somatic mutations of Slater, 1976).
mitochondrial DNA in the aging process (Cooper et al.,  Another important, though unanswered, question is the
1992). This clinical interest, on one hand, has prompted possible presence of a diffusion-limited step in the reaction
further investigations on the structure and genetics of of ubiquinones with the complex. The presence of diffusion
complex | and, on the other, has focused on the requirementcontrol in the activity of complex | would have important
of reliable assays for its analysis. physiological implications; Hackenbrock et al. (1986) pro-

The physiological electron donor of complex | is NADH, posed a “random collision model” for the mitochondrial
although NADPH may also serve as a substrate at low pH respiratory chain, where the respiratory complexes are
(Ragan, 1976) even in the purified enzyme in the absencerandomly dispersed in the lipid bilayer and electron transfer
of the NADPH:NAD* transhydrogenase reaction. On the occurs by collisional encounters between the complexes and
other hand, the physiological acceptor is lipid soluble smaller connecting molecules, such as ubiquinone between

endogenous coenzyme Q (CpQn beef heart), as first  complexes | and IIl. In this model, the overall respiratory
demonstrated in extractierreconstitution experlments activity was postu|ated to be controlled by the lateral
(Szarkowska, 1966). diffusion of ubiquinone. Previous studies in our laboratory

The assay of complex | activity requires the use of artificial (Fato et al., 1993; Cavazzoni et al., 1993) showed that
acceptors, because the physiological quinones such agCoQ ubiquinol-cytochromec reductase is not subject to diffusion
are too insoluble in water to be employed as substrates incontrol of the interaction of exogenous ubiquinols; no such
the assay media. study of the interaction of complex | with exogenous

Among the acceptors used, ferricyanide [cf. Ruzicka and ubiquinones is available however. Such a study requires the
Crane (1970a)] accepts electrons prior to the physiological yse of a substrate eliciting the highest possible turnover in
reduction site, as shown by a lack of inhibition by rotenone order to reveal the presence of a diffusion-limited step
of NADH:ferricyanide reductase (Hatefi et al., 1962) and (Brouwer & Kirsch, 1982).
by_ retention of ferricyanide reduction aqtivity in the solu- The main criterion utilized to assess the suitability of
bilized type | NADH dehydrogenases (Ringler et al., 1963) g inones to be used as complex | electron acceptors has been
that lack the hydrophobic sector of the enzyme. Moreover, y,qir rotenone sensitivity, for instance to distinguish between
the reduction of such oxidants as ferricyanide, Wurster’s exogenous and endogenous pathways of NADH oxidation
Blue, and 2,6-dichlorophenoclindophenol (DCIP) is not (Ragan, 1978). Nevertheless, the issue is much more

coupled to energy transduction (Kotlyar & Gutman, 1992). cqmnjex and other factors have to be considered, as pointed
The electron acceptors most commonly employed as g by Estornell et al. (1993).

substitutes of the physiological ubiquinone are CoQ ho- In addition to water soluble quinones. cvtochromand
mologs and analogs (Ragan, 1976). Itis assumed that these I w uble qui » &Y

compounds interact with the physiological site, in place of oxygen, which accept eI_ectrons at the Ieyel of com_plex -
the endogenous CoQ, by first partitioning from the water and complex IV, respectively, of the respiratory chain, have

phase to the membrane and that exogenous quinones arglso been used as alternative indicators of the reduction of

: : o dogenous CoQ by complex [; in fact, according to the
reduced directly by complex I, without the mediation of the ?n AN )
ubiquinone pool (Cabrini et al., 1981). The discovery that pool equation” (Krger & Klingenberg, 1973), the rate of

the enzyme contains bound ubiquinone essential for its glectron flux in the respiratory chain via the CoQ podig

activity (Degli Esposti & Ghelli, 1994) reopens the question is a function of the rate of CoQ reductiol):
of the mode of interaction of exogenous quinones with the
acceptor site(s).

Among the quinone acceptors used are the homolog series
from CoQ to h|gher homo]ogs (Singer, 1974; Ragan, 1976), where V. is the rate of CoQ reoxidation by complex IIl.
including less frequently long isoprenoid chain homologs in According to this relation, i¥/ox andVieq differ significantly,
spite of their insolubility in water (Hatefi et al., 1962), the Vobs Will approach the rate of the slower step.
tetramethyl benzoquinone analog, duroquinone (DQ), and In view of the fact that complex | is present at lower levels
analogs having straight saturated chains such as 6-pentylthan complex Il [less than one-third in beef heart mito-
and 6-decylubiquinones (PB and DB, respectively). Among chondria (Capaldi, 1982)] and that it may have a lower
these acceptors, the most commonly used in the assay oturnover (Gutman, 1985), it seems justified to postulate that
complex | have been Cao(and DB; however, CoQJe.g. Vobs approached/.q and that the reduction of either cyto-
Kotlyar and Gutman (1992)], CaQe.g. Suzuki and King  chromec or oxygen with NADH as substrate may be a
(1983) and Friedrich et al. (1994)], and PB (Tan et al., 1993; convenient indication of complex | activity. On the other
Ackrell et al., 1994) have also been employed. hand, this assumption would not be valid if the turnover of

Kinetic studies using some of these acceptors have mainlycomplex | is underevaluated, a reasonable hypothesis con-
been undertaken to research the mechanism of action ofsidering that purified preparations of the enzyme readily lose
different inhibitors [cf. Tan et al. (1993) and Friedrich et al. activity (Gluck et al., 1994) and in consideration of the lack
(1994)]. No extensive studies have been published on theof suitable assays, as suggested by Estornell et al. (1993).

Vv bs — redvox/ (Vred + Vox)

(0]
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One further complication of electron withdrawal down- two to three times before use (unless otherwise specified).
stream with respect to endogenous ubiquinone is in the It was shown that under these conditions the permeability
demonstration that endogenous Gef{3 not saturating for barrier for NADH was completely lost, as demonstrated by
maximal electron transfer activity from NADH (Estornell the lack of further stimulation by detergents.
et al., 1992); thus, the electron flow through the endogenous CoQ-depleted mitochondria were prepared by pentane
CoQ pool may not represent thg,.x of the enzyme which  extraction after lyophilization (Szarkowska, 1966), and
reduces the pool, viz complex I. reconstitution was accomplished as described by Estornell

For all of these reasons, we have decided to undertake z€t al- (1992) after the method of Norling et al. (1974).
systematic examination of the steady-state kinetics of Phospholipid vesicles were prepared from dry phospho-
complex |, using a series of quinones as electron acceptordipids by sonic irradiation as described by Fato et al. (1986).
and attempting to evaluate their reduction site(s) in the Analytical Determinations Protein was evaluated by the
respiratory chain; in this study, we have also considered thebiuret method of Gornall et al. (1949) with addition of 10%
role of the CoQ pool with respect to the electron acceptors sodium deoxycholate and using bovine serum albumin as

employed and taken into account the possible extent of standard; lipid phosphorus was assayed by the micromethod
diffusion control. of Marinetti (1962), and the content of phospholipids was

In consideration of the fact that upon isolation the enzyme c@lculated by multiplication of the phosphorus content by

loses activity (Ragan, 1976) and is subject to changes in the=~

; ; ; ; The content of cytochromes was evaluated according to
properties of its hydrophobic sector (Gluck et al., 1994), this . A
study has been performed on the enzyimesitu in mito- Vanneste (1966) in a JASCO 7850 BVis spectrophotom-

chondrial membranes eter using the following wavelength couples and extinction
- ' " coefficients (reduced minus oxidized): cytochrom&61—
A preliminary note on the assay conditions of NABH ( ): cy

> 7 25 mMt cm toch ,
CoQ reductase has been published (Estornell et al., 1993)24(5) T]Tna:r?d gommM(irr;mjlnd_rcr:])gogo;(t)err:ﬁso?nco(l)cﬁqF)Slig—l”

was evaluated by division of cytochronteconcentration
MATERIALS AND METHODS by 2. The FMN content was assayed by the high-

Materials Coenzyme Q homologs were kind gifts from Performance liquid chromatography (HPLC) method of Light
Eisai Co., Tokyo; NADH g-form), DB, DQ, and Co@were et al. (1980) after water extraction at 8@ according to
purchased from Sigma Co., St. Louis, MO. Asolectin (mixed Yagi (1971), using a Nova-Pakgcolumn, 3.9x 150 mm
soybean phospholipids), from Sigma, was purified with the (Waters); the mobile phase was 20% methanol in water,
method of Kagawa and Racker (1971). Horse heart cyto- containing 5 mM ammonium acetate (pH 6), at a flow rate
Chromec' type |||' was also from S|gma Flavin mono- Of 0.8 mL/min, in a Waters Mi”ennium 2010 Chromatog'
nucleotide was from Boehringer Manheim, Germany. The raphy Manager equipped with a Waters 996 Photodiode
fluorescent probes 12_AS, pyrene, pyrene)_,md pyrene- Array Detector. Alternatively, a Perkin-Elmer 1020 Chro-

PGy were purchased from Molecular Probes, Junction City, matography System with a fluorimetric detector LC 240 at
OR. Aex = 450 nm andlem = 530 nm was employed, with

identical results. Since the FMN content overevaluates
complex | content (Smith et al.,, 1980), the latter was
routinely calculated from the NADH ferricyanide assay (see
later).

