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On the Functional Organization of the Respiratory Chain at the 
Dehydrogenase-Coenzyme Q Junction" 

M. Gutman,i C. J. Coles,$ Thomas P. Singer, and John E. Casida 

ABSTRACT: Coenzyme Qlo  (CoQlo) was reincorporated into 
CoQ1o-depleted membrane preparations from heart mito- 
chondria by two methods reported to achieve full restoration 
of reduced nicotinamide-adenine dinucleotide (NADH) oxi- 
dase activity. Reincorporation in aqueous medium or in an 
anhydrous one were compared on the basis of restoration of 
NADH and succinoxidase activities. effect on NADH de- 
hydrogenase activity, CoQlo content, and reactivity with 
piericidin A. While reversible removal of CoQlo from the 
succinoxidase system is readily achieved without obvious 
damage to the dehydrogenase in the reconstituted particles, 
NADH dehydrogenase is significantly modified even though 
there is extensive restoration of NADH oxidase activity. Con- 

T he functional organization of the NADH dehydro- 
genase - CoQlol juncture in the respiratory chain is poorly 
understood despite the obvious importance of this knowledge 
to the definition of many reaction mechanisms. This locus 
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trary to previous evidence, reincorporation of CoQlo to the 
level originally present does not result in full restoration of 
NADH oxidase activity. Comparison of NADH and succin- 
oxidase activities on titration of the depleted particles with 
increasing amounts of CoQlo further suggests a compartmen- 
tation of CoQlo at the flavoportein junction, a proposal sup- 
ported by the findings of Ernster and coworkers from experi- 
ments involving gradual depletion of the particles by serial 
pentane extractions. 

The observation that in reconstituted particles the in- 
hibition by piericidin A is competitive with respect to 
CoQio is discussed in relation to the mechanism of action of 
this inhibitor. 

appears to be the rate-limiting step in the NADH oxidase 
system because both NADH dehydrogenase activity ar d the 
turnover rate of the cytochromes exceed the overall NADH 
oxidase or NADH-CoQ reductase activities (Cremona and 
Kearney, 1964; Singer and Gutman, 1971). It is also a distri- 
bution point where COQIO molecules, in large molar excess, 
accept electrons from or donate electrons to a few but more 
rapidly reacting NADH dehydrogenase molecules, and it is 
the point at which reducing equivalents from a variety of sub- 
strates (Le., succinate, a-glycerophosphate, NAD-linked sub- 
strates) enter a common pathway (Klingenberg, 1968). Finally, 
this juncture is in the immediate vicinity of energy conserva- 
tion site I (Schatz and Racker, 1966; Gutman et al., 1970a) 
and of the inhibition sites of rotenone, piericidin A, and bar- 
biturates (Horgan et al., 1968a,b). 

There are many technical difficulties and few unambiguous 
techniques for studying the interaction of the flavoprotein 
with endogenous CoQlo. Kinetic studies have been hampered, 
until recently (Gutman and Singer, 1970), by the lack of an 
appropriate method for following the oxidation-reduction of 
NADH dehydrogenase without serious interference by other 
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components. The large size of the CoQlo pool relative to the 
NADH dehydrogenase content suggests a possible hetero- 
geneity in the quinone pool so that only a fraction reacts 
rapidly enough to be effectively in the main pathway of 
electron transport, while the remaining major portion, al- 
though not reacting, obscures the measurement and study of 
the critical reacting portion of interest. For these reasons, 
the role of CoQlo as an obligatory component of the NADH 
oxidase system and the sequence of reactions involving flavo- 
protein, CoQlo, and cytochrome b continue to be subjects of 
debate and multiple interpretations (Ernster et al., 1969b). 

The resolution of these questions was greatly aided by 
studies on the succinoxidase system demonstrating that ex- 
traction of CoQlo from membrane preparations with iso- 
octane or acetone halts succinoxidase activity and that addi- 
tion of CoQlo to depleted particles restores the activity (Lester 
and Fleischer, 1959; Crane, 1968). Application of similar 
techniques to the NADH oxidase system resulted in little or 
no restoration of activity because the dehydrogenase involved 
is extremely sensitive to organic solvents (Crane, 1968; Singer, 
1966). Two laboratories have reported recently on the use of 
lyophilized particles for the apparently reversible removal of 
CoQlo from NADH oxidase. Szarkowska (1966) removed 
CoQlo by pentane extraction of the lyophilized particles and 
achieved extensive restoration of activity by adding back a 
large excess of CoQlo, in alcoholic solution, to an aqueous 
suspension of the depleted particles. Ernster et al. (1969a,b) 
modified this technique by adding back the CoQlo in pentane 
solution to the lyophilized particles. The latter procedure was 
reported to achieve full restoration of NADH oxidase activity 
which is rotenone sensitive when the CoQlo level rebound to 
the particles equals that originally present. This finding was 
of great interest inasmuch as it appeared to provide a tech- 
nique for studies correlating the stoichiometry of CoQlo bind- 
ing with the restoration of enzyme activities, similar to our 
earlier work with piericidin and retenone (Horgan et al., 
1968a,b). 

