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Electron  transfer  activities  and  steady  state  reduc- 
tion  levels of Fe-S centers of NADH-Q oxidoreductase 
were  measured  in  mitochondria,  submitochondrial 
particles  (ETPH),  and complex I after treatment  with 
various  reagents. p-Chloromercuribenzenesulfonate 
destroyed  the  signal  from  center N-4 (gx = 1.88) in 
ETPH  but  not  in  mitochondria,  showing  that  N-4 is 
accessible  only from  the  matrix  side of the  inner mem- 
brane. N-Bromosuccinimide  also  destroyed the  signal 
from  N-4  but  without  inhibiting  rotenone-sensitive 
electron  transfer  to  quinone,  suggesting a branched 
pathway  for  electron  transfer.  Diethylpyrocarbonate 
caused  oxidation of N-3 and  N-4  in  the  steady state 
without  changing  N-1,  suggesting  N-1 is before  N-3 
and N-4.  Difluorodinitrobenzene  and  dicyclohexylcar- 
bodiimide inhibited  oxidation of all Fe-S  centers  and 
tetranitromethane  inhibited  reduction of all  Fe-S cen- 
ters. 

Titrations of the rate of superoxide (0;) generation 
in  rotenone-treated  submitochondrial  particles  were 
similar  with  the  ratio [NADH]/[NAD] and  that of 3- 
acetyl  pyridine  adenine nucleotide in  spite of different 
midpoint  potentials of the  two couples. On reaction 
with  inhibitors  the  inhibition of 0; formation  was 
similar  to  that of ferricyanide  reductase  rather  than 
quinone  reductase.  The rate of 0; formation  during 
ATP-driven  reverse  electron  transfer  was 16% of the 
rate observed  with NADH. The  presence of  NAD in- 
creased  the  rate  to 83%. The  results suggest that bound, 
reduced  nucleotide,  probably E-NAD’, is the main 
source of 0; in NADH dehydrogenase. 

The  effect of ATP  on  the  reduction  levels of Fe-S 
centers  in well-coupled ETPH was  measured  by  equi- 
librating  with  either NADH/NAD or succinate/fumar- 
ate redox couples. With NADH/NAD none of the Fe-S 
centers showed ATP induced  changes, but  with succi- 
nate/fumarate  all  centers showed ATP-driven  reduc- 
tion  with or without NAD present.  The  effect  on N-2 
was  smaller  than  that  on N-1, N-3, and N-4. These 
observations  indicate that  the major  coupling interac- 
tion is between N-2 and  the low  potential  centers, N- 
1, N-3, and N-4. Possible  schemes of coupling in  this 
segment are discussed. 

NADH-Q oxidoreductase of the mitochondrial respiratory 
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chain  contains FMN and four or five Fe-S  centers (for reviews 
see l d ) ,  but  the  path of electron transfer  through  these 
components and  the site and mechanism of energy coupling 
are  not well characterized. Potentiometric  titrations combined 
with EPR (electron paramagnetic resonance) at low temper- 
atures have revealed a major potential gap of about 300 mV 
between the Fe-S  center N-2 (Em,7 - -30 mV) and  the other 
Fe-S  centers N-1, N-3, and N-4 (E,J - -360 to -260  mV) 
(2,6). FMN  has  not been characterized due to spectral overlap 
of Fe-S chromophores. A variety of electron acceptors other 
than ubiquinone have been used. Electron transfer to ubiqui- 
none analogs such as Q:, duroquinone, and DB’ quinone are 
rotenone sensitive whereas electron transfer to ferricyanide, 
juglone (5-hydroxy-1,4-naphthoquinone), 2,6-dichloropheno- 
lindophenol, etc. are rotenone insensitive, showing different 
sites of electron donation from the complex. Rapid mixing 
and freezing techniques failed to resolve the electron transfer 
pathway from  NADH due to fast intramolecular electron 
transfer  (7, 8). Studies with sulfhydryl (for review, see 9)  and 
other (10) reagents have shown several inhibition  sites  char- 
acterized by selective inhibition with different acceptors. The 
topographical organization of the constituent polypeptides 
was studied by labeling with hydrophilic and hydrophobic 
reagents (1, 11) and chemical cross-linking (12,13). Also, the 
enzyme has been resolved into smaller fragments (14, 15). 
However such studies have been hampered by the lack of 
assignment of the fragments with the Fe-S  centers which 
showed drastic changes in their  EPR spectra on resolution 
(14, 15). Despite the complexity of this enzyme, the amino 
acid sequences of several subunits of complex I are now known 
from the mammalian mitochondrial genome (16). 

NADH-Q oxidoreductase translocates H’ coupled to  the 
reduction of ubiquinone by NADH (17, 18). The effect of 
ATP energization on the  apparent midpoint potentials of the 
Fe-S  centers  has been studied in order to evaluate their 
participation in energy coupling (2, 6, 19, 20).  However, the 
results of these studies are  quite contradictory. The stoichi- 
ometry at this  site is at least 3-5 H’/2e- (21-25). This  cannot 
be explained by the classical loop mechanism (17)  and more 
complex schemes (26) must be considered. 

In  this work, we have used inhibitors  and chemical modi- 
fications on complex I,  ETPH,  and  intact mitochondria using 
a variety of reagents. We have measured the electron transfer 
rates to acceptors such as DB, ferricyanide, and 0 2  and 
reduction levels of Fe-S  centers  either  during  steady-state 

The abbreviations used are: DB, 2,3-methoxy-5-methyl-6-decyl- 
l,4-benzoquinone; Q,  coenzyme Qlo; ETPH, phosphorylating electron 
transport particles prepared from bovine heart mitochondria; 
PCMBS, p-chloromercuribenzenesulfonic acid MOPS, S-(N-mor- 
pho1ino)propanesulfonic acid MES, 2-(N-morpholino)ethane- 
sulfonic acid; NBS, n-bromosuccinimide; APADH, 3-acetyl pyridine 
adenine dinucleotide, reduced form. 

17566 



NADH-Q-Oxidoreductase 17567 

(uncoupled) electron flow or in the energy-coupled state. We 
have correlated these  results in terms of pathway of electron 
flow and mechanism of energy coupling. 

MATERIALS AND METHODS 

Complex 1 (27) and  ETPH (28) were prepared as described, except 
that Mn2+ was replaced by M e .  Beef heart mitochondria (prepared 
on a small scale) (29) showed respiratory control ratios of 6 with 
pyruvate plus malate as substrates. Their NADH oxidase activity was 
about 10% of the activity of ETPH showing that about 90% of the 
mitochondria were intact. 

The reagents, except DCCD, used for chemical modification were 
obtained from Sigma. DCCD  was obtained from Schwarz Mann. 
Myxothiazol was a generous gift from Dr. W. Trowitzsch (Gesell- 
schaft  fur Biotechnologische Forschung, Braunschweig). The ubiqui- 
none analog, DB (30) was a gift from Dr. Bernard Trumpower 
(Dartmouth Medical School). Tinopal AN was  from  Dr. A.  M. Paton 
(University of Aberdeen). 