The content of endogenous Cg@as analyzed by reverse
phase HPLC analysis as above after methanol/light petroleum
extraction as previously described (Estornell et al., 1992).

For the assay of ubiquinelcytochromec reductase, the
ubiquinols (usually ubiquinol-2 and reduced DB) were
formed from the corresponding quinones by the method of
Rieske (1967). All quinones and quinols were conserved
as ethanolic solutions in the dark, and their titer was
determined spectrophotometrically from their absorbance at

the appropriate wavelengths (Estornell et al., 1993); in >
particular, the wavelengths and extinction coefficients, Enzyme AssaysUbiquinot-cytochromec reductase ac-

; ) tivity was measured as described elsewhere (Fato et al., 1993)
respectively, were as follows: Cq@nd the other Co ) .
horgologs 275 nm and 13.7 ml‘i'/lc(rigil DB and PB 27? and NADH-cytochromec reductase according to Battino

nm and 14 mM* cm% DQ, 270 nm and 19.2 mM cm™%; et al. (1991). Oxygen uptake linked to NADH oxidation
and CoQ, 263 nm an’d 13,6 mME em-L ' ' was determined with a Clark oxygen electrode (Estabrook,

1967). Aerobic ubiquinol oxidation was determined by
following the increase of absorption at 275 nm due to
ubiquinol oxidation using an extinction coefficient of 12.5

Inhibitors were purchased commercially when available;
rotenone, antimycin A, and myxothiazol were from Sigma.
Mucidin was a kind gift from Dr. J. Subik, University of cm! mM-1 (oxidized minus reduced).

Bratislava, Slovakia. NADH—CoQ reductase was assayed essentially as de-
Preparatve Procedures Beef heart mitochondria (BHM)  scribed by Yagi (1990) and modified by Degli Esposti et al.
were obtained by a large scale procedure (Smith, 1967) and(1993), except that only 2 mM KCN was routinely added in
submitochondrial particles (SMP) therefrom by sonic ir- the assay mixture to block electron flow through cytochrome
radiation of the frozen and thawed mitochondrial preparation Oxidase; unless otherwise Speciﬁed according to the design
(Beyer, 1967) in a MSE sonifier at 30 s intervals for a total of the individual experimentS, antimycin A (4/ﬂ\/|) was
time of 5 min; the particles were essentially broken mem- 3|so included in the reaction mixture.
brane fragments (Fato et al., 1993). Alternatively, whenthe  petermination of the kinetic constants, unless otherwise
presence of well-coupled closed particles was required ETP specified, was accomplished at quasi-saturating concentra-
were prepared by the method of Hansen and Smith (1964).tions of NADH (754M) and varying ubiquinone concentra-
All preparations were kept frozen at30 °C; SMP were tions. Since ubiquinones interact with the enzyme active
used after thawing once, while BHM were frozen and thawed site from within the lipid bilayer, their concentrations in the
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lipid bilayer were expressed on a molar basis using the The values obtained were rearranged to obtain solubility
method of Fato et al. (1988) for ubiquinol interaction with values in moles of quinone per liter of water and reported
complex llI; this method allows for the calculation of the as the logarithms thereof. Alternatively, cmc were deter-
true Ky, for the quinone Kn(Q)] and kmin (=kealKm), the mined spectrophotometrically as described by Battino et al.
minimum association rate constant of complex | with its (1986).

quinone substrate. The method employs steady-state kinetic

measurements at varying membrane fractional volumes inRESULTS

the assay medium; alternatively, the concentrations of . . .
ubiquinones corresponding to the triig in the lipid phase Screening of NADHCoQ Reductase Aety with Various
; ” . . Acceptors NADH—-CoQ reductase has been assayed at
were calculated using the partition coefficients previously ; . . ;
established (Battino et al., 1986; Fato et al., 1986) or quasi-saturating concentrations of NADH and of different
N ' " quinone acceptors, previously determined by rate inspection

mVNe:g?_'at_igrﬁz da?]?ggtr)eegutégggéctivit was assaved at 420 at different acceptor concentrations. Since a general screen-
Y Y Y ing of various quinones as acceptors was reported in a

minus 500 nm in a Slgma B'OC.he”.‘ ZWS2 .dl.JaI wavelength previous publication (Estornell et al., 1993), these data are
spectrophotometer, with an extinction coefficient of 1 mM not included herein. The kinetics was linear using GoQ

T . .
Cr(?taésé}tjfnofevrvrlit? ;ﬁ%ﬁ; NilnNtﬁeDgaargg \éi:c'fi?lzsa;?]gltjtt:e%f for PB, and DQ, although the rate was more than double using
p y CoQ and PB compared to that using DQ, whereas DB

N'ﬁ%gg%%%giiﬁg}?sgf?g:'r\i/(':tyém de reductase with 2 mM systematically showed a nonlinear behavior irrespective of
P Y y concentration, approximating first-order kinetics; nonlinear

potassium ferricyanide was used to estimate the content Ofkinetics was also observed with Co@nd higher homologs.

active complex | in the membrane by considering half of . .
the turnover maximum [& 10° min~ (Cremona & Kearney, In a number of different preparations Of BHM_ and SMp
examined, the rates were consistently higher in the SMP

1964)], since the concentration of ferricyanide was ap- . . ; ) )
proximately equal to th&, [cf. Smith et al. (1980) and Degli prepqranons with all accgptor:?‘, with a r_ate_ “’%“0 approaching
Esposti et al. (1994)] 2. ltis noteworthy that, in spite of their similar hydropho-
' X bicity, CoQ was a much poorer acceptor in comparison with
DB, whereas CoQand PB elicited comparable rates, in the

range of 1umol min~* mg* or higher in the SMP. Intact

Biophysical Determinations The partition and diffusion
coefficients of ubiquinone analogs and homologs in phos-
Faneously determined by fuorescence quenching of eitherPhoSPhOYIating particles, ETexfibited rates in the figh
12-(9-anthroyl)stearic acid (12-AS), pyrene, pyrena;RE range but not S|gn!f!cantly different frqm those of SMP.
pyrene-PG, using the procedure described in detail by Fato Under the conditions of our experiments, all quinones
et al. (1986) using 12-AS with corrections for two- ©€mployed, except Cowere found to accept electrons at
dimensional diffusion (Cavazzoni et al., 1993), using the OF close to the physiological site, as shown by the almost
following excitation and emission wavelengths: 12-AS, 366 total (> 90%) inhibition by rotenone. The rotenone sensitiv-
and 443 nm; and pyrene and its derivatives, 342 and 393y using CoQ was variable (36:80%) but always signifi-
nm, respectively. f:antly lower than with other quinone acceptors [cf. Table 1

The fluorescence-quenching experiments were performedin Estornell et al. (1993)]. _
using both static fluorescence in a Jasco FP 777 spectro- We have also measured, for comparison, the rates of
fluorometer and time-resolved fluorescence in an IBH Ltd. reduction of potassium ferricyanide and DCIP; as it is known,
single photon-counting spectrofluorometer. Fluorescence these compounds do not act at or near the physiological CoQ
lifetimes of the different probes were also determined by site. ACCOdengly, their reduction was Completely Insensitive
time-resolved fluorescence. to rotenone. The rate of ferricyanide reduction was several

In the calculation of the membrane concentration of times that of the most effective quinone acceptor (9d@
quinones, they were considered to uniformly occupy the the range of 2625 umol min™t mg™* in BHM and 40-50
entire volume of the membrane phospholipids, assumed to#mMol min~* mg~* in SMP).
have an average density of 1 mb{ the mass of the protein The nonlinear behavior of the more hydrophobic homologs
was considered to be impermeable to quinones, and noand analogs (DB and Codmay be the result of their low
correction was applied for any bound form of the quinone, water solubility, preventing monomeric dispersion in the
taken to be quantitatively irrelevant. Moreover, no distinc- assay medium and hence attainment of the actual saturating
tion was made between free bilayer and boundary lipids concentrations; accordingly, addition of detergents or of
(Lenaz & Parenti Castelli, 1985) as a solvent for ubiquinones. mixed sonicated phospholipids to the assay medium en-

Partition coefficients in cyclohexane/water were evaluated hanced the rate of DB reduction and yielded linear kinetics
from data in the literature or calculated therefrom (Ragan, [cf. Table 1 in Estornell et al. (1993)].