The present study was undertaken to compare the two 
methods of reincorporation of CoQlo into depleted particles 
in regard to completeness of restoration of the original struc- 
ture and activities and to explore their suitability for chemical 
studies of the nature of CoQl0 binding in intact systems. It 
was found that neither technique yields restored NADH oxi- 
dase activity or stoichiometry of CoQlo to protein comparable 
to that of intact particles. This paper is a detailed account of 
the relevant studies and presents evidence from depletion- 
reincorporation experiments for a significant degree of func- 
tional compartmentation of CoQlo in the inner membrane. 

Experimental Procedure 

Materials. ESP particles were prepared by the method of 
Lee and Ernster (1967). CoQ1, CoQ6, and CoQlo were com- 
mercial preparations of over 98% purity. Peroxide was re- 
moved from phospholipid micelles as described by Machinist 
and Singer (1965). Other enzyme preparations, chemicals, and 
[ 4C]piericidin A were obtained as in previous work (Horgan 
et al., 1968a), with the exceptions noted below. 

Preparation of CoQio-Depleted Particles. Unless noted 
otherwise, the submitochondrial particles, usually ESP, at a 
protein concentration of 30-40 mg/ml in 0.25 M sucrose- 
25 mM phosphate, pH 7.4, were washed with 0.15 M KC1, 
diluted with the same solution to a concentration of 20 mg of 
protein per ml, shell frozen, and lyophilized overnight. In an 
attempt to minimize inactivation of NADH oxidase and 

NADH dehydrogenase during lyophilization, the ratio of 
0.15 M KC1 and 0.25 M sucrose in which the particles were 
washed before lyophilization was systematically varied in 
certain experiments detailed below at the suggestion of Dr.  L. 
Ernster. The dehydrated particles were extracted 5 times by 
homogenization and shaking at 0" with anhydrous n-pentane, 
with centrifugations in between, under the conditions speci- 
fied by Szarkowska (1966) and Ernster et al. (1969a,b). Pen- 
tane was removed by lyophilization in high vacuum and the 
extent to which endogenous CoQlo was removed was ascer- 
tained as in the studies of Ernster et al. (1969a,b). The extracted 
particles could be preserved without further loss of activity 
at - 70 " for several weeks. 

Reincorporation of CoQ into Particles. In the aqueous re- 
incorporation method of Szarkowska (1966) the depleted 
particles, suspended in 0.25 M sucrose-25 mM phosphate, pH 
7.4, were added to the assay mixture for the measurement of 
NADH oxidase activity, less CoQ and NADH. A small ali- 
quot of CoQlo was then added with vigorous stirring as a 1 to 
5 mM solution in ethanol to give the desired concentration, and 
the suspension was incubated for 3 min at 30". The assay was 
then started by the addition of NADH. 

In the pentane reincorporation method the procedure of 
Ernster et al. (1969a,b) was followed exactly, except that the 
concentration of CoQlo in the pentane solution was varied 
between 0 and 2 mM in order to permit the study of the amount 
incorporated at  various concentrations of added CoQlo. After 
the removal of "excess" CoQlo by a quick pentane wash and 
drying in high vacuum, both at 0", NADH oxidase activity 
was assayed with and without the addition of further CoQlo 
during assay (Szarkowaska's method, 1966) in order to permit 
differentiation between incomplete reincorporation and in- 
activation during exposure to pentane. 

Piericidin Titration. [ 14C]Piericidin A was added as an etha- 
nolic solution to the particles suspended in 0.25 M sucrose- 
25 mM phosphate, pH 7.4; the particles were incubated for 
30 min at 0" and then washed by centrifugation twice with 
2 (w/v) bovine serum albumin in sucrose-phosphate and 
once with sucrose-phosphate, as described earlier (Gutman 
et a[., 1970d). 

Assay Procedures. NADH dehydrogenase activities repre- 
sent V,,, values in the ferricyanide assay in triethanolamine 
buffer, pH 7.4, at 30". NADH oxidase activity were measured 
either spectrophotometrically or polarographically at 30" in 
80 mM phosphate-5 PM EDTA, pH 7.4, in the presence of 
1.5 X M NADH. Although in the studies of Ernster et al. 
(1969a,b) a much higher NADH concentration (0.93 mM) was 
used, the results are comparable because the activity in NADH 
oxidase assays, measured either polarographically or spectro- 
photometrically, does not vary between 0.1 5 and 1 mM NADH 
concentration. Succinoxidase activity was assayed polaro- 
graphically at 30" in the presence of 40 mM phosphate, pH 
7.4, and 70 mM succinate in 1.5-1.7 ml final volume. Prior to 
assay, the enzyme was activated (Kearney, 1957) by 7-min 
incubation at 30" with 2 mM malonate; the solution was then 
diluted to the final volume and suitable correction was made 
for the relatively small inhibition resulting from malonate 
remaining at the high succinate :malonate ratio. 

With each preparation (lyophilized or reconstituted) the 
concentration of cytochrome c required for maximal activity 
in the succinoxidase and NADH oxidase assays was deter- 
mined and assays were carried out in the presence of that 
concentration of cytochrome c. 