Chemical modifications were generally carried out by the addition 
of the reagent to a suspension of complex I, ETPH, or mitochondria 
(final protein concentration 1 mg  m1-I) in 250 mM sucrose, 10 mM 
K-MOPS,  pH 7.5, and incubation at 25 "C for  30 min. In the case of 
PCMBS, the pH of the medium  was varied from pH  6 to 9 using 
MES,  MOPS,  or Tris buffers. For studies on the sidedness of center 
N-4, the reaction with PCMBS was carried out at 4 "C (and  pH 6.5) 
for 30 min in order to minimize the permeation of PCMBS  into 
mitochondria. In the case of complex I, the reaction medium also 
contained sonicated soybean lipid to a final concentration of  2.5  mg 
ml-I. The excess reagents were  removed  by pelleting the suspension 
at  100,000 X g and resuspending the pellet in 250 mM sucrose, 10 mM 
K-MOPS, pH 7.5, buffer to a final concentration of  20 to 40  mg  of 
protein ml-' concentrations, suitable for EPR measurements. 

Samples for EPR measurements were prepared as follows. For 
measurements of steady state reduction levels of the  Fe-S centers, 
the samples, treated as described in the previous paragraph, were 
treated with myxothiazol (except with complex I, final concentration 
20  pg  m1-I) and DB (2 mM) and  transferred into  EPR tubes at 25 "C. 
NADH was added to a final concentration of 2 mM, and  the sample 
was stirred for 2 to 4 s and  then quickly frozen in  a methylcyclohex- 
ane-isopentane (1:5) mixture cooled by liquid nitrogen. The oxidation 
of NADH (2 mM) in unmodified samples took about 15 s for comple- 
tion as observed in a  separate experiment. Myxothiazole and DB 
were dissolved in Me,SO. Complete reduction of the Fe-S  centers was 
achieved by reducing the sample by NADH and solid dithionite in 
the presence of 17 PM each of phenosafranine, methyl viologen, and 
benzyl viologen. Preparation of EPR samples for studies of the effect 
of ATP on the  Fe-S centers  in ETPH is described in the legend to 
Table 11. 

EPR spectra were obtained using a Varian E-12 spectrometer 
operating at 9.2 GHz. Typical spectra  are shown in Fig. 1A. The 
temperature of the sample was controlled by an Oxford Instrument 
Co. continuous flow helium cryostat.  Quantitation of reduction levels 
of the  Fe-S centers was done as follows (2, 3). N-1 was estimated 
from the amplitude of the g 1.94 line at 45 "K. In ETPH samples 
without rotenone, the overlap from the signals of succinate dehydro- 
genase (S-1  and  S-2) was corrected by subtracting the amplitude of 
succinate-treated ETPH. Signals from S-1  and S-2 were not  present 
in the presence of DB. N-2 was estimated from the area under the g 
2.054 line at  16 K. Reduction of N-3 (g=y,z,  1.86,  1.93,2.04, Ohnishi's 
terminology (2))  and N-4 (g,,,*, 1.88,  1.93,2.10)  was quantitated by 
the areas covered by the troughs at  g 1.86 and g 1.88, respectively. N- 
4 was also determined from the area under the g, (2.10) line. The g, 
line (2.04) of N-3 could not be used for quantitation due to its overlap 
with other lines (3).  The relative concentration of center N-5 (g, 1.90 
and g, 2.07 (2)) was  very low and hence we did not measure this 
center  in our experiments. This center may not be a component of 
the enzyme since it is not seen in C. utilis (31) or  plant mitochondria 
(32). Ohnishi (2) suggested the existence of two types (N-la  and  N- 
lb) of N-1 centers with different midpoint potentials. It was also 
suggested that only N-lb can be reduced with NADH (6). However, 
these observations have been questioned (3). Since the relative con- 
tributions of the two forms cannot be reliably estimated we treat it 
as a single component in our experiments. 

The rates of electron transfer from NADH to DB, ferricyanide, 
and juglone (5-hydroxy-1,4-naphthoquinone) were assayed by follow- 
ing the oxidation of NADH fluorometrically. The samples, treated 
with myxothiazol to block electron transfer through the bc, complex, 

were suspended in 250 mM sucrose, 10 mM K-MOPS, pH 7.5, buffer 
to a final concentration of  0.1  mg  of protein ml" at 25 "C. After the 
addition of the acceptor, the reaction was initiated by the addition of 
NADH (final  concentration 8 p ~ ) .  The initial  rate of decrease of 
NADH fluorescence was taken  as  the rate of electron transfer to  the 
acceptor used. The concentrations of NADH (8 pM), DB (27 pM) ,  
and juglone (15 p ~ )  were higher than  the respective K,,, values. 
However the rates were dependent on the concentration of ferricya- 
nide (75 p ~ )  used ( K ,  for ferricyanide -3 mM), and hence any change 
brought about by chemical modification might not represent the 
change in Vmax. Electron transfer to DB was sensitive to rotenone 
(-99% inhibition) and caused proton translocation in ETPH,  showing 
that DB mimics the physiological electron acceptor ubiquinone (30). 

ATP-driven reverse electron transfer from succinate to NAD was 
monitored by observing the increase in NADH fluorescence. Meas- 
urements were made in  a  3 mm (inner diameter) EPR tube  under 
conditions idantical to those used for experiments detailed in  Table 
11.  An Eppendorf fluorometer was used in all the fluorescence meas- 
urements. Its optical configuration minimized light scattering due to 
high concentrations of ETPH (30 mg  m1-I). 

Superoxide formation was measured by the superoxide dismutase- 
sensitive reduction of acetylated cytochrome c (33) which  was pre- 
pared according to Takeshige and Minakami (34). The rates were 
linear with time, unlike the assay by adrenochrome formation which 
showed nonlinearity (36). Typically the assay medium contained 
ETPH (0.45 mg  of protein m1-I) in 250 mM sucrose, 50 mM Tris-C1, 
pH 7.5, buffer at 25 "C. The following additions were then made: 
rotenone (8 p ~ ) ,  myxothiazol (2 pM), KCN (0.5 mM), and acetylated 
cytochrome c (36 p ~ ) .  Superoxide generation was initiated by the 
addition of either reduced pyridine nucleotide or ATP. Absorbances 
at 550  nm or 550-540  nm  were recorded using a Cary 219  or an 
Aminco DW-2 spectrophotometer. In the case of superoxide genera- 
tion by ATP-driven reverse electron transfer from succinate, rotenone 
was omitted and  the medium also contained succinate (10  mM),  MgCL 
(8 mm) and bovine serum albumin (1 mg ml-I). After incubation for 
10 min, ATP (2 mm) was added and  the absorbance at  550-540  nm 
was  recorded. Myxothiazole prevented 0; formation by succinate in 
the absence of ATP (35). The presence of KCN was required to 
inhibit the oxidation of the reduced cytochrome c by the cytochrome 
c oxidase. Superoxide dismutase (0.1 mg  m1-I) used in our experiments 
was active enough in the presence of 0.5 mM KCN to dismutate the 
superoxide. This was also checked by the effect of superoxide dis- 
mutase on superoxide generated by xanthine and xanthine oxidase. 

RESULTS 

Inhibitors of Electron Transfer 
The Fe-S centers of NADH-Q oxidoreductase (both in 

complex I and ETPH) were  highly reduced (90% or more) 
under conditions of steady state electron flux from NADH to 
DB (Table I). This indicates that  the major rate  determining 
step is after all the Fe-S  centers,  and  any inhibition of electron 
transfer  after the Fe-S  centers would not  alter  the reduction 
levels. 