1978; Battino et al., 1986; Fato et al., 1986; Braun et al., We have determined the critical micelle concentrations
1986; Rich & Harper, 1990). from the partition coefficients (cyclohexane/water) of the

The critical micelle concentrations (cmc) of the various quinone analogs employed in this study (Table 1); while

ubiquinones were calculated from the partition coefficients CoQ, and PB were presumably monomeric in the concentra-

by applying the equation (Hill, 1974; Ragan, 1978) tion ranges employed, CoQormed micelles above @M,
and DB polymerized well below micromolar concentrations.
PS=2 The consequence is that ubiquinones at concentrations above

cmc were not fully suitable as substrates of the enzyme
whereP is the partition coefficient (in units of mole fractions) because the micelle-to-monomer transition was rate-limiting
andSis solubility in moles of quinone per mole of water. with respect to quinone reduction.
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Table 1: Partition Coefficients and Critical Micelle Concentration

D
(cmc) of Various Quinones

-1
<
o

>
)
o
o

-1 -1

Activity (umol-min ' mg

log P of log P of SO A
homolog  cyclohexane/ membrane/

or analog wateP fromP>  direct watef

CoQ 0.39 0.04 - -
DQ 2.45 -2.0 -
CoQu 2.65 —2.2 - 2.9
PB 3.7 -33 - L
CoQ 51 —5.7 —4.8 4.0 0 2 4 5 10 15 20 25
DB 7.2 —7.8 - 4.7 [Q1{pM) [Quinone](M)
CoQ 7.7 —8.3 -7.0 4.8

a Partition coefficient in (moles of Q per liter of cyclohexane)/(moles B
of Q per liter of water) taken or calculated from the literature (Braun
et al., 1986; Rich & Harper, 1990).Solubility s = 2/P (Hill, 1974
cf. Materials and Methods) using tHe values from column 2 and
expressed in moles per litérFrom the wavelength shift (Fato et al.,
1986; Battino et al., 1986).From fluorescence quenching of either
12-AS, pyrene, or pyrene-R@nd PGy probes, with closely overlapping
values, according to Fato et al. (1986). Data expressed in (moles of Q
per liter of phospholipids)/(moles of Q per liter of water).

-1

activity (umol-min- mg )

log cmc .

Py

<
>
T
Q
o

Km= 1.66uM

©
~

o
N
T
o
N3

Km= 1.18uM

<)
=3
o
o

@
(=]

)
=
Q
-1 -1
mg )
IS

[
1/V (umol. min’-
(o]

1 -1

1/V (umol .min -mg

2 F

A , .

. .. —01.05 0.00 0‘65 0.10 -0.04 0.00 0.;)4 0.2)8
The membrane/water partition coefficients of Goghd 1/1@,] (uu) 1/[0,] (uM)

PB, determined by fluorescence_quenchmg of different Ficure 1: Inhibitory effect of Co@Q on NADH oxidation in SMP.
probes (Fato et al., 1986) agreed with the cyclohexane/water(a) NADH—CoQ, reductase ¥) and NADH-DB reductase @)
corresponding values, but more hydrophobic quinones werewere assayed using different quinone concentrations, as described
strongly underevaluated because their partition from water in Materials and Methods. (B) Effect of Ce@n NADH—-CoQ

; ir micallization i reductase: @) control, ) 0.8 uM CoQ,, (¥) 1.5uM CoQ,, and
'ngth;a;r;e;t;rlargg%og]peted with their micellization in water (0) 3.04M CoQy. (C) Effect of reduced Cogon NADH-CoQ,

reductase: @) control, @) 0.8 uM reduced CoQ (V) 1.6 uM
A slight rate increase in the presence of phospholipids wasreduced Co@ and () 2.4uM reduced CoQ (D) Effect of CoQ

also observed using more hydrophilic quinones such as CoQ (®) and DB () on aerobic NADH oxidation.

[cf. Table 1 in Estornell et al. (1993)], for which no solubility ) . o

problem exists up to millimolar concentration (Ragan, 1978); noting that the partition coefficient of Ca@ very close to

in this case, it is likely that phospholipids act by removing that of DB, which is not an inhibitor (see above).

some lipophilic inhibitor, presumably free fatty acids, as their  Effect of Complex Il Inhibitors We have investigated

effect was mimicked by bovine serum albumin addition in whether and to what extent sites in complex I1l are involved

the assay medium. in CoQ reduction, using specific inhibitors of complex Il
Quinone Homologs as Inhibitors of Complex IAs We have previously shown (Degli Esposti et al., 1993) that

reported in previous publications [e.g. Landi et al. (1984)], center o [for notation, cf. Berry and Trumpower (1985)]

short-chain ubiquinone homologs, besides being electroninhibitors also inhibit complex I, although to different extents

acceptors, also inhibit complex | activity. The kinetic depending on which inhibitor is used. When the redox

features of Co@in comparison with those of DB, which interaction of cytochromé with exogenous quinones was

has the same number of carbon atoms, are displayed in Figurgompletely blocked, NADH CoQ, reductase was strongly

1. As an acceptor of NADHCoQ reductase (Figure 1A), inhibited by further additions of myxothiazol, while mucidin

CoQ, showed an affinity comparable with that of DB, with  has |ittle effect. On the other hand, antimycin A had little
Km in the range of M, but a much loweNmax. effect on complex | activity.

g On the g ort1her hanfd, | CaQ but noft DfB’ p;\(l)'géejsively We have therefore chosen to use antimycin A as diagnostic
ecreased the rate of electron transfer from to CoQ of center i and mucidin to block electron transfer at center

;[fs\;acltl:"estg?”_?_i?so&d;ngbteoi;?grs?e?[bga,'[nﬁg dvi\ggl %ﬁ?tnin der® The combination of antimycin and mucidin represents
eptor. y preted 1o € that, UNAeT,e so-called “double kill”, by which no electron transfer to

the conditions employed, Co(behaves as a competitive . .
poorer substrate in comparison to GoQHowever, particu- theb cytochromes is possible (Berry & Trumpower, 1985).

larly at low concentrations<4 M), CoQ, behaved as a Table 2 shows the effect of the inhibitors on NADH
pure competitive inhibitor with respect to CoFigure 1B), ~ oxidation with a series of quinone acceptors; in these
with aK; of 1.2uM. The inhibitory effect was quantitatively ~ experiments, complex Il inhibitors were present only as
the same using reduced CeoQ@Figure 1C). Moreover, indicated inthe headings. The results are not identical when
NADH —cytochromec reductase and NADH oxidase were mitochondria or submitochondrial particles are used, par-
inhibited by CoQ but not by DB (Figure 1D), indicating ticularly using DB, but show a general trend of partial
that the former is also a competitive inhibitor of endogenous inhibition with either antimycin or mucidin and further
CoQuo inhibition by addition of both inhibitors. The extent of
Qualitatively similar results were obtained using either inhibition was somewhat different with different acceptors,
CoQ, or CoQ; [for CoQs, cf. Landi et al. (1984)], although  presumably reflecting their relative affinities for complex |
the lower solubility of the latter compound made the use of and complex Ill. Considering one individual acceptor (e.g.
this homolog less reproducible than that of Go@ is worth duroquinone, cf. lines 4 and 5 in column 2 in the table),

\,
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Table 2. NADH-CoQ Oxidoreductase Activity in Beef Heart
Mitochondria (BHM) and Submitochondrial Particles (SMP) in the
Presence of Inhibitors of thiec, Complex

residual activity %

4.6uM antimycin  1.5uM 9 . L
acceptor  relative antimycin 1.5uM A+ myXxo- = 0.4 0.8
(uM) rate A mucidin  mucidin  thiazol g 1/[NADH] (14)

BHM &

CoQ,(100) 0.4 71£15 77+11 45+12 92 E

CoQ (50) 1 85+3 85+9 58+11 20 g

CoQ; (30) 0.2 95+ 18 83+6 69+7 65 2

DQ (100) 0.3 51+ 19 76+21 62+21 10 z

DB (40) 0.5 70+ 32 72+30 48+21 55 -
SMP

CoQ,(100) 0.3 7911 77+16 63+12 45

CoQ: (50) 1 83+ 10 86+10 63+6 30 /

CoQ (30) 0.3 64+ 14 85+19 67+14 67

DQ (100) 0.5 80t 10 77+19 45+6 36 -0.1 0.0 0.1 0.2 0.3

DB (40) 0.6 1009 91+12 9448 57 1/1Q 4] (kM)

@ Data are means the standard deviation of three to five different Figure 2: Titrations of NADH-CoQ reductase in SMP using Co-
preparations, except in the last column (myxothiazol) where the data Q; as the variable substrate at the following fixed NADH
given for comparison are the means of two determinations only [cf. concentrations: @) 4.27 uM, (V) 7.13uM, (O) 14.19uM, and
Degli Esposti et al. (1993) and illustrations therein]. (v) 75uM. The inset shows the replot of the intercepts obtained
from the above titration.