2 Personal communication from Dr. L. Ernster. 
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TABLE I :a Effect of Lyophilization on NADH Oxidase and Dehydrogenase Activities. 
~~ 

Volume Per Cent Composition 
~~ 

NADH Oxidase Activity NADH-Fe(CN)6-3 Activity 

0.25 M Sucrose 0.15 M KC1 Initial Lyophilization Extraction Initial Lyophilization 

0 100 
50 50 
70 30 
90 10 
95 5 

100 0 

1 . 8  0 . 3 3  0.007 
1 . 8  0 . 4 6  0.012 
1 . 8  0 .62  0.030 
1 . 8  0 .62  
1 . 8  0 .68  0.060 
1 . 8  1 . 1  0 .18  

33 17 
33 1s 
33 16 
33 19 
33 27 
33 34 

a ETP particles, suspended in 0.25 M sucrose-25 mM phosphate, pH 7.4, were washed by centrifugation in the indicated mixtures 
of sucrose-phosphate and KC1 at 30 mg/ml of protein concentration. The pellets were resuspended on 0.15 M KC1, shell frozen, 
and lyophilized overnight. Oxidase assays were in the presence of concentrations of added cytochrome c yielding optimal activity. 
For comparison, activities after 5 pentane extractions (Ernster et a/., 1969a) are included. 

CoQ content was determined by the method of Redfearn 
(1967). 

Results 

Effect of Lyophilization on N A D H  Dehydrogenase and Oxi- 
dase Activities. Both existing methods for the reversible reso- 
lution of NADH oxidase with respect to CoQla (Szarkowska, 
1966; Ernster et a/., 1969a) take advantage of the facts that 
the extraction of CoQlo by organic solvents is more complete 
and the inactivation of the dehydrogenase less extensive when 
dry particles are subjected to the treatment than when aqueous 
suspensions are extracted. Neither laboratory appears to have 
explored in detail, however, the extent to which the process of 
lyophilization damages NADH dehydrogenase in the particles. 
Szarkowska’s report uses the specific activity of NADH oxi- 
dase of lyophilized mitochondria as the point of reference ; 
thus any inactivation incurred in a prior step would not be 
apparent. In the studies of Ernster et a/. limited comparison 
was made of NADH oxidase activities before and after ly- 
ophilization, with the result that the specific activity appeared 
to increase on lyophilization (from 0.56 to 0.61 of pmole 
of NADH per min per mg (Ernster et al., 1969a) and from 0.63 
to 0.93 (Ernster et a/ . ,  1969b), provided that cytochrome c 
was included in the assay. NADH dehydrogenase activity, 
however, was not assayed. 

In our experience lyophilization always leads to variable 
loss of NADH dehydrogenase and oxidase activities, regard- 
less of the precautions taken to ensure rapid freezing, very 
high vacuum, and low ambient temperature. It has been re- 
ported (Gutman, 1970) that lyophilization of ETP from 0.25 
M sucrose or 0.15 M KC1 leads to extensive inactivation of 
NADH-Fe (CN)6-3 activity, that the inactivation is greater 
when KC1 than when sucrose is the suspending medium, and 
that in both cases treatment with very low concentrations of 
T’itron X-100 results in partial restoration of NADH dehydro- 
genase activity. 

Inactivation of NADH dehydrogenase and oxidase activi- 
ties was also observed by Ernster,2 particularly when lyophi- 
lization was carried out after washing the particles with 0.15 
hi KCI, but it was stated to be much less, or absent, when the 
washing preceding lyophilization was with 0.25 M sucrose. 
Since extraction of CoQlo with pentane was found to be more 
complete after KCl washing than after sucrose treatment, 
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their current method which is believed to yield good extrac- 
tion of CoQ and minimal inactivation2 uses a solution con- 
sisting of 9 parts of 0.25 M sucrose and 1 part of 0.15 M KC1 
in the washing step. 

Table I presents the results of a typical experiment designed 
to test the effect of the composition of the washing medium on 
the loss of activity incurred in the subsequent lyophilization 
step. It may be seen that, in accord with Ernster’s unpublished 
data,2 inactivation of both dehydrogenase and oxidase activi- 
ties tends to be less as the proportion of sucrose in the washing 
medium is increased, but the loss of oxidase activity is exten- 
sive (6673 even with the recommended 9:l (v/v) mixture of 
sucrose-KCI, and significant (48 %) when sucrose alone is 
used as the washing solution. For comparison, the remaining 
NADH oxidase activity after 5 subsequent pentane extrac- 
tions is included. I t  may be noted that the removal of CoQlo 
by solvent extraction, as judged by residual activity, increases 
with decreasing sucrose content. At the recommended 9 : 1 
ratio of sucrose-KC1 some 10% of the activity of the ly- 
ophilized particles remained. Although not shown in the table, 
CoQ analysis of the extracted particles confirmed this general 
trend. 