Reaction with PCMBS-Reaction of sulfhydryl reagents 
with both soluble NADH dehydrogenase and ETPH has been 
studied extensively (for a review  see  Ref. 9). Multiple sites of 
reaction of mercurials were inferred from different assays. 
Reaction at some of the sites  inhibited the oxidase activity 
more than  the ferricyanide reductase activity. One of the  SH 
groups was shown to be  involved in piericidin binding and 
another was shown to be protected by phosphate. Another 
SH group was called "the occult SH" since it was  accessible 
only after preconditioning the enzyme with NADH (37). 

Reaction of PCMBS at low concentrations (30 PM) with 
either ETPH or complex I resulted in loss of electron transfer 
preferentially to DB (Table I). The reduction levels of the Fe- 
S centers increased to about 100% suggesting that  the major 
site of inhibition was after all the Fe-S  centers. Higher con- 
centrations (150 PM) of PCMBS resulted in progressive loss 
of EPR signal from center N-4 (g, 1.88, g, 1.93, and g, 2.10) 
(Fig. 1B).  The progressive loss of N-4 signal saturated at 
about 150 pM of PCMBS. Further increase of PCMBS con- 
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TABLE I 

Inhibition of electron  transfer  rates and the effect on  reduction of Fe-S  centers  in NADH-Q oxidoreductase 
(complex I) by various reagents. 

Treatment with the reagents was  carried out at  pH 7.5,  25 "C for 30 min except in  the cases of PCMBS where 
the treatments were done at pH 6.5 for maximum reactivity (see text). For other details see "Materials and 
Methods." 

Rate of electron transfer  from 
NADH to acceptors. Percentage of 

the rates in the unmodified Percentage reduction of Fe-S centers' 

Reagents and conditions used 
enzyme" 

During electron flow from NADH 
DB Juglone  Ferricyanide to DB 

Reduced with dithionite 

N - l  N-2  N-3 N-4 N-1  N-2  N-3  N-4 

Without any treatment, pH 100 100 100 91 100 87  91 100 100 100 100 
7.5 

30 pM PCMBS 20  62 86 115 100 100 100  110 100 100 
200 p M  PCMBS 1 71  43 
200 p~ PCMBS + DTT added 38 112 111 109 100 111 102 107 98 113 

97 100 153 -0 101 95 161 

NADH (1 mM) pretreated + 2 11 9  7 <lo <lo -0 115 100 129 

N-Bromosuccinimide (80 p M )  80 146 92 86 84 
DEPC (1 mM) 6 22 11 74 93 52 41 105 110 105 

93 16 72  99  102 

NADH (1 mM) pretreated 60 62 61 21 84 74 73  90 96 70 
Dinitrodifluorobenzene (0.4 12 48 67 91 86 83 78 93 95 97 

Tetranitromethane (1 mM) 9 61 39  69 78 59 58 69 112 116 

p-Azidophenacylbromide (1.0 10 48 50 78 74 93 80 103 104 98 

a 100% rates of electron transfer were 0.18,  0.38, and 1.2 pmol NADH oxidized min" mg protein" at 25 "C with 
DB, juglone, and ferricyanide, respectively, as acceptors. V,.,values  were in the range of 0.5-0.7 and 150-250 pmol 
of NADH oxidized min"  mg  protein" with DB and ferricyanide, respectively, under conditions according to Ref. 
59. 

* 100% reduction levels are those when the samples were  reduced either by NADH alone or by NADH and 

. ._ 

later (2 mM) 

200 pM PCMBS 

mM) 

DCCD (0.5 mM) 21 61 66 97 102 98 90  99 101 102 

mM) 

100 
-0 
99 

0 

16 
109 
90 
94 

93 
97 
93 

dithionite in the presence of mediators. 

centration did not have any effect on the shape of the signal. 
Also, the signal intensity of the g 1.86 line of N-3 (gx 1.86, g, 
1.93, g, 2.04) increased on treatment with PCMBS. The loss 
of N-4 signal was not reversed by reduction with dithionite 
suggesting that N-4 itself, rather  than electron transfer to  N- 
4,  was affected by PCMBS. Further, the loss of N-4 was not 
prevented by either rotenone or phosphate (50 mM) which 
has been shown to protect one of the  SH groups (9). The 
increased intensity of N-3 is probably the result of relieving 
of spin-spin interaction between N-3  and N-4, suggesting that 
they  are close together (Fig. 5). An alternate suggestion that 
center N-4 might have been  modified such that  its signals 
shifted to the  N-3 position is not likely. This is because if the 
g, line of N-4 had moved to  the g, position of N-3, then  either 
the g 1.93 intensity should have remained unaltered or the g, 
line of N-4 should have been shifted in position, contrary to 
the observations (Fig. 1, 10K section). Mersalyl had an effect 
on activity and  N-4 similar to  that of PCMBS. N-Ethylmal- 
eimide had no effect either on the activity or  on N-4. The loss 
of N-4 signal by reaction with PCMBS was higher at lower 
pH of the reaction medium with half-maximum at pH 7.6 
(data  not shown). However, the inhibition of electron transfer 
was not significantly dependent on pH.  Treatment of 
PCMBS-treated complex I with DTT (2 mM for 10 min) 
restored electron transfer to DB partially  and  the  N-4 signal 
and  other electron transfer activities completely (Fig. lC, 
Table I). Similar reactivation of activity of mersalyl-treated 
NADH dehydrogenase by DTT was observed previously (38). 

Reaction of PCMBS with NADH-preconditioned complex 
I inhibited all electron transfer activities to similar extents 
(Table I)  (the occult SH site  (37)). Reduction levels of all the 
Fe-S  centers were  very  low with NADH as reductant as was 

previously reported for N-1 (g 1.94 signal) under these  con- 
ditions  (37).  Dithionite restored all the signals except N-4 
showing that  the site of inhibition is between NADH and all 
the Fe-S  centers.  Treatment with DTT did not reverse the 
effects caused by PCMBS under these conditions. 

Previous attempts to measure the location of Fe-S  centers 
in  the mitochondrial membrane by paramagnetic probes have 
not been  conclusive. Studies with Ni2+ (39) and Dy3+ (40) 
showed  no interaction, indicating i! the  latter case that N-2 
and  N-3  are buried at least 30 A within the membrane. 
PCMBS only slowly permeates biological membranes, how- 
ever (41), and yet can alter  center N-4 from the matrix side. 
To investigate the sidedness of PCMBS reaction with N-4, 
we compared the reaction of PCMBS with ETPH and well- 
coupled beef heart mitochondria (Fig. 2). The  data clearly 
show the accessibility of N-4 to PCMBS in ETPH  but  not  in 
mitochondria. Reaction with PCMBS at high concentrations 
(>ZOO PM) with ETPH resulted in partial loss of signals from 
N-2 and  N-1 also (Fig. 2). Under these conditions much less 
effect was noted in mitochondria suggesting that most of the 
Fe-S  centers  are accessible from the M-side. Reduction of 
PCMBS-treated ETPH and mitochondria with dithionite 
showed the absence of a g 1.94 signal from S-1  and S-2 in the 
case of ETPH only indicating the accessibility to PCMBS, of 
the  Fe-S centers (S-1  and S-2) of succinate dehydrogenase in 
ETPH, but  not in mitochondria. 