lowering electron transfer through complex | by rotenone Table 3: Kinetic Constants of NADHCoQ, Reductase in BHM

enhanced antimycin inhibition. . and SMP Therefrofn
The rate of electron transfer in the presence of both
. . i BHM SMP
antimycin and mucidin may be taken as a measure of the = | 771 10 219
real complex | activity with a given quinone acceptor; the \C/omréu?ﬁolcmoir;]tinr;(ggo mg) 076 Tee
rate in the presence of both inhibitors was usually lower than i "(s1 269 498
in the presence of antimycin alone, indicating that both center K, (NADH) (M) 8.7 x 1076 9.2x 10°®
i and center o are involved in an appreciable way in quinone kmin (NADH) (M~*s™) 5.4 x 107 4.8 x 10
reduction Km(Q) (M, in water) 1.9% 1075 2.1x 105
. _ © Km(Q) (M, in lipids) 1.1x 1072 1.2x 102
Table 2 also reports for comparison the effect of myxothi-  k,,(Q) (M~ s, in water) 2.5x 107 2.4x 10
azol, confirming its inhibitory effect on complex I; an  kmin(Q) (M~ s7%, in lipids) 4.3x 10* 4.1x 10
apparent exception was Ce@eduction in BHM (but the aThe values were obtained from secondary plots like those in Figure
reaction was partly rotenone-insensitive) and gm@uction 2, inserting all data points from three different experiments in the same
in both BHM and SMP (but CoQis also a complex | plots. The correlation coefficient was 0.98 for both BHM and SMP.

inhibitor; cf. above). The Keat vglues were obtained by division of _th\a(ma}X by the
. o concentration of complex I, calculated by the ferricyanide assay (see
Saturation Kinetics of NADHCoQ: Reductase For Materials and Methods). The tri&, for CoQ, in the lipid phase [and

reasons outlined above, the steady-state kinetics of NADH  the correspondingmin(Q)] was obtained by calculation of the quinone

CoQ reductase was investigated more systematically usingconcentration in the lipid phas@m, by the following equationQn =
CoQ as electron acceptor. PQu/[Po + (1 — o))], wherea. is the relative volume of the lipid phase

. . with respect to the total assay medium d&hid the partition coefficient
Double reciprocal plots of NADHCoQ; reductase using ¢ COQﬁn molar units (fromyTame 1). P

CoQ as the variable substrate at fixed concentrations of
NADH (Figure 2) yielded secondary plots which are shown scheme 1
in the inset of the figure for a SMP preparation.

"
The parallel straight lines of the primary plots conform to NA]:H NAD Q Qg
a ping-pong mechanism (Cleland, 1970). The absolute k1’ K, kaT ook ||k k7T k
constants derived from these plots for either BHM or SMP \ \ \
are reported in Table 3. E »L
The concentration of complex |, determined by the K Ko (Kok.) Ko (Kok.)
ferricyanide assay (cf. Materials and Methods), was in good k- —— O Kiig)®
agreement with the values of Degli Esposti et al. (1994) and kyrky ky (kyrky) kg Uegeky)
considerably lower than the values obtained by FMN X ok B ok
determination, in accordance with the finding of Smith et k., 0= —— - k1 k3 Fuinio® o ” kf’ k7
al. (1980); using the concentrations obtained by the former m (NaDI) 2""3 m(2) ]
method, the turnover number of NADHCoQ, reductase was
469 stin BHM and 498 st in SMP. The trueKy, for CoQ, in the membrane phase was obtained

The second-order rate constants of enzyme reduction byPy using membrane concentrations determined from the
NADH and its oxidation by Co@Q(kmin = KealKm) in SMP partition coefficient of the quinone between the phospholipid
were 5.4x 107 and 2.4x 10" M~1 s71, respectively. The  and aqueous phase or, alternatively, by titration of the activity
kinetic pattern of the enzymatic reaction and the significance with CoQ, as acceptor at progressively increased concentra-
of the kinetic constants are exhibited in Scheme 1. tions of phospholipids in the assay medium, according to
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Table 4: Kinetic Constants of NADHCoQ Reductase in Bovine Heart SMP Using Various Acceptors

Vmax kcat Km(Q) Km(Q) kmln(Q) kmln(Q)
(umol min~t mg?) (s in water uM) in lipids (mM) in water gM~1s7%) in lipids (mM~ts7%)

CoQ 0.18 70 65 0.16 11 437
CoQ 0.98+ 0.4 380 20.1-5.4 8.9 18.9 43
CoQ 0.29 112 13 36 (11.5) 86 3.1(9.7)
CoQ 0.17 66 0.8 61 (28) 82.5 1.1(2.3)
PB 0.93 360 21.0 98 17.1 3.7
DB 0.58+ 0.15 225 1.8: 0.8 138 (120) 125 1.6 (1.9)
CoQuo 44 5p 88

aData were obtained from titrations at variable quinone concentrations, keeping NADH concentrationMit T3ata for CoQ and DB are
meanst the standard deviation of six different titrations, and all other data are means of two titrala(@) andknin(Q) in the lipid phase were
calculated using the partition coefficient (cyclohexane/water) from Table 1 as explained in the footnote of Table 3. The values in parentheses were
calculated using the apparent partition coefficients in the phospholipids obtained from fluorescence-quenching experiments, also taken from Table
1. The content of complex | was 43 pmol mgn this SMP preparatior?. Taken as the maximal value of the turnover number found with CoQ
as acceptor (cf. Table 3, and see below and Table 6 for discussion qf @uQction rate according to the pool equation) {¢ep& Klingenberg,
1973).¢ Average value oK, for CoQio (expressed as concentration in the lipid phase) of NAlRltochromec reductase (Estornell et al., 1992),
assuming this value to express tkg of NADH—CoQ reductase, since this activity has lower affinity for CoQ than ubigtiopiochromec
reductase [cf. also Fato et al. (1993) for discussion thereupon].

the method developed in this laboratory for ubiquinol
cytochromec reductase (Fato et al., 1988).

Plotting the apparenK,, values obtained at different
phospholipid concentrations against the phospholipid relative
volume with respect to the water phase yielded both the
“true” K, expressed as concentration in the lipid phase and
the partition coefficient of CoQ These tru&, values, also
shown in Table 3, are in the millimolar range.

Throughout this study, we have usually investigated :
steady-state enzyme kinetics using G@q¥ other acceptors) o2 LT Tos K 2
as variable substrates at a fixed concentration ofulb FiURE 3: Arrhenius plot ofknn of NADH—CoQ reductase in

NADH, which is practically saturating for activity. Using  peef heart SMP calculated for Co@oncentration in the lipid phase
CoQ, the apparer, was in fair agreement with the values and of the collisional quenching constakt.() of CoQ, in PL

derived from the absolute plots. Table 4 lists the kinetic Vesicles using as the probe pyrenesRi€cording to Fato et al.
features concerning the quinone analogs and homologs(1986)-

investigated in this study. kept quasi-saturating. We had previously shown that a
It can be observed that CeQamong all quinones tested, nonlinear Arrhenius plot of ubiquineicytochromec reduc-
elicits the highestkea: The Ky values, expressed as tase was the artifactual result of the strong temperature
concentrations in the water phase, were in general progresependence of thi, for cytochromec (Fato et al., 1993).
sively lower with increasing quinone hydrophobicity. How- on the contrary, in complex | activity, the temperature
ever, when they were expressed as concentrations in the lipidgependence ok, for CoQ, was very small.
phase, all th&i, values for the isoprenoid homologs were  The Arrhenius plot of the ratitca/Km for CoQi, which
similar, especially when the concentrations in the lipid phase approaches thé,n, the bimolecular constant of enzyme
the membrane, obtained from fluorescence quenching, andactivation energy of 83 kJ mof; this value increased to 119
not from the theoretical cyclohexane/water partition coef- k3 mot whenE, was calculated for Coxoncentration in
ficients (cf. Table 1); the former, in fact, takes into account the lipid phase (Figure 3). The correspondigfor CoQ
the effective membrane concentrations, lower than expectedyiffusion, obtained from Arrhenius plots of the bimolecular
from theory, due to pal’tia| micellization of the hydI’OphObiC collision constants of Cogn the membrane’ exp|0ited by

1N
o
T

o0—6—6 9o
E, = 18 kJ/mol

e

E, = 119 kJ/mol

O In kg @ In ko0
-
1S)
T

5 b

quinones in water. fluorescence quenching by the quinone of the membrane
TheKn value for CoQ, calculated in the lipid phase, was  probe pyrene, was 18 kJ mél

exceptionally low, whereas th&y values for the alkyl Effect of Endogenous Ubiquinan&Ve have examined the

analogs, PB and DB, were 1 order of magnitude higher than rates of electron transfer to different quinones in lyophilized,

those of the isoprenoid homologs. pentane-extracted mitochondria and in mitochondria recon-

Accordingly, theknin (KeafKm) for CoQy, when expressed  stituted with CoQq after pentane extraction. The extent of
as lipid concentration, was 1 order of magnitude highet ( extraction was such that the residual GeGontents ranged
x 10* M~! s71) than for all other quinones tested, if we from less than 10 to 40 pmol/mg of protein and were at times
exclude CoQ whoseknin was 1 order of magnitude higher, low enough to be undetectable.
due to its exceedingly low,,. Nevertheless, interpretation The enzyme activity was affected differently by CoQ
of the results with CoQis questionable, since they were removal, depending upon the nature of the quinone acceptor
obtained from the low rotenone-sensitive component of the used. While the rate of electron transfer was reduced
reaction rate (ca. 30%). maximally by CoQo removal when DQ was the acceptor
An Arrhenius plot of the enzyme activity was linear if (residual rate between 17 and 36% in four different prepara-
care was taken that the concentrations of both substrates weréons), smaller changes occurred when either CoQDB
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Table 5: Effect of CoQ Depletion and Reconstitution on the Kinetic Constants of NADdQ, and NADH-PB Reductase of Lyophilized
BHM?