The data in Table I seem to contradict the reports (Ernster 
et a/., 1969a,b) that lyophilization, at least from a suitable 
mediuin,2 causes no loss of NADH oxidase activity. No 
explanation is available for this discrepancy. Many variants 
were tried in the conditions of lyophilization (degree of 
vacuum, volume of enzyme, external temperature) and the 
enzyme assays were carried out under the precise conditions 
specified by Ernster et a/. (1969a,b), but none of these ap- 
proaches resulted in a noticeable difference. It may be relevant 
in this connection that the NADH oxidase activities of the 
untreated ETP or ESP particles used in the present study (1.3 
to 1.8 pmoles per min per mg) were considerably higher than 
those reported by Ernster et a/ .  (1969a) (0.56 pmole/min pcr 
mg) but the values are not very different after lyophilization. 

Restoration of’ NADH Oxidase Acticity bJi Szarkowska’s 
Method. When the NADH oxidase activity of pentane-ex- 

~ . ~ ~~ ~ . ... ~~~~~~~ - -  ~. 

Alrhough the coincidcnci: mny be fortuitous, i t  is intercsting that 
amoiig the numero~is  preparations lyophilized oldy one ESP samplc of 
somewhat low specific activity ( 1  .O pinole of NADH/miil per ms)  
survived lyophilization without apparent loss of NADH oxidase 
actibits. 
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FIGURE 1 : Restoration of the NADH oxidase activity of pentane- 
extracted ETP by CoQlo using Szarkowska’s (1966) method. Pen- 
tane-extracted ETP in 80 m~ phosphate-5 p~ EDTA, pH 7.4, was 
assayed for NADH oxidase activity in the presence of the indicated 
concentrations of CoQlo added in ethanolic solution to the cuvets. 
The alcohol concentration was less than 1 (vjv) in all cases. The 
NADH oxidase activity of the particles before lyophilization was 
2.16 pmoles of NADH/min per mg. 

tracted particles is measured at varying concentrations of 
CoQlo, added as an ethanolic solution to an aqueous suspen- 
sion of the CoQlo-depleted particles, the restoration of activity 
depends on the ratio of added CoQlo to protein, not on the 
concentration of CoQlo. Thus, in a plot of specific activity 
against CoQ concentration different curves are obtained as 
the protein concentration in the assay medium is varied (Fig- 
ure l), while in plots relating NADH oxidase activity to 
CoQlo :protein ratio the same curve is obtained at widely vary- 
ing protein concentrations (Figure 2). The implied stoichiom- 
etry is surprising since the ratio of nmoles of CoQlo/mg 
of protein required for maximal restoration (about 300) is 2 
orders of magnitude higher than the quantity present in un- 
extracted particles (3-4 nmoles/mg of protein). Conceivably, 
most of the quinone is precipitated and is thus rendered un- 
available for recombination, and a relatively small fraction 
enters the catalytically active sites. 

Figures 1 and 2 confirm Szarkowska’s (1966) report that 
this technique permits full or nearly full restoration of the 
NADH oxidase activity of the lyophilized, unextracted parti- 
cles and thus the pentane extractions do not seem to cause any 
obvious irreversible damage. In contrast to her report, how- 
ever, the addition of phospholipids was not found to be neces- 
sary for reactivation. Asolectin (Figure 2) and total mito- 
chondrial lipids (not shown) merely increased the efficiency 
of reactivation at low CoQlo:protein ratios, but at higher 
ratios they had only a deleterious effect, since the maximal 
activity reached in the presence of asolectin was only about 
half that attained in its absence. This behavior was observed 
over a range of asolectin concentrations tested (0.04-0.19 
mg per ml of reaction mixture). 

Restoration of Succinoxidase Activity. The restoration of 
succinoxidase activity on treatment of the aqueous particles 
with CoQlo is a function of the CoQlo:protein ratio, as is that 
of NADH oxidase activity. As illustrated in Figure 3, maxi- 
mal reactivation of succinate oxidation is reached at much 
lower ratios of CoQ to protein than those required for maxi- 
mal restoration of NADH oxidation. This is always the case, 
even with varying types of particles (ETP, ESP, ETPH), 
regardless of whether the NADH oxidase activity of the un- 
extracted lyophilized particles was about the same, higher, or 

0 100 200 300 400 
mpmole CoQlo / mg protein 

FIGURE 2: Reactivation of NADH oxidase in the presence and ab- 
sence of asolectin: 0 and 0, 39 and 195 pg of protein per cuvet, 
respectively, in the absence of asolectin; 0 and H, 39 and 195 pg of 
protein in the presence of 0.19 mg of asolectin per ml. Conditions 
were as in Figure 1.  

0.3 - 

100 200 300 400 500 
mpmoles CoQlo /mg OF PROTEIN 

FIGURE 3: Restoration of NADH and succinoxidase activities of 
pentane-extracted ETP by CoQlo. In this experiment lyophilization 
caused particularly extensive damage: the specific activities prior to 
pentane extraction were 0.28 pmole of succinate/min per mg and 0.4 
pmole of NADH/min per mg. Reactivation was by the aqueous 
method: 0, succinoxidase activity; 0, NADH oxidase activity. 

lower than the succinoxidase activity. Thus the differential 
reactivation of the two systems at low COQM :protein ratios 
cannot be explained by assuming that less CoQlo incorpora- 
tion is required to support maximal electron flux in the less 
active of the two enzyme systems. 