Our results have revealed the presence of at least three  sites 
of PCMBS reaction. One  lies after all the Fe-S  centers  and 
reaction at this  site inhibited electron flow to DB preferen- 
tially. Reaction at another  site was associated with the loss of 
N-4 signal. The  third site (occult SH group (37)) is on the 
substrate side of all the Fe-S centers. These  three  sites could 
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FIG. 1. EPR spectra of complex I during steady state  elec- 
tron flow from NADH to DB quinone. A,  untreated complex  I; 
B,  complex 1 treated with 150 IM PCMBS at pH 6.5; C, complex I 

FIG. 2. Effect of PCMBS on Fe-S centers (N-1 (0), N-2 (O), 
N-3 (El), and N-4 (A)) in intact mitochondria ( A )  and ETPH 
( B ) .  Mitochondria and  ETPH (1 mg  of protein ml-I)  were treated 
with PCMBS at 4 “C for 30 min in 250 mM sucrose, 10 mM K-MES, 
pH 6.5. The excess reagent was  removed by centrifugation and  the 
pellet suspended in 250 mM sucrose, 10 mM K-MOPS, pH 7.5, buffer 
to a  protein  concentration of  -30  mg  ml-’. The mitochondrial samples 
were then sonicated in a bath type sonicator for 2 min. The samples 
were then treated with myxothiazol (0.6 g. mg protein”) and DB (2 
mM) at 25 “C. NADH (2 mM) was added and samples were frozen, 
within -5 s. EPR measurement conditions were as in Fig. 1. 

correspond to  the  three types of SH groups assayed in partic- 
ulate  preparations of the enzyme (9). The presence of multiple 
sites of reaction of PCMBS does not  affect our conclusions, 
however. 

Reaction with N-Bromosuccinimide (NBS)-NBS, which 
oxidizes tryptophan residues (42) reacted with ETPH, complex 
I, and mitochondria resulting in the loss of N-4 signal as well 
as inhibition of electron transfer activities (Fig. lD, Table  I). 
During titration with NBS the loss of N-4 signal occurred 
before significant inhibition of electron transfer  rates (Fig. 
3). At 100 ~ L M  NBS, N-4 was -90% lost with only 40% 
inhibition of electron transfer to DB. The remaining activity 
was still rotenone sensitive. The N-4 signal was not restored 
even  when the sample was reduced by dithionite or when 
treated with DTT + dithionite. When the concentration of 
NBS was increased, electron transfer to DB  was preferentially 
inhibited (Fig. 3A) and  the other  Fe-S  centers were also 
affected. N-3 was less susceptible to NBS than  the other 
centers (Fig. 3B) .  

The observation that N-4 could  be irreversibly lost without 
significant inhibition of rotenone-sensitive electron transfer 
to DB suggests a nonlinear arrangement of Fe-S  centers (Fig. 
5A) .  Center N-4 could be in  a side pathway in equilibrium 
with the main pathway. The observed reduction of N-2 (Em,7.5 - -30 mV) during electron flow to DB when N-4 (Em,7.5 - 
-280 mV)  was >95% destroyed by NBS also supports  this 
possibility. Reaction of well-coupled ETPH with 80 p~ NBS 
(sufficient to cause a &fold decrease in the N-4 signal with 
only 20% inhibition of electron flow to DB) did not affect 
proton translocation coupled to electron transfer  to DB as 
observed in NADH pulse experiments (data  not shown). This 
suggests that modification of N-4 by NBS does not affect 
energy coupling also. It must be pointed out, however, that 

treated with 150 pM PCMB at pH 6.5 and  then with 2 mM DTT,  and 
D, complex I treated with 80 pM NBS. In B and D the prominent 
troughs low field to g 1.86 signal is from N-5 (2, 3). EPR conditions 
were as follows: modulation amplitude 6.3 gauss, microwave  power 2 
mW. Scan rates  and time constants were 250 gauss min” and 0.5 s 
for spectra with gain 1 or 5 X and 62.5 gauss min” and 2.0 s for 
spectra with gain  10 X. The temperatures and gains are specified. 
The protein concentration was 18 mg.ml-’. For other experimental 
details see “Materials  and Methods.” 
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[N-Eromosuccinimide]~ m M  

FIG. 3. A,  dependence of the  rate of electron transfer from NADH 
to  DB (0), ferricyanide (A), and juglone (0) on the concentration of 
N-bromosuccinimide in ETPH. Reaction with N-bromosuccinimide 
and measurement of electron transfer  rates were carried  out as 
described under “Materials  and Methods.” B, effect of N-bromosuc- 
cinimide treatment on the  Fe-S  centers (N-1 (O), N-2 (A), N-3 (01, 
and N-4 (0)) in  ETPH. After  reaction  with N-bromosuccinimide, 
ETPH samples were treated with myxothiazol and  DB  and reduced 
with NADH as described under “Materials  and Methods.” Quantita- 
tion of Fe-S centers from the  EPR  spectra is also detailed  in that 
section. 

the absence of N-4  signal  in  the  temperature  range (4-45 K) 
of our EPR measurements does not prove its  nonfunctionality 
as  an  electron  carrier.  It is possible that  N-4 was modified 
such  that  it became EPR  silent  but  still  behaved normally as 
an  electron  carrier.  The irreversible and specific loss of Fe-S 
signals by reaction  with  NBS (Fig. 3) could be useful in 
assigning  the  Fe-S  centers  to  the resolved fractions of complex 
I(14, 15). 

Reaction with DEPC-DEPC, a reagent for histidine  (43) 
strongly  inhibited  all  electron  transfer  activities  (Table  I) 
similar  to  earlier  observations (44). During  steady  state elec- 

tron flow to  DB,  there was less reduction of N-3  and  N-4  than 
of N-1  and  N-2 suggesting that  DEPC blocked the  electron 
transfer  from  N-1  to  N-3  and N-4. The higher reduction level 
of N-2 could be due to  its higher midpoint  potential (E,,7 - 
-30 mV). The  reduction levels of all  the  Fe-S  centers were 
restored  to  near 100% when the  sample was  reduced by NADH 
in  the  absence of DB  or by dithionite. 

These  results suggest the  presence of a histidine  residue(s) 
essential for electron  transfer  from  NADH  to  any of the 
acceptors used for electron flow from  N-1  to  N-3  and N-4. 
Also they place N-1 before N-3  and  N-4  in  the  electron 
transfer  pathway. 

Reaction with other Reagents-Reaction with tetranitro- 
methane, a tyrosine  reagent  (43),  resulted  in  preferential 
inhibition of electron  transfer  to  DB  (Table I). After  tetrani- 
tromethane  treatment,  N-3  and  N-4 were less  reduced than 
N-1  and  N-2  during  electron  transfer  to DB.  However,  reduc- 
tion  with  dithionite  restored  N-3  and  N-4  reduction levels to  
unmodified  values. These  results  support  the conclusion that 
N-1  is located before N-3  and  N-4  in  the  reaction sequence. 

The  cross-linking  agent, difluorodinitrobenzene, the  car- 
boxyl reagent dicyclohexylcarbodiimide (DCCD),  and  amino 
group  reagents p-azidophenacyl-bromide, fluorodinitroben- 
zene, and N-nitrophenylsulfenylchloride reacted  with  ETPH 
and complex I resulting  in  preferential  inhibition of electron 
flow to DB. Similar  inhibition by DCCD has  been observed 
by others (45, 46). The  reduction levels of the  Fe-S  centers 
were not  altered by these  reagents  (Table  I),  indicating  that 
the  rotenone-like  inhibition was due  to  reactions  at  sites  after 
all  the  Fe-S  centers. 