CoQy PB
Vmax Vmax
particles (umol min~t mg?) Km (uM) («mol min~t mg™?) Km («M)

experimental set 1

lyophilized 0.35+ 0.23 28.2+ 14.0(4) 0.37+0.12 25.1+ 2.3(3)

extracted 0.52-0.19 90.4+ 15.2(3) 0.514+0.22 107.9+ 30.8(3)
experimental set 2

lyophilized (4) 0.19+ 0.05 24.6+ 7.23

extracted (4) 0.2 0.11 55.5+ 26.06

reconstituted (Cog) (5) 0.21+ 0.09 21.2+11.26

reconstituted (Co€) 0.22 26.9

reconstituted (Cog) 0.20 23.7

aNumbers in parentheses are the number of preparations.

was used (63 am_j 83%, respectively), indicating that reduc-tapje 6: Enzymatic Activities of SMP and Calculation of NADH
tion of DQ requires the presence of the CoQ pool and Oxidation from the Pool Equatién

confirming that it largely occurs through complex Ill (see
above).

Determination of the saturation kinetics of NADHC0Q
reductase in pentane-extracted and CoQ-reconstituted mito- NADH—CoO. 119  131(110%) 108 129 (119%)
chondria (Table 5) showed little effect of the endogenous hiquinoi2-g ~ 2.25 1.05
quinone onVmay, confirming that the endogenous CoQ pool NADH-0, 0.83  1.01(122%) 0.58  0.53 (91%)
is not required for electron transfer to the exogenous acceptor.™ Each experimental figure is the mean of three different determina-
The lyophilization procedure had some effect on the proper- tions.? Calculated according to the pool equatidghs = VoxVied (Vox
ties of the enzyme, since thg,.xwas significantly decreased  + Veed taking as unknown eithéfres (NADH—Co0Qy) or Vops (NADH-
with respect to intact mitochondrial membranes. On the 0,). Numbers in parentheses are percentages of calculated with respect
other hand, th&,, of the enzyme for either CoQor PB to experimental.
was significantly increased by CoQ extraction; reconstitution
with CoQ,o or other homologs restored the origini},
values.

Cytochrome ¢ and Oxygen as AcceptorSince the
maximal rate of CoQ reduction by NADH through complex
| in our SMP preparations was ca. 1200 nmol (corresponding
to 2400 electron equivalents) mih mg?, whereas the
maximal rate of ubiquinol oxidation by cytochrora¢hrough
complex Ill in the same preparation was ca. 3000 nmolnin
mg %, the rate of NADH-cytochromec reductase calculated
according to the pool equation (Kger & Klingenberg, 1973)
was expected to be slightly over 50% of that of NABH

preparation 1 preparation 2

experi- experi-
mental calculatéed  mental calculatet

concluded that the bulk of electrons reduces either GoQ
PB at the same rate as Cgand reduction occurs at or
near the physiological Co@site in complex | (cf. discussion
below). However, this optimal behavior was not shared by
other quinone acceptors, as is summarized below.

(a) CoQ was significantly reduced in a rotenone-insensi-
tive fashion, indicating that it accepts electrons at a site
upstream from the flow in the hydrophobic moiety of the
enzyme, therefore sharing in part the behavior of water
soluble reductants such as ferricyanide.

(b) Duroquinone (DQ) was largely reduced by the cyto-
? ) chrome b, complex, as shown by the high extent of
CoQ reductase (assuming the saigVeed ratio occurs at inhibition by antimycin and mucidin. This behavior, already

the I_evel .Of the e_ndogenous CQ’QDOQI)' The same shown for succinate oxidation (Von Jagow & Bohrer, 1975;
considerations applied for overall aerobic electron transfer Chen et al., 1986) and also for NADH oxidation (Zhu &

in the respiratory chain. L Beattie, 1988; Beattie et al., 1992), indicates that DQ has a
When we compared the activities of NADHCoQ re- low affinity for the CoQ sites in the dehydrogenases.
ductase and NADH oxidase in the same preparations, We .y The ‘saturated-chain analog DB is too hydrophobic to
observed that the integrated activity was very close to that |, kept monomeric in aqueous solution even at concentra-
expected from the application of the pool equation (Table tiong much belowKy,; for this reason, it could not be reduced
6), using ubiquinol oxidase &, indicating thatVieaWas \yith Jinear kinetics unless phospholipids were added to the
correctly evaluated by the NADHC0Q reductase assay. reaction medium [cf. Estornell et al. (1993)], indicating that
This once more confirmed that Ce@ a good substrate  icellar DB does not monomerize at rates comparable to
analog of the endogenous CaQ those of its reduction by complex | [cf. Fato et al. (1986)
for discussion].
DISCUSSION The phospholipid requirement was of particular inconve-
Suitability of Various Quinones as AcceptorEhe kinetic nience in the kinetic studies we intended to accomplish and
data generated in this study were largely obtained employingprevented the use of DB in our subsequent investigation. In
either CoQ or PB as the electron acceptor; in fact, these fact, phospholipid addition to the assay medium increased
compounds elicited rates comparable to those calculated forthe apparenK,, of complex | for the quinone analog as a
reduction of endogenous CeQusing the pool equation result of its partition in the lipids. Thi&, increase with
(Kréger & Klingenberg, 1973), and their reduction was phospholipid concentration is common to any hydrophobic
almost completely inhibited by rotenone and only marginally substrate and was previously used to calculate theKrue
affected by complex Ill center i inhibitors. It was therefore values of mitochondrial ubiquineicytochromec reductase
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for the ubiquinol substrates, expressed as substrate concemef CoQ, is not correctly positioned at the active site for
tration in the lipid phase (Fato et al., 1988); however, if optimal electron transfer.

phospholipids also changénax as is the case for NADH These observations suggest that exogenous quinones
CoQ reductase using DB as acceptor, the interpretation ofreplace the endogenous Ce@ one or both of its binding

the data becomes impossible. This drawback was notsites and participate in the electron transfer reactions inherent
encountered when the corresponding hydroquinone, DBH to the endogenous quinone; nevertheless, bound,(®Q
was used as an electron donor to the cytochrbopeomplex unable to elicit the same rates of electron transfer of either
(Degli Esposti & Lenaz, 1991); the water solubility of the physiological Cog or DB. Presence of a trans double
oxidized quinones is lower than that of the corresponding bond and/or of branching in a ten-carbon side chain at the
quinols (Battino et al., 1986; Rich, 1990), so that the problem 6-position of the benzoquinone ring is sufficient to dramati-
is much more relevant to complex | activity than to complex cally alter the mode of electron transfer in the complex.

[Il determinations. On the other hand, CoCand PB, which correspond to

(d) CoQ and other short-chain homologs (but not GhQ ~ C0Q: and DB, respectively, with respect to the five-carbon
besides sharing with DB their low water solubility, are also Side chain, are comparable in eliciting the highég (Table
complex | inhibitors (Lenaz et al., 1975; Landi et al., 1984), 4). indicating that the inhibitory action requires a chain with
making their use unsuitable for kinetic studies. at least two isoprenoid units. The previous finding that only

It is important to point out that the optimal behavior of ubiquinones ha"'?‘g SIx or more isoprenoid units are able_to
CoQ and PB in the assay of NADHCOQ reductase restore NADH oxidation in pentane-extracted mitochondria
verified in bovine heart mitochondrial membranes, is r’10t (Lenaz et al., 1968, 1971) also indicates that the inhibitory

shared by all biological systems investigated. For example,f‘ctlon gff}soprenquw%onei on complex | ranges between
in rat liver mitochondria or in platelet-derived mitochondrial ngan lv\?vysh%prenollb units. hedas of C |
membranes, CoQeduction has a strong rotenone-insensitive ectron Withdrawal by Quinones at thest of Complex

component (Lenaz et al., 1995) so that DB is a more suitable:::I . The resp;ratoryhch(;ilr;]c(;)ntams q“'”%r?e reduc’gon S|tes|
acceptor. Even in beef heart submitochondrial particles @0Wnstream from the dehydrogenases, discovered as early

