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The Role of the Quinone in Oxidative Phosphorylation. 
Evidence against Carbon-Oxygen Bond Cleavage* 

Clinton D. Snydert and Henry Rapoport 

ABSTRACT: The use of lSO to test mechanisms proposed 
to explain the function of the quinone in oxidative phos- 
phorylation is reported. The study involved reconstitut- 
ing light-inactivated extracts of Mycobacterium phlei 
with l*O-labeled phylloquinones. The synthesis of both 
specifically and uniformly 180-labeled phylloquinones 
necessary for the study is presented. Conventional l80 
analytic techniques are critically evaluated and the de- 

I nvolvement of the quinone in oxidative phosphoryl- 
ation has recently been studied in the bacterial system 
Mycobacterium phlei, focusing in detail on the question 
of carbon-hydrogen bond cleavage at different sites 
within the quinone molecule under in uiuo conditions 
(Di Mari et al., 1968). Little attention has been given to 
the question of lability of the carbon-oxygen bond as a 
possible indication of quinone involvement in oxidative 
phosphorylation.1 Evidence for a role for quinone in 
oxidative phosphorylation is strong, and of the many 
currently proposed schemes2 several require bond la- 
bility at the carbonyl function, 

For example, a common postulate is 1,2 addition of 
orthophosphate to either carbonyl function of the qui- 
none followed by reductive dehydration to a quinol 
phosphate with or without concomitant chromanol for- 
mation (Clark and Todd, 1961) (Scheme I). Oxidation 
will then regenerate the quinone and a metaphosphate 
species with the result that the original quinone oxygen 
is lost to the water pool. At least in theory, the opera- 
tion of such a cycle in vivo could be tested either by in- 
troduction of an l80 label from inorganic phosphate or 
loss of label from quinone-180. 

Because of the apparently specific requirement for a 
P,r unit of unsaturation in the quinone side chain, sev- 
eral other mechanisms have been invoked to involve this 
feature. Addition of orthophosphate across the 4-car- 
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‘The only comments on this subject are references to un- 

published observations that inorganic phosphate oxygen does 
not exchange with quinone oxygen (Vilkas and Lederer, 1962; 
Brodie, 1965). 

A more comprehensive discussion of these points is presented 
in the preceding paper (Di Mari etal., 1968). 23 18 

scription of a highly accurate 1 * 0  analytical procedure 
is given. In the experiments reported, no isotope loss 
from the exogenous quinones which was specifically 
associated with oxidative phosphorylation could be 
detected. 

The implications of this study for mechanistic con- 
siderations of quinone involvement in oxidative phos- 
phorylation are discussed. 
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bony1 double bond coupled with addition to the side- 
chain double bond will give VI which then can be re- 
duced to yield VII, whereupon the corresponding quinol 
phosphate (V) is formed by subsequent dehydration 
(Clark and Todd, 1961). From this point the cycle can 
proceed as before, again with the result that the quinone 
oxygen is lost to the medium. A test for its operation 
would be loss of label from quinone or introduction uia 
phosphate. 

Biological conversion of quinone into a quinone meth- 
ide form (IX) is an integral part of several postulated 
quinone cycles (Chmielewska and Cieslak, 1960; Vilkas 
and Lederer, 1962; Erickson et al., 1963). Since this ring 
closure has been effected in vitro under conditions of 
strong acid catalysis, it presumably involves a proton- 
ated intermediate, VIII. However, one could conceive 
of an in uivo cyclization proceeding via hydration, hemi- 
ketal formation (XI), and then dehydration. If this 
mechanism were valid, quinone methide formation 
would result in loss of label at the 4 position of the qui- 
none. If ring closure were to occur similarly to the acid- 
catalyzed reactions, the original quinone oxygen would 
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SCHEME I 
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remain intact. Operation of the proposed equilibrium 
in I80-labeled aqueous medium would result in incor- 
poration at the 4 position. 