Phillips  and Kell (47) observed  growth inhibition of rote- 
none-insensitive Paracoccus  denitrificians  cells by Tinopal 
AN (1,1-bis(3,N-5-dimethylbenzoxaol-2-yl)-methine-p-tol- 
uene  sulfonate),  and suggested that  Tinopal  AN  might  bind 
at  a site  different  from  that of rotenone.  We observed that 
Tinopal  AN  inhibited  electron  transfer  preferentially  to  DB. 
At 22 pg/mg protein, we observed 86, 45, and  53%  inhibition 
of electron  transfer  to  DB, juglone, and ferricyanide  respec- 
tively. EPR measurements  indicated  that  Tinopal  AN  had  no 
effect on  the reduction level of Fe-S  centers  during  DB 
reduction. Thus,  there  are probably  multiple sites of inhibi- 
tion,  the major site being similar  to  rotenone. 

Local anesthetics like butacaine also inhibit  NADH-Q ox- 
idoreductase  (48). We  found  that  butacaine  inhibited  electron 
transfer  to  DB  preferentially,  without  altering  the  reduction 
of any of the  Fe-S  centers  indicating  that  butacaine  might 
bind  at a site  after  all  the  Fe-S  centers. 

Prolonged incubation with NADH was shown to  affect 
center  N-1  (7).  We  obtained  similar  results  (Table I). Treat- 
ment of complex I with 1 mM NADH a t  25 “C for 30 min 
resulted in  a pronounced decrease in  the  N-1 signal during 
electron flow to DB. The  reduction levels of other  Fe-S  centers 
were also  slightly lowered. Electron  transfer  activities  with 
all  the  acceptors were inhibited  to  similar  extents. However, 
N-1  and  other  Fe-S  centers showed  complete reduction  when 
reduced by dithionite  (Table  I)  indicating  that  the decrease 
in  the signals of N-1  and  other  centers was caused mainly by 
the blockage of electron  transfer from  NADH. Tyler  (49) 
suggested that superoxide generated  during  preconditioning 
with  NADH could be  the cause of inactivation of the enzyme. 

Effect of ATP Energization on  the Reduction Levels of Fe-S 
Centers 

Equilibration  with the  NADHINAD Couple-Addition of 
ATP  to well-coupled ETPH had  no effect on  the measured 
reduction levels of any of the  Fe-S  centers when equilibrated 
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with the NADH/NAD couple (Table 11). The ratio of NADH/ 
NAD  was varied from  100 to 0.01. Centers N-1, N-3, and  N- 
4 were titratable in this range and  their  apparent midpoint 
potentials  are given in  Table 11. N-2 = -30 mV) 
remained fully reduced in all the samples, as expected. 

The absence of any effect of the addition of ATP was 
observed even when the medium contained  either ammonium 
sulfate (10 mM) or sodium perchlorate (10 mM) (data  not 
shown). These  agents  are known to increase A+ and ApH, 
respectively, at  the cost of the other component. Complica- 
tions due to possible artifacts caused by competitive inhibition 
of NADH dehydrogenase by ATP (50) were  overcome by 
comparing the samples with ATP  in  the presence and absence 
of uncoupler (Table 11). Gutman et al. (20) reported reduction 
of N-1 by ATP in piericidin-treated ETPH using NADH/ 
NAD redox buffer. No change in the reduction levels of other 
low potential  centers was seen in their  data. On the other 
hand, Ingledew and Ohnishi (6) reported ATP-induced oxi- 
dation of N-4  but  not  other  centers, in pigeon heart submi- 
tochondrial particles under similar conditions. Why our re- 
sults  (Table 11) are different from these, is not clear. Gutman 
et al. (19) showed ATP-induced oxidation of N-2 in piericidin- 
treated ETPH.  However, their experimental system was not 
well defined in  terms of the potential clamped by the NADH/ 
NAD couple. In  their method, added NADH  was  allowed to 
oxidize completely through the piericidin block. N-2 remained 
reduced under these conditions and addition of ATP caused 
oxidation of N-2. In  all measurements of ATP-driven reverse 
electron transfer to NAD, there is probably some rapid ree- 
quilibration of electrons due to decay of A+ during freezing of 
the sample for EPR measurements (see “Discussion”). 

Equilibration with the Succinate/Fumarate Couple-ATP 
can cause reverse flow  of electrons from succinate to NADH 
(51). This reaction has been useful as  a method for estimating 
the coupling ratios for this  site (21, 22, 24). It is interesting 
to ask whether ATP can cause reduction of the low potential 
Fe-S  centers in ETPH equilibrated with the succinate/fuma- 
rate couple  in the absence of NAD. Table I1 shows that ATP 

can indeed cause uncoupler-sensitive reduction of N-1, N-3, 
and N-4 with succinate/fumarate buffer in the absence of 
NAD. The reduction of N-3  and N-4 was  more prominent 
than  that of N-1. The reduction level of N-2 increased only 
slightly in accordance with the results of Gutman  et al. (20). 
From a knowledge of the midpoint potentials of the Fe-S 
centers  (Table 11) and  ATP-induced reduction levels of the 
centers  (Table 11), we can  estimate the apparent  potentials 
(Eh) imposed at  the Fe-S  centers by ATP energization as 
about -230,  -270,  -260, and -50  mV at N-1, N-3, N-4,  and 
N-2, respectively, when the redox potential clamped by suc- 
cinate/fumarate was  -30  mV. 

ATP-driven reverse electron flow caused -60% reduction 
of  NAD in ETPH samples (see “Materials  and  Methods”). In 
the presence of NAD, we also observed a significant increase 
in ATP-driven reduction of the Fe-S  centers  (Table 11). Struc- 
tural changes caused by the binding of  NAD could  be one 
possible cause of this effect. Alternatively, the increased re- 
duction in the presence of NAD could result from a  “U-turn” 
or branching. The samples of ETPH had about 40% of non- 
coupled enzyme such as incorrectly oriented complexes or 
permeant vesicles. (The existence of a noncoupled enzyme 
population is indicated from the effect of polylysine on 
NADH-respiration. Polylysine inhibits cytochrome oxidase 
by binding at  the cytochrome c site (52) which is accessible 
in noncoupled vesicles  only. Polylysine inhibited both con- 
trolled and uncoupled respiration in our ETPH samples re- 
sulting in an increase of the respiratory control ratio from 2.5 
to 8.5. From the respiratory control ratio in the absence of 
polylysine we estimate that our samples had about 40% of 
noncoupled enzyme.) The NADH formed by the coupled 
enzyme  would  reduce the noncoupled enzyme resulting in 
higher reduction levels in the presence of  NAD. Correction 
for the noncoupled population leads to ATP-induced poten- 
tials felt at  the Fe-S  centers  as -254,  -295,  -285, and -60 
mV for N-1, N-3, N-4, and N-2, respectively, when the  poten- 
tial clamped by the succinate/fumarate couple  was -30  mV. 
The potential felt by NADH  was about -325  mV under these 

TABLE I1 
Effect of ATP energization  on  the  reduction levels of  Fe-S  centers  in  ETPH equilibrated with  either  NADHINAD 

buffer (forward reaction) or succinatelfumarate buffer (reverse reaction) 
For the forward reaction, 0.28 ml of ETPH (30 mg.ml”),  suspended  in 250 mM sucrose, 10 mM K-MOPS,  pH 

7.5 buffer  was treated  with 540 p M  rotenone for 30 min a t  0 “C.  The  sample was then  thermostated at 25 “C  and 
the following additions were made  (final  concentrations  indicated  in  parentheses); MgClz (12 mM), bovine serum 
albumin (1 mg.ml”),  creatine  phosphokinase (20 pg.rn1-I) and  NAD (0.01-8.0 mM). The sample was then 
transferred  into EPR tubes  and  NADH (0.08-4.0 mM), phosphocreatine (10 mM), and  (ATP 0.7 or 10.0 mM) were 
all  added a t  once. 20 s after  the  addition,  the  sample was  quickly  frozen in a 1:5 mixture of methyl-cyclohexane- 
iso-pentane cooled in liquid nitrogen. For the reverse electron  transfer,  rotenone was  replaced  by  myxothiazol (14 
pg.ml”)  and  KCN (6 mM). The samples were incubated  with  succinate (9 mM) for 10 min a t  25 “C  in  order  to 
activate  succinate dehydrogenase. Fumarate (0.9 mM) was then added. Other  additions were as before. In  samples 
with NAD,  NAD (0.25 mM) was added before  myxothiazol treatment.  Conditions for EPR measurements were as 
given under  “Materials  and  Methods”  and  in Fig. 1. The symbols -U and +U designate  samples  without  and  with 
uncoupler (70 p M  3,5-di-tert-butyl-4-hydroxybenzylidenemalanonitrile), respectively. 