- o 1970 in NADH oxidation (Ruzicka & Crane, 1970b); in
(Schatz & Racker, 1966) and in purified complex | from as i ; ) . ' o
bovine heart (Ragan, 1978), a relatively high rotenone- particular, Mitchell's Q-cycle (Mitchell, 1975) predicts a

insensitive rate with CoQwas found in the absence of added physiological red_uctio_n site for CoQ in complex Il at the
phospholipids, but it was significant only at high quinone so-called center i. It is therefore expected that exogenous

concentrations. In our study, the rotenone-insensitive ratequiqqnes are also able tp reC(_aive elecirons irom center i in
was not significant in beef heart mitochondrial membranes, 2ddition to the acceptor site(s) in complex I; moreover, center

. . 0 in the cytochromebc; complex is also a potential
A sstzgg/t_ocf?r?elno%ZSiCHsc;rmuglgrg; :‘pseg:f?(':ﬁgcgf CO(I gﬁgnrﬁ(lﬁggls interaction site by virtue of reversal of the enzyme reduction
iquinol [cf. B T 1 .
in NADH and succinate oxidation (Lenaz et al., 1968) by ubiquinol [cf. Berry and Trumpower (1985)]

d dth v CoO h | e h The location of quinone interaction sites in the respiratory
emonstrated that only CoQ homologs containing more than .1, .in js assessed by using specific inhibitors whose binding

five isoprenoid units are fully active in restoration of NADH localization is known (Zhu & Beattie, 1988). Thus, the
oxidase in Co@-depleted mitochondria from bovine heart, validity of the interpretations derived from inhibitor effects

Whl'let.a!l h:mc,J\IloAgDsHare _gcg_lve In succtlnate oxtld_ase;_tth|s on electron transfer pathways is dependent upon knowledge
selectivity for oxidation was not present in Mito- 5,4 specificity of the inhibitor binding site.

chondria fromSaccharomyces cenmae(Lenaz etal. 197_1)'. .. The reduction of water soluble quinones at center i and
Itwas sub.seq.uently founq_that sh.ort-cham homologs inhibit also at center o was suggested by a number of experiments
NADH oxidation c.omp(.au.tl.vely with Co@ (Lepaz et 'al., (Zhu & Beattie, 1988; Beattie et al., 1992) using antimycin
1975) and _tha_t th|s_ |nh|b|t|o_n is partly associated with the A and/or myxothiazol to block electron flow within complex
rotenone-binding site (Landi et al., 1984). Il pathways. The finding that myxothiazol is a significant
Results of the present study have revealed thatZZ@  nhibitor of complex | (Degli Esposti et al., 1993), confirmed
not DB, inhibits complex | activity, as shown by the in this study, reopens the interpretation of those results. The
competitive inhibition of Co@ reduction in the NADH- observation that mucidin (Rieske, 1980), which does not
CoQ assay and by the hyperbolic decrease of NADH sijgnificantly inhibit complex | (Degli Esposti et al., 1993),
oxidation rate (Figure 1D). Thi; for CoQe as an inhibitor  partly inhibits DQ reduction supports the involvement of
(Figure 1B) was identical to itKn as an acceptor substrate center 0. The combined use of antimycin A and mucidin
(Table 4). On the other hand, DB, which is not an inhibitor, represents the optimal means of obtaining the double kill,
has aKr, for complex | comparable with that of CeQTable  \whereby electrons are prevented from reaching complex I
4), suggesting that the binding affinities of the two quinones vja complex I, in studies where the electron donor is NADH
to the complex are almost identical. The inhibitory effect (Berry & Trumpower, 1985). The additive inhibition of
of CoQ, was not related to its hydrophobicity, since GoQ  quinone reduction by antimycin A alone and by antimycin
is actually less hydrophobic than DB (Table 1). Since A in combination with mucidin demonstrates that both
reduced CoQis as inhibitory as the oxidized form (Figure centers i and o behave as quinone reduction sites in complex
1C), and considering that CgQs an electron acceptor, .
though poor, from the complex, it is reasonable to suggest The preferential reduction of DQ by complex IIl with
that the inhibitor is the reduced form of this h0m0|og. respect to Comp|ex | [Or Comp|ex I, cf. Von Jagow and
The effect of a chemical difference between a diprenyl Bohrer (1975) and Chen et al. (1986)] is not due to
and a decyl side chain in the 6-position of the benzoquinone thermodynamic reasons, as the midpoint potential of the DQ/
on Vmax but not onKy, suggests that the isoprenoid chain DQH, couple is slightly lower than that of ubiquinone/
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ubiquinol (Boveris et al., 1972); thus, it must reflect a  The parametek../Kmn, the minimum second-order rate
different steric requirement of the two sites. constant of the reaction of an enzyme with a substrate,
The involvement of complex IIl in quinone reduction may reflects the rate constants of all processes up to, and
depend on the extent to which the exogenous quinoneiﬂC'Uding, the first irreversible step of the reaction (Hardy
competes with endogenous CeQor the reduction site in & Kirsch, 1984). It is expected, in the case of a diffusion-
the dehydrogenase. If the exogenous quinone competegontrolled enzymatic reaction, that substrate analogs yielding
strongly with CoQy, then it would be preferentially reduced lower turnovers and lower association rate constants must
by the dehydrogenase; otherwise, the electrons would beresult in less strongly diffusion-limited rates (Brouwer &
transferred to complex |1l by the endogenous pool and find Kirsch, 1982; Bazelyansky et al., 1986).
additional reduction sites for the exogenous acceptor. DQ The present study has shown that khgof NADH—CoQ
is a poor acceptor for complex I, and endogenous oQ reductase is maximal using Ce(@r PB) and is approached
would compete such that 50% of the electrons would still by that of DB under its optimal conditions of use; however,
reach complex Il through the pool. Our interpretation is the Ky, is 1 order of magnitude lower for DB, makirighin
that reduced CoQ is oxidized by center o through the (k.a/Km) 1 order of magnitude higher (ca. &M~ st for
physiological pathway in the absence of mucidin and directly DB vs 10 M~ s7* for CoQ;). This finding could lead to
by center i in the presence of mucidin, enabling center i to the conclusion that DB is the preferred substrate. However,
act as a transhydrogenase between reduced;{Laqd if we calculate the kinetic constants taking into consideration
oxidized DQ [cf. Weiss (1987)]. the quinone concentration in the lipid phase, which is a
Kinetics of NADH-CoQ Reductase In agreement with  function of the partition coefficient between water and lipids
the previous study of Dooijewaard and Slater (1976), who (Fato et al., 1988), CoQs shown to be a better substrate
used ferricyanide and DCIP as acceptors, the NAT}6Q than DB, with akmin Of up t0 5.5x 10* M~*s%, calculated
reductase reaction catalyzed by Comp|ex | using CoQ for quinone dissolved in the IIpId phase. The latter observa-
homologs as acceptors follows a ping-pong kinetic mecha- tion is valid also for PB, since this analog has bthand
nism, Whereby the enzyme is first reduced by agueous VmaxON the order of those for CQ@Ut is considerably more
NADH with release of NAD and then reoxidized by hydrophobic than CoQ)(Table 1). Thus, the apparekin

ubiquinone with release of ubiquinol in the lipid phase (cf. values are quite high when calculated using the quinone
Scheme 1). concentration in the assay medium and approach values

The overall turnover number of the enzyme (two electrons Su99esting a diffusion-limited regime; they are, however,
from NADH to CoQ), calculated on the basis of complex | considerably lower Wh_en calculated as true constants using
content, was comparable with that of 500 salculated for ~ Membrane concentrations.

DCIP reduction (Dooijewaard & Slater, 1976). When The corresponding collisional frequency of quinone with
calculated for one-electron transfer, it was also C|OSE|y Complex | can be calculated using the Smoluchowski relation
comparable to that of complex Ill, which was about 700 s~ (Smoluchowski, 1917)

under optimal conditions for one-electron transfer from

ubiquinol to ferricytochromec (Degli Esposti & Lenaz, keon = 47RDN'1000
1991), but usually lower (average 370)sin mitochondrial
membranes (Fato et al., 1993). whereR s the encounter distance of the two molecules, taken

Since complex | content in bovine heart mitochondria is as the sum of the radii of the two interacting molecules or
much less than that of complex Ill (Capaldi, 1982; Fato et Sites,D is the sum of the diffusion coefficients in éra™,
al., 1993; Degli Esposti et al., 1994; this study), the specific andN is Avogadro’s number.
activities are such that complex | is usually only slightly ~ Assuming an encounter radius of 8 A (Fato et al., 1986,
rate-limiting [cf. Gutman (1985)]. This is reflected by the 1993) and a diffusion coefficient of 4 10~7 cn? s for
pool equation (Kfger & Klingenberg, 1973), showing that CoQ, in the membrane (Fato et al., 1993) and assuming
the overall rate of electron transfer is approximately half the complex | to be immobile compared with the diffusion time
rate of either ubiquinol oxidation or ubiquinone reduction of ubiquinone (Gupte et al., 1984), thg), calculated from
(Table 6). The close correspondence between the experithe Smoluchowski relation, is 2.5 10° M~ s™%,
mental rate of ubiquinone reduction and that calculated from  The collisional frequency of ubiquinone with complex |
the pool equation indicates that, in bovine heart SMP, the jn the membrane is therefore 4 orders of magnitude greater
complex | assay is highly reliable if CaQs employed as  than the minimum bimolecular association rate constant,
acceptor [cf. Estornell et al. (1993)]. making it rather unlikely that the reaction is diffusion-

This is not necessarily true for other types of mitochondria, controlled. This conclusion is further supported by the very
where all acceptors employed, including Go&licit complex high activation energy okmi, for CoQ, (119 kJ mot?,
| activities much lower than those predicted by the pool compared with 18 kJ mot for diffusion expressed as the
equation and, in addition, may have a high degree of collisional frequency of quinone measured by quenching of
rotenone-insensitive activity (Lenaz et al., 1995). pyrene; cf. Figure 3).