Restoration of Activities in Nonaqueous Environmenr. Figure 
4 compares the restoration of NADH and succinoxidase 
activities with the reincorporation of CoQl0 when depleted 
ESP particles are treated with various concentrations of CoQlo 
by the method of Ernster et al. (1969a,b). The results are 
expressed as per cent of the maximal activity attainable on 
CoQlo reincorporation in the aqueous medium. This is done 

In  untreated particles NADH oxidase activity is always considerably 
higher than succinoxidase activity. However, manipulations during 
lyophilization and pentane extraction usually cause little or no damage 
to succinate dehydrogenase but partially inactivate NADH dehydro- 
genase. Since this inactivation is variable, lyophilized preparations 
have been obtained with NADH oxidase activities of about the same 
order, or less than, succinoxidase activity. The latter can be lowered by 
adjusting the malonate concentration carried over from activation to 
assay. 
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FIGURE 5: Restoration of NADH oxidase and succinoxidase activ- 
ities of CoQlo-depleted ETP by CoQ homologs. The depleted part- 
icles were titrated with CoQ derivatives as in Figure 1 : 0, NADH 
oxidase activity with CoQl; 0, NADH oxidase activity with CoQ6; 
@ NADH oxidase activity with CoQlo; A ,  succinoxidase activity 
with CoQla. 

FIGURE 4:  Restoration of catalytic activities and CoQlo reincorpora- 
tion in depleted ESP particles. Pentane extraction and CoQlo rein- 
corporation were as described by Ernster ef al. (1969a,b). In cata- 
lytic assays the maximal activity obtained on restoration by the 
aqueous procedure (Szarkowska, 1966) is taken as 100%. In case of 
CoQl,, incorporation, the content of unextracted ESP particles is 
taken as 100,9;: 0, succinoxidase activity; 0, NADH oxidase 
activity; ‘2, amount ofCoQlo incorporated. 

to emphasize that in the majority of experiments using the 
anhydrous technique the restoration of neither of the two 
oxidase activities was as extensive as that reached by 
Szarkowska’s (1966) aqueous procedure, indicating pos- 
sible further damage to the enzymes during reincorpora- 
tion of COQIO in the anhydrous medium. The CoQIo re- 
incorporated, on the other hand, is expressed relative to the 
concentration present in the unextracted particles. It may be 
seen that, contrary to the reports of Ernster et ai. (1969a,b), 
the amount of quinone reincorporated is not governed by, 
and does not equal, the concentration originally present, but 
depends on the amount added, since no tendency is evident 
for saturation. The situation is similar to that observed on 
adding piericidin A or rotenone to membrane preparations 
in that the amount bound at specific plus unspecific sites de- 
pends on the amount added, with no tendency for stoichio- 
metric binding (Horgan et at., 1968a,b). The experiment 
further shows that maximal reactivation is not reached when 
the amount of CoQlo incorporated equals that originally 
present. As in reactivation by Szarkowska’s procedure (1966), 
succinoxidase activity is restored at considerably lower CoQlo 
concentrations than NADH oxidase activity. 

Reactication by Various CoQ Homologs. Lenaz et at. (1968) 
found that in pentane-extracted particles succinoxidase activ- 
ity is reactivated by a series of CoQ homologs (CoQ. to 
CoQio) and even by 2,3-dimethoxy-5-phytyl-l,4-benzoqui- 
none, whereas NADH oxidase activity is restored only by 
long-chain CoQ homologs. The concentration dependence, 
however, has not been studied. When CoQl, C0Q6, and CoQlo 
are compared at a series of concentrations in regard to their 
ability to reactivate NADH oxidation, as in Figure 5 ,  all 
three homologs are found to cause nearly the same maximal 
activation, although the shorter the isoprenoid side chain, the 
higher is the concentration required for the same extent of 
reactivation. 

Interactions of CoQlo and Piericidin A with Normal, Ly-  
ophiiized, and CoQio-Depleted Particles. The similarity in struc- 
ture of piericidin A and CoQ has lead to the suggestion (Jeng 
et d., 1968) that piericidin may act competitively, displacing 
CoQ from the active site. Jeng et a/. (1968) found that on 
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addition of CoQl there was partial relief of the inhibition of 
succinoxidase resulting from exceedingly high concentrations 
of piericidin. The effect of piericidin on succinate oxidation is, 
however, entirely due to unspecific binding and has no rele- 
vance to the inhibition of NADH oxidation, which is observed 
at lo5 times lower concentration (Horgan et a/., 1968a). 
Snoswell and Cox (1968) observed more extensive reversal 
of the piericidin inhibition of NADH oxidation in Escheric/zia 
coli K12 by CoQ?. Unfortunately, these experiments are also 
inconclusive, partly because of the very high inhibitor con- 
centrations used (and, hence, the possibility of unspecific 
effects), partly because no evidence was presented that the 
added CoQ? reestablishes the normal electron transfer path, 
rather than acting as an autooxidizable dye which provides a 
shunt around the inhibited site. 