Reduction level % 

Redox Equilibrated with NADH/NAD 
Equilibrated with succinate/fumarate 

Eh = -30 mV 
component Em.7.6a 

Eh = -333 mV EA = -280 mV 
-U +U -U +U 

-U +U -U +U +NAD +NAD 
mV 

NADHINAD -320 60 
63 70  32  29  10 -0 22 

0 

N-2 
-318 

100 -30 100 100 100 69 56  100  83 
-0 

86  -265 95 77 68 54  20  100  20 
79  -285 73 48 52 36 10 47  15 

N-1 

N-3 
N-4 

* values were obtained by tritration  with  either  NADH/NAD or succinatelfumarate couples. 
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conditions. These values, which are similar to  the uncorrected 
values given  above, indicate the presence of a major coupling 
interaction between N-2 and the low potential  centers and 
minor coupling effects between N-2  and the quinone-binding 
site  and between NADH and  the low potential centers. Gut- 
man et al. (20) claimed ATP induced reduction of N-1 with 
succinate/fumarate buffer. However, the presence of  NAD in 
their system does not allow one to distinguish whether the 
observed reduction was due to ATP-induced  potential  felt by 
N-1  in  the coupled enzyme or due to NADH reducing the 
noncoupled enzyme. Moreover, they did not measure the other 
low potential centers. 

Superoxide (0; Production in ETPH-The  redox character- 
istics of FMN in NADH-Q oxidoreductase are unknown due 
to spectral overlap of Fe-S  centers. An early study by Hinkle 
et al. (53) showed than  an autoxidizable component on the 
substrate side of the coupling site  in NADH-Q oxidoreductase 
generates H202. Later  studies (34, 35, 54, 55) on 0; (a 
precursor of H202) generation, however,  were not aimed at 
locating the site exactly. Flavoenzymes are known to generate 
0; (56). If FMN is the site of 0: generation then one could 
monitor the redox state of FMN from the  rate of 0; genera- 
tion. Our measurements were confined to rotenone-treated 
ETPH,  and hence the quinone site of 0; generation (54, 57, 
58) was excluded in our observations. 

Titrations with  NADHINAD Couple-In the presence of 
NADH, rotenone-treated ETPH generated 0.9 nmol of 0; 
min-' mg protein" at pH 7.6 as detected by 36 ~ L M  acetyl 
cytochrome c.  This  rate was dependent on the concentration 
of acetyl cytochrome c and reached a maximum of about 2 
nmol min"  mg  of protein at very  high concentrations of 
acetyl cytochrome c. NAD inhibited the NADH-dependent 
0, generation. This  inhibition is similar to  the inhibition of 
ferricyanide reductase activity of NADH-dehydrogenase by 
NAD (59). The  rate was dependent on the ratio [NADH]/ 
[NAD] rather  than on the concentration of NADH and NAD. 
The  data in Fig. 4 show that  the rate increased with increasing 
values of [NADH]/[NAD]. The  rate increased linearly with 
ETPH concentration. The  titration curves (Fig. 4, A-C) were 
very similar in  the  pH range 6.8-8.4 except for the increase 
in the absolute values of the rates with increasing pH (54). 
Half-maximal rates were observed around  a value of 0.5 for 
log [NADH]/[NAD] at all the  pH values shown in Fig. 4, A- 
C. If  we take  the curves in Fig. 4 (A-C) to represent titration 
of a redox component, then  its midpoint potential (E,) would 
be "320 mV at pH 6.8 with 30 mV/pH decrease in  its E,,,. 
(This  is because of the 30 mV/pH decrease in the E ,  of the 
NADH/NAD couple.) 

Titration  with  APADHIAPAD Couple-In order to check 
whether the rate of 0; generation depends on the Eh imposed 
or on the ratio of reduced nucleotide to  the oxidized form, we 
carried out  a  titration with the 3-acetyl pyridine adenine 
dinucleotide (APADH/APAD) couple  whose E,  is -248 mV 
(60). The results (Fig. 4 0 )  show that  the  rate of 0; generation 
depended on the ratio [APADH]/[APAD] in a  manner very 
similar to  that seen with the NADH/NAD couple  (Fig. 4, A- 
C) .  The half-maximal rate was  observed around  a value of 0.3 
for log [APADH]/[APAD]. The  titration of the Fe-S  centers 
by the APADH/APAD couple  showed the lower reducing 
power of the couple as expected. 71% of center N-4 was 
reduced at [NADH] = [NAD] = 2 mM whereas only  37%  was 
reduced at [APADH] = [APAD] = 2 mM. The  rate of 0; 
generation was about 30-40% of that observed with the 
NADH/NAD couple at all comparable ratios. This shows 
clearly that  the  rate is not  a function of the Eh imposed but 
is dependent on the  nature of the reductant  and the ratio of 
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ETPH on the ratio of [NADH]/[NAD] at pH 6.8 (A), 7.6 ( B ) ,  
FIG. 4. Dependence of the rate of superoxide generation by 

and 8.6 (C) and on the ratio of [APADH]/[APAD] at pH 7.5 
(D) .  [NADH] and [APADH] were  varied  from 30 to 100 PM and 
[NAD] and [APAD] were  varied  from 0 to 900  hi^. 50 mM MES 
buffer  was used for pH 6.8, and 50 mM Tris for pH 7.5-8.6. For other 
experimental conditions see "Materials and Methods." Note the 
difference in ordinate scales. 

reduced to oxidized nucleotide. A 3-&fold  lower rate was also 
observed with NADPH, supporting this conclusion (data  not 
shown). 

Effect of Inhibitors-To further characterize the site of 0; 
generation, we used inhibitors mentioned in a previous sec- 
tion. A comparison of the rate of 0; generation with other 
electron transfer activities after reaction with inhibitors  is 
shown in Table 111. The inhibition of 0; generation was  very 
similar to  the inhibition of electron transfer  to ferricyanide 
rather than  to DB quinone. Since the site of electron donation 
to ferricyanide is before the coupling site, the site of 0; 
generation also should be before the coupling site. The higher 
levels of inhibition observed in ferricyanide activity when 
compared to  the inhibition of 0: generation could be  due to 
about 1000-fold higher value of the former when compared to 
the 0; rate in uninhibited samples. The inhibition data 
supports the contention that 0; is generated by the interac- 
tion of NADH with NADH-CoQ oxidoreductase and  not  any 
other dehydrogenase present  as  a  contamination (also see 
below). 