Absence of Diffusion ControlThe possible presence of The steep temperature dependencigfresults from the
a diffusion-limited step in the bimolecular reaction of CoQ very low temperature coefficient of the tri&, for CoQ;;
with the enzymein situ is amenable to experimental the constancy of thK,, for quinone, within the temperature
investigation using CoQas acceptor, since the mode of range considered, results in an activation energkdevery
interaction of this quinone and its reduction turnover are similar to that for kmi,. The high activation energy of
comparable with those of the physiological GeQsee complex | activity agrees with previous studies (Heron et
above). al., 1979; Poore & Ragan, 1982) and suggests that a chemical
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step having a high activation energy is rate-limiting in the for CoQ,oin NADH —cytochromec reductase, i.e. 5 mM in
enzyme mechanism. the lipids, and &, for CoQ, of 10 mM in the lipid phase
This conclusion reached using exogenous Coén be (this study) and using the actual membrane concentrations
extended to endogenous CgQsince the rate of CoQ of the two quinones calculated under standard assay condi-
reduction is equal to that rate of reduction of the endogenoustions (50 mM CoQ and 5 mM CoQu), we calculate that
CoQ pool (this study) and the diffusion coefficient of CgQ  over 70% of the electrons are channeled to reduce exogenous
is almost the same as that of Co(Fato et al.,, 1986). CoQ. The slight competition of CoQQwith respect to CoQ
Assuming aK, for CoQ, of NADH—CoQ reductase of 5  however, is overwhelmed by the change of nature of the
mM in the lipid phase (Estornell et al., 1992; cf. also footnote binding site when CoQ is present, so that thi€, for the
in Table 4), theknin with CoQyp of NADH—CoQ reductase  exogenous acceptor is actually decreased.
would still be less than POM~1 s71,
It is therefore concluded that NADHCoQ reductase is ACKNOWLEDGMENT

not subjected to diffusion control; since the same conclusion e fluorescence-quenching studies were performed using
was previously reached for ubiquinatytochromec reduc- instrumentation available in the Centro Interdipartimentale

tase (Fato et al., 1993), it is strongly suggested, though noty; Ricerche Biotechnologiche (CIRB), Bologna. We are
proven, that the operation of the respiratory chain is not ”ndergrateful to Eisai Co., Tokyo, for the generous gift of

a regime of diffusion control, consistent with our previous coenzyme Q homologs. We are indebted to Dr. R. E. Beyer
interpretation (Lenaz, 1988) and contrary to the conclusions ¢ 4 University of Michigan and Beyer BioMedical

reached by Chazotte and Hackenbrock (1988). Consulting for his critical advice in the preparation of the
Effect of Endogenous Ubiquinondt has been demon- paper.
strated that exogenous Cp&rcepts electrons directly from

complex | in pentane-extracted mitochondria without the REFERENCES

involvement of the CoQ pool (Cabrini et al., 1981); the )
presence of tightly bound Cagin complex | (Degli Esposti ACklrggth Aé.’ 'l\"%gh”'re';é J-'lgogl"sl‘i‘gg;sg- R., & Kearney, E. B.
& Ghelli, 1994; Singer & Ramsay, 1994) means, however (1994)J. Biol. Chem 259 ‘i R
' ' 9 L Y, J ' Battino, M., Fahmy, T., & Lenaz, G. (1988)jochim Biophys Acta

that exogenous CoQ is likely to accept electrons from a site 851 377-384.
containing the tightly bound CoQ molecules. Battino, M., Bertoli, E., Formiggini, G., Sassi, S., Gorini, A, Villa,

Using a variety of quinones as acceptors, the rates of R.F., & Lenaz, G. (1991)). Bioenerg Biomembr 23, 345~
reduction by NADH were differentially affected by removal Bazelyansky, M., Robey, E.. & Kirsch, J. F. (198Bjpchemistry
of the CoQ pool. The rate of electron transfer was decreased™ 5c 15130
most significantly when using those acceptors whose reduc-geattie, D. S., Japa, S., Howton, M., & Zhu, Q. S. (1992%h.
tion is inhibited by center i inhibitors (vz. DQ), confirming Biochem Biophys 292, 499-505. _
the observation that endogenous Ge@J the pool efficiently Berry, E. A., & Trumpower, B. L. (1985) iiCoenzyme QLenaz,

i ; G., Ed.) pp 365390, Wiley, Chichester.
;:ompetes with them for electron withdrawal from complex Beyer, R.E. (1967Methods Enzymoll0, 519-522.

. . . Boveris, A., Oshino, R., Erecinska, M., & Chance, B. (1972)
No evidence has been found in this study that endogenous  Biochim Biophys Acta 245 1—-16.

CoQuois required for electron transfer to the exogenous CoQ Braun, B. S., Benbow, U., Lloyd-Williams, P., Bruce, J. M., &
acceptor, although the presence of residual amounts ofgCoQ _ Dutton, P. L. (1986Methods Enzymoll25 119-129.

in the enzyme might be responsible for such activity. Since, Bro“"ov7erv A. C., & Kirsch, J. F. (1982Biochemistry 211302~
howevgr,Vmax is routinely th_e same_in Iyophilized_mito- Cabrini,. L., Landi, L., Pasquali, P., & Lenaz, G. (1984jch.
chondria before CoQ extraction and in extracted mitochon-  gjochem Biophys 207, 13-19.

dria lacking any detectable CoQ (less than 10 pmol/mg of Capaldi, R. A. (1982Biochim Biophys Acta 694 291—306.
protein; therefore substoichiometric with complex 1), it is Cavazzoni, M., Svobodova, J., De Santis, A, Fato, R., & Lenaz,
most likely that exogenous CoQ molecules substitute for the _ G- (1993)Arch. Biochem Biophys 303 246-254.

. A~ . - . Chazotte, B., & Hackenbrock, C. R. (1988)Biol. Chem 263
endogenous Cofin the binding site(s) and interact with 1435914367,

additional exogenous molecules in place of the Gqi@ol. Chen, M., Liu, B. L., Gu, L. Q., & Zhu, Q. S. (198@iochim
This complex behavior is also in agreement with the strong  Biophys Acta 851 469-474.

reversible increase oKy, for exogenous quinones upon Chomyn, A, Cleeter, M. W. J., Ragan, C. |., Riley, M., Doolittle,
removal of endogenous Ca§ A simple interaction of the R. F., & Attardi, G. (1986)Science 234614-618.

; ; ; P, . Cleland, W. W. (1970Enzymes2nd ed., Vol. 2, pp +67.
exogenous quinone directly with a protein site would exhibit Cooper, J. M., Mann, V. M., & Schapira, A. H. V. (1992)Neurol

competitive inhibition by endogenous Cofr by CoQo Sci 113 91-98.
upon reconstitution; this pattern is actually exhibited by Cremona, T., & Kearney, E. B. (1964) Biol. Chem 239, 2328
succinate-CoQ, reductase where th&, for CoQ is 2334.

decreased by CoQ extraction (Lenaz et al., 1994). The Degli Esposti, M., & Lenaz, G. (1991jrch. Biochem Biophys
opposite behavior in the case of NADHC0Q reductase may 239 303-312.

be interpreted to mean that the quinone active site is dif‘ferentDelgi'GE_slpfg_t" M., & Ghell, A. (1994iochim Biophys Acta 1187

when the endogenous CefJs removed. This effect may  pegli Esposti, M., Ghelli, A., Crimi, M., Estornell, E., Fato, R., &

make it difficult to observe a possible competition. Lenaz, G. (1993Biochem Biophys Res Commun190, 1090~
The fact that CoQis poorly reduced at center i of thwe; 1096. _ _

complex is direct proof that endogenous Ge@ not an Degli Espostlz M., Ghelli, A., Ratta, M., Cortes, D., & Estornell,
. o ) . E. (1994)Biochem J. 310, 161-167.

efficient competitive acceptor at the concentrations at which Dooijewaard, G., & Slater, E. C. (197®iochim Biophys Acta

the exogenous quinone is added. Assumitkg,dor CoQio 440, 1-15. ’

of complex | approaching that found by Estornell et al. (1992) Estabrook, R. W. (1967Methods EnzymollO, 41—-47.