The technique of reversible removal of CoQlo from particles 
seemed to provide a more direct probe for the study of the 
possible competition between CoQl0 and piericidin. The first 
question examined was the effect of removal of CoQlo on the 
piericidin binding capacity of membrane preparations. As 
shown in Table 11, virtually complete extraction of cndog- 
enous CoQlo with pentane had no influence, per se, on the 
specific binding site titer. On the other hand, the inactivation 
of NADH dehydrogenase during lyophilization lowered this 
titer in direct proportion to the loss of catalytic activity. It is 
known that specific piericidin binding and the resulting in- 
hibition involve both protein and lipid and that NADH dehy- 
drogenase is the protein involved in the two specific binding 
sites (Horgan et at., 1968a; Gutman et ai., 1970b-d). The 
experiments in Table I1 provide additional evidence that 
NADH dehydrogenase is the protein component involved 
in these two binding sites. 

Just as pentane extraction of CoQlo does not affect the 
capacity for piericidin binding, treatment of the depleted 
particles with CoQlu does not influence subsequent piericidin 
binding (Table 111). 

The effect of added CoQlo concentration on the inhibition 
of NADH oxidase by piericidin A was examined on simul- 
taneous addition of the inhibitor and CoQlo to CoQlo-depleted 
particles, Although the high solubility of both of these com- 
pounds in pentane would seem to suggest that the reincorporn- 
tion conditions of Ernster et ul. (1969a) are the method of 
choice, it was found that under anhydrous conditions mem- 
brane preparations do not bind piericidin at all. This observa- 
tion reaffirms the importance of protein conformation in 
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TABLE 11 Effect of Lyophilization and Pentane Extraction on Enzyme Activities and Piericidin-Binding Capacity of ESP and ETP. 

Specifically 
Bound 

Specifically Piericidinl 
NADH- 

Enzyme Activities (pmoles/min per mg) Bound 
NADH- Piericidin A Fe(CN)6-* 

Sequence of Treatment Succinoxidase NADH Oxidase Fe(CN)6- a (ppmoles/mg) Activity 

Untreated ESP 
After lyophilization 
After pentane extractions 
After CoQlo reincorporation 
Untreated ETP 
After lyophilization 
After pentane extractions 
After CoQlo reincorporation 

0 . 6 3  1 . 5 3  36 60 1 . 7  
0.52 0.73 6 . 0  10 1 .7  
0.015 0.011 5 . 5  10 1 . 8  

0.70 
1 .2  44 68 1 . 5  
0 . 7  22 30 1 . 4  
0 22 30 1 . 4  
1 . 1  

a The particles were washed with 0.15 M KCl, lyophilized, extracted with pentane, and assayed as described in Methods. 
Specifically bound piericidin per mg of protein was determined with ['Clpiericidin A by the method of Horgan et al. (1968a). 
Reincorporation of CoQl0 was by Szarkowska's (1966) procedure and the value given in the table refers to NADH oxidase activity 
at infinite added CoQlo concentration, derived from a double-reciprocal plot. Analysis showed that the pentane extraction had 
removed 99 z of the CoQlo of the particles. 

specific piericidin binding and necessitated the use of the 
alternative, aqueous method. Figure 6 indicates an apparent 
competition between CoQlo and piericidin A, with an approxi- 
mate Ki value of 8 X 10-10 M. In another preparation (Table 
II), in which NADH dehydrogenase activity had been consider- 

TABLE I I I : ~  Effect of the Reincorporation of COQIO on NADH 
Oxidase Activjty and Piericidin Binding. 

CoQlo Concentra- Specifically Bound 
tion during Restoration of Piericidin A 

Reincorporation NADH Oxidase (ppmoles/mg of 
(PM) Activity (z) Protein) 

0 4 23.5 
35 22 24.9 
70 54 23.2 

140 50 22.8 

Q Aliquots (10 ml) of pentane-extracted ETP, suspended 
in 0.25 M sucrose-25 mM phosphate, pH 7.4, at 0.5 mg of 
protein concentration per ml, were treated with the indicated 
concentrations of CoQlo for 15 min at 25" by Szarkowska's 
(1966) procedure. The particles were sedimented by centrif- 
ugation, which separates much of the uncombined CoQl0 
since the latter tends to  float. Each sample was then assayed 
for NADH oxidase activity with and without additional CoQlo 
added to the aqueous suspension at saturating concentrations; 
this differential analysis allows an estimate of the proportion 
of maximal restoration achieved on the initial treatment with 
CoQla. The second column denotes the per cent of the activity 
measured when no CoQlo was added during assay, taking the 
activity of the sample with excess CoQlo present as 100. 
Qther aliquots of each centrifuged sample were then used 
for determination of the capacity for specific piericidin binding 
as in Table 11. 

ably less inactivated by lyophilization and thus the piericidin 
binding site titer was considerably higher, the same type of 
competitive inhibition was observed with a similar Ki value 
(about 4 x 10-lo M). 