0; Generation by Reverse Electron Transfer  from Succi- 
nate-The rate of 0; generation in  ETPH by ATP-driven 
reverse electron transfer from succinate was only about 16% 
of that observed with NADH as  reductant  (Table  IV). ATP 
did not  inhibit NADH-dependent 0; formation (Table IV). 
The presence of NAD during reverse electron transfer resulted 
in an increase in  the  rate of 0; generation to about 83% of 
that observed with NADH (Table IV). Concomitantly, 90- 
95% of  NAD  was reduced to NADH. This effect of  NAD was 
independent of its  concentration in the range 1 to 70 pM. 
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TABLE I11 
Inhibition of superoxide generation and electron  transfer  from 
NADH to different  acceptors by reaction of ETPH with  various 

reagents 
ETPH (1 mg  of protein m1-I) suspended in 250 mM sucrose, 10 mM 

K-MOPS, pH 7.5, buffer  was treated with the reagent for  30 min at 
25 "C. The  excess reagent was  removed  by centrifugation and the 
pellet suspended in  the same buffer. The rate  of  superoxide generation 
by NADH (100 p ~ )  was  measured as detailed under "Materials and 
Methods." 

Rate of electron 
transfer from 

Treatment NADH to Rate of 07 
with reagents acceptors" generation' 

DB Ferricyanide 
~~ 

% of unmodified unmdi$kd % of 

Rotenone 0 100  100 
N-Bromosuccinimide (0.3 9 72  84 

p-Chloromercuribenzene sul- 15 67  66 

NADH (1 mM) pretreated 50  54 63 
NADH (1 mM) pretreated + 2 4 26 

mM) 

fonate, 0.2 mM 

p-Chloromercuribenzene- 
sulfonate (0.2 mM) 

DEPC (mM) 6 22  26 
DCCD (1 mM) 17 73 57 
Tetranitromethane (1 mM) 10 35 48 
p-Azidophenocylbromide (1 24  55  48 

mM) 
a 100% rates of electron transfer were 0.19, and 1.03 pmol  of NADH 

oxidized min" mg  protein" at 25 "C with DB, and ferricyanide, 
respectively, as acceptors. 

* 100% rate of  O? generation was 0.90 nmol min"  mg  protein". 

TABLE IV 
Rates of generation of superoxide by ETPH during  forward and ATP- 

driven reverse  electron  transfer 
For details see "Materials and Methods." SF 6847, 3,5-di-tert- 

butyl-4-hydroxybenzylidenemalanonitrile 

Conditions used Rate of 0; 
generation" 

% 
ETPH + Rotenone + NADH 100 
ETPH + myxothiazol + succinate + ATP 16 
ETPH + myxothiazol + succinate + NAD (70 83 

ETPH + myxothiazol + SF 6847 + succinate + 0 
pM)  + ATP 

ATP 
ETPH + myxothiazol + SF 6847 + succinate + 98 

ATP + NADH 
Measured at 37 p~ of acetylated cytochrome c. 100% rate was 

0.90 nmol min-'  mg  protein". 

However, NAD did not have appreciable effect on the ATP- 
driven reduction of ferricyanide by succinate. The enhance- 
ment in the  rate was at best by a factor of 1.6 (at 50 pM 
ferricyanide and 2 mM NAD). Previous studies (36) on 0; 
production during reverse electron flow at this  site have not 
been carried out  in the absence of NAD. 

The 5-fold increase in the  rate of 0; production in  the 
presence of added NAD cannot be explained by the presence 
of noncoupled enzyme population which  would  be reduced by 
the NADH formed by the coupled  enzyme. Our ETPH prep- 
arations  had  about 40% of noncoupled enzyme, and hence 
NAD  would  be expected to increase the rate by less than 2- 
fold only. Also, the above-mentioned enhancement by  NAD 
would  be expected if some other NADH-induced 0;-gener- 
ating system is present  as  a  contamination. Lipoamide dehy- 

drogenase (diaphorase) which  is  very efficient in NADH- 
induced 0; production (20 nmol min"  mg protein") is an 
attractive possibility. However, assay of our ETPH sample 
showed less than 1% activity of lipoamide dehydrogenase 
when expressed in terms of activity/mg of protein. Hence the 
5-fold increase in the rate of 0; generation on addition of 
NAD most probably shows a requirement for bound pyridine 
nucleotide for 0; generation. 

Bound Nucleotide As the Site of 0; Generation-The exper- 
iments described in this section suggest that bound reduced 
pyridine nucleotide is the major source of 0; generation in 
rotenone-blocked NADH-Q oxidoreductase. This conclusion 
is arrived at by (i)  the similarity in the dependence of the rate 
of 0; generation on the ratios [NADH]/[NAD] and 
[APADH]/[APAD] (Fig. 4),  (ii) the 5-fold increase in the rate 
during reverse electron flow from succinate in the presence of 
NAD, and  (iii) different rates observed with NADH, NADPH, 
and APADH which  could  be due to different stabilities of 
bound nucleotide. If the flavin (FMN) radical were the site, 
then we would expect, during titrations with the NADH/NAD 
couple, a bell-shaped curve similar to  that observed at  the 
quinone site  (58). This was not observed, indicating that 
either bound NAD-radical or some  complex NAD-FMN rad- 
ical is the species  which reacts with 02. Formation of 0; by 
the oxidation of bound NAD' radical has been proposed in 
other dehydrogenases (61, 62). According to  this scheme, the 
rate would  be proportional to [E-NAD ' I .  It can be shown 
that  [E-NAD'] is proportional to [NADH]/([NADH] + n 
[NAD]) when [NADH], [NAD] >> [Eltot, [E],t being the 
total  concentration of the enzyme. n = KJK2,  where K ,  and 
K2 are dissociation constants associated with the binding of 
NADH and NAD, respectively. It was assumed that [E-NAD ' 
] C< [E-NADH]. The  data in Fig. 4 could  be fitted to  the 
following equation 

rate, [O:] generation = 
K [NADH] 

[NADH] + n[NAD] (1) 

with n in the range of unity. 

Free Radical Species in Complex I and ETPH 
NADH-reduced complex I and ETPH had  a narrow EPR 

resonance at g 2.00 indicating the presence of free radical(s). 
Addition of low levels (similar to  the concentration of enzyme) 
of NADH to complex I caused a free radical signal which 
decreased in amplitude at higher concentrations of NADH 
(data  not shown). This observation was similar to  that of 
Orme-Johnson  et al. (7). The g 2.00 signal was unchanged by 
rotenone, thereby eliminating Q' (63) as  the source of the 
signal. Direct correlation between the signal and  either the 
flavin radical or the E-NAD ' radical was not possible since 
the amplitude of the signal did not depend significantly on 
the NADH/NAD ratio. However, the signal may originate 
from a combination of these two radicals. Also, during steady 
state electron flow from NADH to DB, in well-coupled  ETPH, 
uncouplers caused a 35% decrease in the amplitude of the g 
2.00 signal. No change in the signals of Fe-S  centers were 
observed. 