Finally, it should be noted that except for the possi- 
bility of oxygen exchange associated with quinone- 
methide formation, the mechanisms of Vilkas and Led- 
erer (1962) and Erickson et ul. (1963) involve no possi- 
bility of additional exchange, particularly at the 1 posi- 
tion. 

Discussion 

Using the bacterial system M. phfei and the approach 
of previous isotope studies2 two investigative techniques 
relevant to the question of carbon-oxygen bond cleav- 
age are available: (a) introduction of isotope into endog- 
enous native quinone (MK-9(2H)) or exogenous phyl- 
loquinone uiu H2180 and/or 'SO-labeled inorganic 

2 GR *OH YATP ADP 

V 

phosphate and (b) loss of isotope from exogenous phyl- 
loquinone- l80. 

From several points of view the former approach 
would be superior. The fact that the study could be per- 
formed with the native, undisturbed system rather than 
with the light-inactivated, phylloquinone-reconstituted 
system would be advantageous. In addition, although 
the mode of quinone involvement in both would be the 
same, the question arises as to what fraction of exoge- 
nous phylloquinone would be involved in a cyclic man- 
ner similar to that of the native quinone since, for ana- 
lytical purposes and for maximal biological activity, the 
exogenous quinone must be in approximately 70-fold ex- 
cess relative to the native quinone and since the fraction 
of native quinone itself involved in oxidative phos- 
phorylation could be vanishingly small. 

Clearly, for either study, maximizing the analytical 
sensitivity to detection of changes in isotopic content 
maximizes the significance of the experiment, and one 
should pursue this approach by examining the oxygen 
involvement of the native quinone. However, other lim- 
itations intervene. Because of the scale of the experi- 
ment, the enrichment of crude bacterial extract in H2180 
must necessarily be low so that any changes in 1 8 0  con- 
tent of the quinone would be measured at near natural 
abundance level where experimental accuracy is min- 
imal. 

Studying isotope incorporation uia 'so-labeled phos- 
phate is not as sensitive to this criticism, for high 1 8 0  

enrichment in this species is easily attained on the scale 
contemplated; however, other complications to this ap- 
proach are involved. Whereas, considering the time in- 
volved per experiment, uncatalyzed P1804 8 H 2 0  ex- 
change is small, evidence for this exchange under bio- 
logical conditions specifically involving operation of 
oxidative phosphorylation has been presented (Cohn 
and Drysdale, 1955; Boyer et af., 1956). Not only would 
this serve to dilute the starting P1804, adding an addi- 
tional complication, but also it opens a whole new ques- 
tion which could ultimately result in a false, negative 2319 
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experiment. That is, if such an exchange can occur with 
phosphate, why not a similar exchange with quinone so 
that 1 8 0  introduced by the phosphate could be lost by 
quinone exchange with water? Thus an important con- 
trol would be lacking. Also, it should be noted that iso- 
tope incorporation via phosphate does not investigate 
all possible mechanisms since it excludes those involv- 
ing water. Finally, isotope incorporation via water 
or phosphate will not directly locate the site of incor- 
poration since the analytical method of choice cannot 
distinguish between 0-1  and 0-4 incorporation; only 
loss of isotope from specifically labeled compounds can 
illuminate this aspect. 

The advantages of approach b now become evident. 
These are (1) optimizing the sensitivity of the analytical 
method by having the option of working at sufficiently 
high levels of lSO enrichment, (2) availability of a simple 
control for exchange not associated with oxidative phos- 
phorylation, (3) simultaneous examination of mech- 
anisms involving exchange aia water and phosphate, and 
(4) selective examination of mechanisms involving 1- 
and 4-oxygens. Thus, from all considerations except 
disruption of the native system and fraction of quinone 
involvement, examination of exchange out of I80-la- 
beled phylloquinone is preferable. 