Discussion 

The studies of Szarkowska (1966) and of Ernster et al. 
(1969a,b) provide strong support for the hypothesis that 
CoQlo is an obligatory functional component of the NADH 
oxidase system, but their evidence that the reversible resolu- 
tion causes no damage to the dehydrogenase and that, there- 
fore, the reactivated system is comparable in all respects to 
the unresolved one is not convincing. Neither laboratory 
reported the effect of lyophilization and pentane extraction 

25 r------ 

n I I I I 
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FIGURE 6 :  Simultaneous interaction of CoQlo and piericidin A with 
CoQlo-depleted ETP. Pentane-extracted ETP (0.183 mg of protein/3 
ml of reaction mixture) dissolved in the medium used in the standard 
NADH oxidase assay, less NADH, was incubated with COQIO 
(added as an ethanolic solution) at the concentrations indicated on 
the abscissa for 3 min at 30". The assay was started by the addition 
of 0.17 m~ NADH: piericidin concentrations, 0, none; 0,0.57 n M ;  
0, 1.19 n ~ ;  m, 1.72 n ~ .  
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on NADH dehydrogenase activity, which is usually a more 
sensitive indication of damage to the flavoprotein than is oxi- 
dase activity, since the enzyme is not rate limiting in the 
respiratory chain (cf: Table 11). Further, Szarkowska used 
lyophilized mitochondria as the point of reference and thus 
did not examine the effect of freeze-drying on activity which, 
as it turns out, is the step where most of the damage occurs. 

The data in this report show that both NADH-Fe (CN)6-3 
and NADH oxidase activities are extensively inactivated 
during the lyophilization step which is an essential part of 
these procedures. The protein modification is also reflected 
by a parallel loss of piericidin-binding capacity and a change 
in K,, for ferricyanide (Gutman, 1970). In agreement with 
Ernster2 we find that this inactivation may be somewhat 
minimized by careful adjustment of the sucrose :KC1 ratio 
preceding lyophilization, but, even under the best of circum- 
stances, the inactivation is too high to permit the conclusion 
that the reconstituted system is identical with the original one. 
The finding that COQX is much more readily extracted from 
reincorporated that from untreated particles (Ernster et a/., 
1969b) also points in this direction. 

The pentane-extraction step causes only slight or no addi- 
tional inactivation of NADH dehydrogenase and oxidase, so 
that on titration with CoQlo in aqueous media most or all of 
the activity of lyophilized particles is restored. On the other 
hand, reactivation in anhydrous media seems to cause addi- 
tional damage, as reflected in still further lowering of the 
NADH-Fe(CN)c3 activity as well as the fact that in parallel 
experiments the restored NADH oxidase activity is in most 
instances higher in the aqueous procedure than in the one 
involving pentane. In contrast to the behavior of the NADH 
oxidase system, the entire process causes relatively little, and 
sometimes no, damage to succinoxidase. 

Despite the advantage of Szarkowska's (1966) method for 
restoration of activity over the pentane procedure is not caus- 
ing additional inactivation, it suffers from the disadvantages 
that the amount of added quiqone needed for saturation is 
extremely high because most of the CoQlo is precipitated or 
forms micelles which are either occluded in the particles or 
are unavailable to the enzyme system, and that it does not 
permit ready determination of the amount incorporated with- 
out additional isolation and washing steps. The pentane 
method is free from these objections but it also fails to yield 
stoichiometric reincorporation, for the amount of CoQio 
reincorporated into the particles depends on the amount of 
CoQlo added, not on the amount originally present. Further, 
maximal restoration of activity does not occur at the point 
where the amount of CoQlo incorporated equals the original 
but a t  a considerably higher level (Figure 4). 

The observation that the succinoxidase activity of CoQio- 
depleted particles is restored a t  considerably lower concen- 
trations of added CoQlo than is NADH oxidase activity can- 
not be explained on the basis of the lower rate of electron 
flux from succinate to the cytochrome system, since the same 
is true in particles where, owing to inactivation of NADH 
dehydrogenase, the activities of the two systems in the pres- 
ence of excess CoQlo  are equal. An alternative explanation is 
that the CoQlo pool in the membrane is not homogeneous, 
but instead a degree of compartmentation or orientation 
exists toward individual flavoproteins. This might be only the 
result of differences in lipid environment around the various 
flavoproteins; a suggestion consistent with the fact that phos- 
pholipase A solubilizes NADH dehydrogenase, but has no 
effect on succinate dehydrogenase. Possibly, then, the affinity 
for CoQio at the succinate dehydrogenase junction might be 
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sufficiently higher than that near NADH dehydrogenase to  
account for the differences in saturation requirements. This 
explanation is compatible with the data of Ernster et ul. 
(1969a) showing that on pentane extraction NADH oxidase 
activity is more readily abolished than succinoxidase. An 
extension of the same hypothesis, assuming more rigid struc- 
tural requirements for COQIO binding near NADH dehydro- 
genase, might account for the greater specificity of this system 
than of succinoxidase for CoQ homologs (Figure 5 and Lenaz 
e ta / . ,  1968). 

Another indication of the functional heterogeneity of the 
CoQlo pool in mitochondria is the observation (Gutman et ul., 
1970d) that imspecificallj, bound rotenone and piericidin 
inhibit NADH oxidase activity and ATP-driven NAD re- 
duction by succinate, but not the reduction of external CoQl 
by NADH. Since the endogenous CoQl0 pool is regarded as a 
mediator of electron transport between NADH dehydrogenase 
and the cytochrome system, external CoQ, or succinate de- 
hydrogenase, this finding suggests that the CoQlo molecules 
involved in electron transport from NADH dehydrogenase 
to external CoQ are probably not the same as those which 
transfer electrons to succinate dehydrogenase and the cyto- 
chromes. 