DISCUSSION 

Several conclusions can be drawn from the  current studies, 
although the exact pathway of electrons from NADH to Q is 
still elusive. The reversible loss of center N-4 on treatment of 
ETPH with PCMBS did not occur when mitochondria were 
similarly treated, indicating that N-4 is located on the matrix 
side of the membrane. Further,  this experiment also showed 
that N-2 and  N-1  are also more accessible from the M-side. 
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The concomitant increase in the  N-3 signal when N-4 was 
destroyed by PCMBS suggests spin coupling between the two 
centers. Alternatively, the increase in  the amplitude of the N- 
3 signal could  be  due to relieving of interaction with some 
other paramagnet. Ohnishi and co-workers (2, 6) proposed 
spin-spin  interaction between N-3 and an FMN radical from 
an NADH/NAD titration of N-3  in pigeon heart  submito- 
chondrial particles. However, we did not observe such an 
interaction (anomalous dip around -350  mV in  the  titration 
curve) in our experiments (data  not shown). The loss of N-4 
signal without inhibition of electron transport which occurred 
with NBS treatment suggests that N-4 is on a side pathway 
of electron transfer which  may serve a buffering function. 
The inhibition by DEPC  and  tetranitromethane suggests that 
N-1 lies before N-3  and N-4 which is consistent with the 
lower E ,  of N-1. 

Recently, Bakker and Albracht (8) have suggested a  linear 
pathway of electron flow through Fe-S clusters from pre- 
steady state kinetics of reduction of ETPH by NADPH and 
reoxidation of the reduced enzyme (8). Their proposed ar- 
rangement of Fe-S  clusters is similar to  the sequence based 
on  their midpoint potentials  (Table 11). (We follow Ohnishi‘s 
terminology (2) which is the reverse of Albracht’s for N-3  and 
N-4.) However, this need not represent the actual sequence 
of electron flow, since their  results could also be explained as 
the outcome of a rapid potentiometric titration.  Further,  they 
proposed a dimeric model for some of the Fe-S clusters. 
Although our work is not aimed at answering this question, 
the monophasic decrease in N-4 signal intensity when reacted 
with NBS (Fig. 3B) suggests the presence of only one type of 
this cluster. 

Our current working hypothesis which incorporates the 
above findings is shown in Fig.  5A. A cleft on the M side 
allows  access of PCMB  and  NBS to Fe-S  center N4. This 
cleft is ,shown as  the site of interaction of NADH and 
Fe(CN);- which compete with each other, indicating a com- 

A. 

PCMBS 

C. lH?h 

FIG. 5. Schemes for proton transport at site 1 discussed in 
the text. A ,  locations of components in complex I consistent with B 
and C. B, flavin cycle, analogous to  the “b-cycle” proposed for site 2 
(65). C, single electron transfer from NADH. 

mon  access site  (64). A second cleft from the M side allows 
access of protons  and  PCMBS to  the site where  N2 reduces 
Q. A proton  channel is shown leading from the C side to  the 
flavin site. This  channel is necessary because the flavin is 
tightly bound. It is not permeated by PCMBS or ferricyanide. 

The rough picture of locations of components in Fig. 5A is 
compatible with many schemes of electron and  proton flow, 
but we favor those shown in Fig.  5, B  and C. Fig. 5B shows a 
scheme very similar to  the “b-cycle” at site 2 (65) but with 
flavin and  Fe-S  centers  in place of Q  and b cytochromes. It is 
best understood by considering two catalytic cycles. The first 
mole of NADH reduces FMN to  FMNHz which then  donates 
one electron to N-2 and  another to  the N-1, N-3, N-4 group 
of Fe-S  centers, releasing two protons on the C-side. Center 
N-2 then reduces Q absorbing one proton on the M side. The 
complex is now in  a different state from the  start because an 
electron is left in  the N-1, N-3, N-4 centers. The second 
molecule of NADH now reduces FMN  to  FMNHz  as before, 
but now FMNHz passes one electron to N-2 forming FMNT 
and releasing two protons to  the C side. N-2 reduces Q ,  
absorbing one proton from the M side. The  FMNT is now 
reduced with the electron from the group N-1, N-3,  and N-4 
forming FMNH2  and absorbing two protons from the M side. 
At this  point the system is in the same state  as  that formed 
by the initial reduction of FMN to FMNH2 by  NADH and 
the four protons  transported  are the result of two electrons 
passing through the system. This coupling ratio of 4H+/2e is 
indicated by several recent studies (21-25), although one 
group claims it is as high as  5  (25),  and  another that  it is 3 
(22). When the fact that  the  substrate  is NADH + H+ is  taken 
into account the stoichiometry/electron pair  is -5H’ inside 
mitochondria (M  side),  +4H+ outside mitochondria (C side), 
which we call 4H+/2e for simplicity. 

The scheme in Fig. 5B requires that  the half-reduced flavin 
be  fully  ionized. The pK,  of free FMN’H is -8.5 (66) so the 
binding site would have to lower this value by  local position 
change or  other means. Similarly, the fully reduced flavin, 
FMNHz,  must be  fully protonated. The pK,  of free FMNHz 
is 6.5 (66) which  would have to be raised by the binding site. 
The scheme has the advantage that  it uses FMN as a trans- 
former from the two-electron carrier NADH to one-electron 
carriers. It predicts several unusual properties of electron flow 
which have not been observed, such as limited reduction of 
centers  N-1,  N-3, N-4 when N-2 oxidation is blocked  by 
rotenone, but  the specificity of the reactions does not need to 
be complete, and the maximum rates of electron flow within 
the complex  have never been measured. We  have not included 
any Q-cycle type complexity in  the proposed reduction of Q 
by N-2 because the midpoint potential of N-2 (-30 mV) is 
close to  the potential of the Q pool, and  there  is no energy 
available for any additional proton  transport  functions at site 
1. The reduction of Q one electron at a  time would simply 
absorb protons from the M side to form QHz. 

Fig.  5C shows another scheme that could account for the 
transport of 4H+/2e, and involves bound half-reduced NAD 
(NAD ’) suggested by our studies of 0; formation. In  this 
scheme electrons from NADH are passed directly to  the low 
potential Fe-S group (N-1, N-3, and N-4) and then reduce 
FMNT  to  FMNHz, absorbing two protons from the M side/ 
electron and forming one H+/2e on the M side. The oxidation 
of FMNH2 by the center  N-2 releases 2H+/e on the C side 
and reduction of Q by  N2 absorbs 1H+/e. The overall result 
is the same as for  Fig.  5B. 

The formation of bound NAD’ shown by  Fig.  5C is con- 
sistent with the requirement of NAD/NADH for superoxide 
formation from reverse electron flow at site 1 (Table IV). It 
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is also possible, however, that  the flavin/NAD complex pro- 
posed in Fig. 5B could be the form reactive with 02. 

Both schemes B and C, involve free radicals (FMN'  and 
NAD'), which are seen by EPR measurement in  the steady 
state  and fully reduced state. However, we have not been able 
to correlate measured values with predictions from the 
schemes or identify the source of the measured signals. 

The effect of ATP on reduction levels of Fe-S  centers in 
coupled ETPH particles indicated a major coupling interaction 
between N-2 and  all  other  Fe-S  centers when electrons were 
donated by succinate. When electrons were donated from 
NADH  no effect of ATP was seen, which we attribute to the 
rapid re-equilibration of electrons  during freezing of samples 
for EPR.  The limitation of having to freeze samples for 
measurements restricts  interpretation,  and  it is likely, for 
example, that even with succinate as electron donor there is 
a re-equilibration of the negative Fe-S centers with each other 
during freezing. The  net reduction of the negative centers is 
preserved during freezing, however, because N-2, Q, and  cen- 
ters  in succinate dehydrogenase are all fully reduced by suc- 
cinate. Thus both schemes B and C (Fig. 5) are  consistent 
with the results of reverse electron transfer. 
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