In consideration of the latter criticism of the method 
chosen, Le., fraction of quinone involved, every effort 
was made to enhance the sensitivity to detection of bio- 
logical exchange. 2 Primary efforts have been directed 
toward the analytical methods ; however, other consid- 
erations are important. Because the site of quinone ac- 
tion is presumably associated with the particulate (elec- 
tron-transport particles) phase, separation at the end of 
an experiment of the particulate phase, which contains 
10-20z of the exogenous quinone, from the superna- 
tant, in which most of the remainder of the exogenous 
quinone is present as an unsolubilized emulsion, should 
significantly increase sensitivity to detection of exchange 
associated with either phase. To support this assump- 
tion, additional studies have shown that equilibration 
between the two pools is relatively slow, having a half 
life of -2.5 hr. Assuming only one mechanism involv- 
ing either the 1 or the 4 position of the quinone is oper- 
ating, then separate examination of the 1 and 4 posi- 
tions specifically labeled adds a factor of two in sensi- 
tivity in addition to identifying the quinone position in- 
volved. 

Another attempt to increase sensitivity to quinone 
involvement is examination of the anaerobic-aerobic 
cycle. Using the M .  pheli system reconstituted with phyl- 
loquinone, a naphthotocopherol-like compound con- 
taining organically bound phosphate was found to accu- 
mulate under anaerobic conditions in up to 2 0 z  yield 
(Russell and Brodie, 1961). Subsequent oxidation 
yielded phylloquinone and inorganic phosphate in stoi- 
chiometric amounts. For the isotope experiments the 
effect of such a cycle would be to increase the fraction 
of exogenous phylloquinone involved in oxidative phos- 

3After completion of this work, a publication appeared in 
which the yield of this phosphorylated naphthotocopherol-like 
derivative was only -0.5% (Watanabe and Brodie, 1966). 2320 

phorylation relative to the steady-state aerobic situation, 
thus increasing the probability of detection via isotope 
exchange. 

The experiments were performed as previously de- 
scribed. * Crude dialyzed extract of M. phlei was exposed 
to ultraviolet irradiation in order to destroy the native 
quinone, and the irradiated extracts were then recon- 
stituted with a sonically prepared emulsion of the proper 
IsO-labeled test quinone. The oxidative phosphoryla- 
tion activity of a portion of this extract was assayed in a 
Warburg system, employing a pyruvate substrate, while 
the major portion was aerated in the presence of the 
same substrate in the macro system. After most of the 
phosphate had been consumed in the macro system, the 
extract was separated into particulate and supernatant 
phases by centrifugation (lOO,OOOg), whereupon each 
phase was denatured and extracted separately with eth- 
anol. 

The quinones recovered from the ethanol extracts 
were purified by solvent partition and extensively chro- 
matographed, including chromatography on a 5 z 
AgNOrKiesel gel column designed to remove any re- 
sidual native quinone. A sample of the test quinone not 
subjected to the biological system (standard quinone) 
was chromatographed in the same manner as a control 
for any exchange associated specifically with the chro- 
matographic procedure. After the recovered quinones 
were judged sufficiently pure (>99%) by ultraviolet 
comparison with the standard quinone, samples were 
pyrolyzed to yield carbon monoxide, and the per cent re- 
tention of isotope was calculated by comparison with the 
standard. A control in which oxidative phosphoryla- 
tion activity was inhibited with potassium cyanide was 
performed to detect any irrelevant exchange not specif- 
ically associated with oxidative phosphorylation. 

Materials and Methods. 

l8O Determination. OXIDATIVE PYROLYSIS TO CARBON 
DIOXIDE. The requirements for an analysis in this study 
were that the sample size needed to be minimal (5 5 mg) 
and that the reproducibility be maximal. These restric- 
tions eliminated such techniques as quantitative infrared 
analysis, mass spectrometry of the intact quinone mole- 
cule, and activation analysis. Because of its ease of oper- 
ation and widely reported applicability, 1 8 0  analysis of 
the quinones was attempted by oxidative pyrolysis to 
carbon dioxide (Rittenberg and Ponticorvo, 1956, as 
modified in Yamamoto et al., 1962) followed by mass 
spectrometric analysis of the carbon dioxide derived via 
reaction 1. Preliminary determinations using 2-methyl- 