2716 Biochemistry, Vol. 35, No. 8, 1996

Estornell, E., Fato, R., Castelluccio, C., Cavazzoni, M., Parenti
Castelli, G., & Lenaz, G. (199 EBS Lett 311, 107—-109.

Estornell, E., Fato, R., Pallotti, F., & Lenaz, G. (1998BS Lett
332 127-131.

Fato, R., Battino, M., Degli Esposti, M., Parenti Castelli, G., &
Lenaz, G. (1986Biochemistry 253378-3390.

Fato, R., Castelluccio, C., Palmer, G., & Lenaz, G. (18i8chim
Biophys Acta 932 216—-222.

Fato, R., Cavazzoni, M., Castelluccio, C., Parenti Castelli, G.,
Palmer, G., & Lenaz, G. (1998iochem J. 290, 225-236.

Fearnley, I. M., & Walker, J. E. (1998iochim Biophys Acta
114Q 105-134.

Friedrich, T., Van Heek, P., Leif, H., Ohnishi, T., Forche, E., Kunze,
B., Jansen, R., Trowitzsch-Kienast, W., Hofle, G., Reichenbach,
H., & Weiss, H. (1994Eur. J. Biochem 219, 691—698.

Gluck, M. R., Kruger, M. J., Ramsay, R. R., Sablin, S. O., Singer,
T. P., & Nicklas, W. J. (1994). Biol. Chem 269, 3167-3174.

Gornall, A. G., Bardawill, C. J., & David, M. M. (1949J. Biol.
Chem 177, 752—-766.

Gupte, S. S., Wu, E. S., Hoechli, L., Hoechli, M., Jacobson, K.,
Sowers, A. E., & Hackenbrock, C. R. (198Rjoc. Natl. Acad
Sci U.SA. 81, 2606-2610.

Gutman, M. (1985) irCoenzyme @Lenaz, G., Ed.) pp 215234,
Wiley, Chichester.

Hackenbrock, C. R., Chazotte, B., & Gupte, S. S. (1986)
Bioenerg Biomembr 18, 331-368.

Hansen, M., & Smith, A. L. (1964Biochim Biophys Acta 81
214-222.

Hardy, L. W., & Kirsch, J. F. (1984Biochemistry 231275-1282.

Hatefi, Y. (1963) inThe Enzyme¢Boyer, P. D., Lardy, H., &
Myrback, K., Eds.) 2nd ed., pp 49%15, Academic Press, New
York.

Hatefi, Y., Haavik, A. G., & Griffiths, D. E. (1962). Biol. Chem
237, 1676-1680.

Heron, C., Gore, M. G., & Ragan, C. |. (197Bjochem J. 178
415-426.

Hill, M. W. (1974) Biochim Biophys Acta 356 117—-124.

Hollingworth, R. M., Ahammadsahib, K. I., Gadelhak, G., &
McLaughlin, J. L. (1994)Biochem Soc Trans 22, 230-233.

Kagawa, Y., & Racker, E. (1971) Biol. Chem 246, 5477-5487.

Kotlyar, A. B., & Gutman, M. (1992Biochim Biophys Acta 1140
169-174.

Kroger, A., & Klingenberg, M. (1973ur. J. Biochem 39, 313—
323.

Landi, L., Pasquali, P., Cabrini, L., Sechi, A. M., & Lenaz, G.
(1984)J. Bioenerg Biomembr 16, 153-166.

Lenaz, G. (1988). Membr. Biol. 104, 193-209.

Lenaz, G., & Parenti Castelli, G. (1985) 8tructure and Properties
of Cell MembranegBenga, G., Ed.) pp 93136, CRC Press,
Boca Raton, FL.

Lenaz, G., Daves, G. D., & Folkers, K. (1968)ych. Biochem
Biophys 123 539-550.

Lenaz, G., Castelli, A., Littarru, G. P., Bertoli, E., & Folkers, K.
(1971) Arch. Biochem Biophys 142, 407-416.

Lenaz, G., Pasquali, P., Bertoli, E., Parenti Castelli, G., & Folkers,
K. (1975) Arch. Biochem Biophys 169, 217—226.

Lenaz, G., Bovina, C., Castelluccio, C., Cavazzoni, M., Estornell,
E., Fato, R., Huertas, J. R., Merlo Pich, M., Pallotti, F., Parenti
Castelli, G., & Rauchova, H. (199#rotoplasma 18450—62.

Lenaz, G., Fato, R., Genova, M. L., Formiggini, G., Parenti Castelli,
G., & Bovina, C. (1995FEBS Lett 366 119-121.

Fato et al.

Leonard, K., Haiker, H., & Weiss, H. (1987) Mol. Biol. 194
277—-286.

Light, D. R., Walsh, C., & Merletta, M. A. (1980)\nal. Biochem
109 87—-93.

Marinetti, G. V. (1962)J. Lipid Res 2, 1—20.

Mitchell, P. (1975)FEBS Lett 56, 1—6.

Morgan Hughes, J. A., Schapira, A. H. V., Cooper, J. M., & Clark,
J. B. (1988)J. Bioenerg Biomembr 20, 365-382.

Norling, B., Glazek, E., Nelson, P. D., & Ernster, L. (197)r.
J. Biochem 47, 475-482.

Parker, W. D., Boyson, S. J., & Parks, J. K. (1989)n Neurol
26, 717-723.

Parker, W. D., Boyson, S. J., Luder, A. S., & Parks, J. K. (1990)
Neurology 40 1231-1233.

Poore, V., & Ragan, C. |. (1982) iRunction of Quinones in Energy
Consering SystemgqTrumpower, B. L., Ed.) pp 141151,
Academic Press, New York.

Ragan, C. I. (1976Biochim Biophys Acta 456 249-290.

Ragan, C. I. (1978Biochem J. 172, 539-547.

Ragan, C. I. (1987FCurr. Top Bioenerg 15, 1—36.

Rich, P. R. (1990) irHighlights in Ubiquinone Researdlienaz,
G., Barnabei, O., Rabbi, A., & Battino, M., Eds.) pp 13641,
Taylor & Francis, London.

Rich, P. R., & Harper, R. (19905EBS Lett 269 139-144.

Rieske, J. S. (196 ethods Enzymoll0, 239—-245.

Rieske, J. S. (1980pharmacol Ther. 11, 415-450.

Ringler, R. L., Minakami, S., & Singer, T. P. (1962)Biol. Chem
238 352-358.

Ruzicka, F. J., & Crane, F. L. (1970B)ochim Biophys Acta 223
71-85.

Ruzicka, F. J., & Crane, F. L. (1970lBiochem Biophys Res
Commun 38, 249-254.

Schatz, G., & Racker, E. (1968) Biol. Chem 241, 1429-1438.

Shimomura, Y., Kawada, T., & Suzuki, M. (1988)ch. Biochem
Biophys 270, 573-577.

Singer, T. P. (1974Methods BiochemAnal. 22, 123-175.

Singer, T. P. (1979Methods Enzymob5, 454-468.

Singer, T. P., & Ramsay, R. R. (199jochim Biophys Acta 1187
198-202.

Smith, A. L. (1967)Methods Enzymoll0, 81—86.

Smith, S., Cottingham, I. R., & Ragan, C. |. (198BEBS Lett
110, 279-282.

Smoluchowski, V. M. (1917f. Phys Chem 92, 129-168.

Suzuki, H., & King, T. (1983)J. Biol. Chem 258 352—358.

Suzuki, H., & Ozawa, T. (198@iochem Biophys Res Commun
138 1237-1242.

Szarkowska, L. (1966Arch. Biochem Biophys 113 519-525.

Tan, A. K., Ramsay, R. R., Singer, T. P., & Miyoshi, H. (1993)
Biol. Chem 268 19328-19333.

Vanneste, V. H. (1966Biochim Biophys Acta 113 175-178.

Von Jagow, G., & Bohrer, C. (1978iochim Biophys Acta 387
409-424.

Walker, J. E. (1992]. Rev. Biophys 25, 253—-324.

Weiss, H. (1987 Curr. Top. Bioenerg 15, 67—90.

Weiss, H., Friedrich, T., Hofhaus, G., & Preis, D. (19®Ur. J.
Biochem 197, 563-576.

Yagi, K. (1971)Methods Enzymoll8B, 290-296.

Yagi, T. (1990)Arch. Biochem Biophys 281, 305-311.

Zhu, Q. S., & Beattie, D. S. (1988) Biol. Chem 263 193—-199.

BI19516034