The reversible removal of endogenous CoQ from the 
NADH oxidase system has permitted the first direct demon- 
stration that the inhibition of NADH oxidase by piericidin A 
is competitive with respect to CoQ, at least in the reconstituted 
particles (Figure 6), and is characterized by an exceedingly 
low Ki value (3 to 9 X M, corresponding to a A P  of 
about 13 kcal). The tight binding of the inhibitor is consistent 
with a multicomponent binding site (Gutman et a/ . ,  1970d), 
despite the absence of covalent bonds (Horgan e f a l . ,  1968a,b). 
If the competitive kinetics observed (Figure 6) are taken to 
suggest a mutual displacement or dislocation of CoQlo and 
of the inhibitor from the dehydrogenase, in accord with their 
structural similarities, the low binding constant of the dehy- 
drogenase for piericidin and the lesser affinity of COQIO for 
the enzyme, as judged by the high concentrations of COQIO 
required for saturation, would be compatible with a displace- 
ment of CoQlo by piericidin. On the other hand, at physio- 
logical concentrations CoQlo would not be expected to dis- 
place piericidin, while at the high concentrations used in the 
experiments of Figure 6 a displacement may occur. All this is 
compatible with the observation that piericidin binding to 
NADH dehydrogenase at the specific sites is not influenced 
by the CoQlo content of the particles, being the same in in- 
tact, CoQlo-depleted, and reconstituted particles, after suit- 
able correction for inactivation of NADH dehydrogenase 
during these treatments. 

The kinetic demonstration of a competitive relation, how- 
ever, cannot be taken as evidence that the mechanism of pieri- 
cidin inhibition is a straightforward dislocation of COQM from 
an active site on the enzyme for two reasons, First, barbitu- 
rates, rotenone, and piericidin are bound at the same site and 
inhibit in the same manner but only piericidin resembles 
CoQlo. Second, piericidin and CoQl0 are bound differently in 
mitochondria. 

Despite the fact that the competitive relations between 
piericidin and CoQlo were observed with particles damaged 
by lyophilization and that CoQlo may not be bound the same 
way in intact and reconstituted samples, it may be possible 
to extrapolate the conclusions to more intact membrane prep- 
arations. The competitive relation and the Ki for piericidin 
were deduced from enzyme assays, in which only the surviving, 
undamaged dehydrogenase molecules register, and these have 
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the same binding titer for piericidin in intact, lyophilized, and 
reconstituted samples. While it is not likely that the added 
CoQlo molecules which function in the regenerated system 
may be bound differently than in intact preparations (Ernster 
er af . ,  1969a,b), the binding site titer for piericidin does not 
change during the entire cycle of treatments; so the same Ki 
value might apply to the untreated and reconstructed systems. 
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Cooperation among the Active Binding Sites in the Sex-Specific 
Agglutinin from the Yeast, Hansenula wingei" 

Neil W. Taylor? and William L. Orton 

ABSTRACT: Changes in properties of 5-agglutinin were exam- 
ined during the course of the reaction to inactivate it by 
cleaving disulfide bonds. During this reaction both agglutina- 
tive titer and apparent free energy of absorption decreased 
rapidly with a relatively small proportion of disulfide bonds 
reacted. Fractionation experiments disclosed that very 
little biologically inactive material appeared until about 
30 of the disulfide bonds were reacted. The 1.7s component 

T he sex-specific agglutinin derived from mating type 
5 of the yeast Hansenufa wingei agglutinates cells of type 21, 
the opposite mating type, and binds to them. Under favorable 
conditions the AFPo1 is about -14 kcal/mole (Taylor and 

* From the Northern Regional Research Laboratory, Agricultural 
Research Service, U. S .  Department of Agriculture, Peoria, Illinois 
61604. Receiced Nocember 23, 1970. 

1 Abbreviations used are: 5-Ag, Sagglutinin, the sex-specific agglu- 
tinin from mating type 5 of Hansenirla wingei; 4Fp", apparent standard 
free energy of association for 5-Ag, in kilocalories per mole of particles, 

which is released from 5-agglutinin during reaction retains 
the specific absorptive activity, though only very weakly. 
It is suggested that the high magnitude of the apparent free 
energy of association for 5-agglutinin, - 14 kcal/mole, 
is the result of additive effect of several of the individual 
binding sites, each of which has a binding energy in the range 
-5 to -9 kcal per mole. A mathematical model based 
on these assumptions reproduces the behavior satisfactorily. 

Orton, 1970). The 5-Ag has about six small 1.7s fragments 
which can be released by disulfide cleaving agents. These 
1.7s fragments are associated with the biological activity. 
Presumably, 5-Ag has about six equivalent active sites which 
all contribute to its agglutinative and absorptive properties. 
This multiplicity of binding sites is somewhat more complex 
than occurs in a divalent antibody, and the resulting com- 
plexity seems to impart some unique properties to the 5-Ag 
particles. 

Compared to particulate systems flocculated by polymeric 
materials, the small number of discrete binding sites on 
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