1 ,Cnapthoquinone (menadione) and phylloquinone in- 
dicated immediately the need for several modifications. 
Because of the difficulty in obtaining reproducible an- 
hydrous mercuric chloride, the chlorine oxidizing agent 
was added as molecular chlorine in addition to a stoi- 
chiometric amount of mercury, thereby eliminating a 
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TABLE I: Analysis of Quinones-180 by Oxidative 
Pyrolysis. 

~~~ 

TABLE 11: Modifications of l8O Analysis of Phyllo- 
quinone by Oxidative Pyrolysis. 

l 8 0  Theor 
Compound l a 0  Found (%) (73 

Pyrolysis 
Tube Modification z 1 8 0 .  

Menadione 16.2 =I= 0.4. 
Phylloquinoneh 13.4 i 0.7. 16.2 
Menadione + 13.7 16.2 

HCl 

5 Each value is an average of five determinations. 
* Phylloquinone synthesized from the 16.2% menadione- 
l 8 0 .  No isotope loss should occur during the synthesis. 

large source of scatter. In terms of purity and yield the 
carbon dioxide gas derived from pyrolysis of menadione 
was quite sufficient for analysis; however, when the 
method was applied to an equimolar amount of the 
higher molecular weight phylloquinone, the carbon di- 
oxide yield dropped dramatically and gross contamina- 
tion of the sample with propane (mje 44) was obvious. 
From consideration of the chemistry involved the two 
observations were related: the amount of added chlorine 
was insufficient to oxidize completely the organic hydro- 
gen present so that thermally derived hydrocarbons 
(e.g. ,  propane) were not oxidized and, in addition, ex- 
cess hydrogen (also thermally derived) reduced the prod- 
uct carbon dioxide, COa + HI + CO + H20. A simple 
increase to a stoichiometric amount of chlorine relative 
to hydrogen solved both problems, but this modifica- 
tion only served to make the real deficiencies of the anal- 
ysis apparent. These difficulties are illustrated in Table I .  

The scatter shown was observed with both menadione 
and phylloquinone, although it was invariably greater 
with the latter. In order to maximize the significance of 
the experiment to which this analytical method would 
be applied, such scatter should preferably be limited 
only by the mass spectral capabilities (in this case 
i 0 . 2 7 3 .  The second observation from Table I is that 
the l80 content of phylloquinone was invariably 15- 
20% lower than the menadione from which it was pre- 
pared. While such an effect is not particularly signifi- 
cant in terms of this study since the major interest is in 
reproducibility and not accuracy, it is nonetheless symp- 
tomatic of the primary problem. In considering the dif- 
ferences between the two samples, it is obvious that on a 
mole basis pyrolysis of phylloquinone should yield ap- 
proximately six times as much hydrogen chloride as its 
precursor menadione. To test the suspicion that this 
additional hydrogen chloride was responsible for the 
apparent isotope loss, menadione was pyrolyzed in the 
presence of a 40-fold molar excess of hydrogen chloride 
with a resultant decrease in apparent l80 content simi- 
lar to that observed with phylloquinone. 

Relevant to the major criticism of the method, 
namely the intolerable scatter, several studies, as re- 
ported in Table 11, were made in an attempt to identify 
and minimize the source of this scatter. Variation in the 

Pyrex 19.4 =t 0 . 8  
Vycor 19.3 =t 0.8 
Quartz 22.6 i 0 . 7  
Quartz No Hg 22.4 i 0 . 7  
Pyrex NO AgZS04 19.9 i 0 . 9  

(1 Average of at least five determinations per experi- 
ment. 

material of construction of the pyrolysis tubes from Py- 
rex to vycor to quartz, while resulting in an increase in 
the apparent l80 content with quartz, left the scatter es- 
sentially unaffected. The removal of the mercury as a 
potential catalyst for exchange had no effect. Concern 
that traces of water adsorbed on the silver sulfate might 
exchange with carbon dioxide under the acidic condi- 
tions led to a removal of that step and substitution of a 
gas-liquid partition chromatography purification step 
to remove hydrogen chloride, but again there was no im- 
provement. We finally concluded that the exchange was 
associated with the glass and acidic conditions and 
therefore unavoidable. Thus, this analytical method 
suffers from an unavoidable scatter and a measurement 
of 1 8 0  content which is a function of the amount of hy- 
drogen present in the molecule.4 

PYROLYSIS TO CARBON MONOXIDE. An alternative which 
involves conversion of the quinone oxygen into a simple 
molecule whcse content may be assayed by mass 
spectrometry is the nonoxidative pyrolysis to yield car- 
bon monoxide. Dificulties anticipated were (1) the pres- 
ence of background nitrogen and (2) ethane and ethyl- 
ene contamination in the m/e 28-30 region. Samples 
(10-20 pmoles) were pyrolyzed for 3 hr a t  500". The py- 
rolysate gases were cooled with liquid nitrogen and the 
noncondensable gases (mostly carbon monoxide, meth- 
ane,and hydrogen)were examined by mass spectrometry. 
Background nitrogen contamination of the mje 28 peak 
was slight (<3%) and could be quantitatively monitored 
by assuming a constant ratio to the background oxygen 
peak. Hydrocarbon contarnination which could be mon- 
itored from the mje 27 and 26 region was usually min- 
imal (<1%) when the pyrolysis gases were carefully 
frozen. Table 111 illustrates both the precision and ac- 
curacy of the method. 

Synthesis of Tesf Quinones. KINETIC EXCHANGE STUDY. 

In order to determine the feasibility of selectively label- 
ing menadione a t  the 1 and 4 positions by simple ex- 
change, a study of the exchange properties of 1,4-naph- 
thoquinone and 2,3-dimethyl-l,4-naphthoquinone was 

4 Similar criticisms will apply to a recently published deuterium 
analysis employing the same oxidative pyrolysis (Eisenberg, 
1966). 232 1 
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FIGURE 1 : Carbonyl-oxygen exchange rates of 1,4-naphtho- 
quinone (-e-) and 2,3-dimethyl-l,4-naphthoquinone 
( 4 - h  

conducted. A comparison of these model compounds 
should give at least a measure of the relative exchange 
rates at the two carbonyl functions in menadione. The 
quinones and H2l8O (1.7%) were solubilized in tetra- 
hydrofuran and exchange was initiated by the addition 
of a catalytic amount of sulfuric acid. Exchange did not 
occur to a measureable extent under neutral conditions. 
The quinones were recovered, purified by sublimation, 
and assayed for I 8 0  content by pyrolysis to carbon mon- 
oxide. From Figure 1 it can be seen that neither of the 
two model compounds obeys theoretical first-order ki- 
netics and that 1,4-naphthoquinone deviates to a greater 
extent than 2,3-dimethyl-l,4-naphthoquinone. Presum- 
ably, the acid catalyst is being consumed by the quinones 
and possibly by the solvent. However, from a compari- 
son of initial rates it is seen that the unhindered carbonyl 
function exchanges over 50 times faster than the hin- 
dered one, a difference which for this study was sufficient 
to be exploited for the preparation of essentially specif- 
ically labeled quinone. 

l 8 0  was prepared under exchange conditions identical 
with those of the preceding study. The exchange was al- 
lowed to proceed for 24 hr, at the end of which time the 
recovered quinone had a total of 37.5% I8O. Calcula- 
tion of the relative isotope distribution between the two 
carbonyl functionalities was based on the exchange rate 
ratio of 56 for unhindered to hindered carbonyl; at posi- 
tion 0-1, per cent I8O = 1.3 and per cent of label = 1.8; 
at position 0-4, per cent l80 = 73.7b and per cent of la- 
bel = 98.2. The menadione was then converted to the 
corresponding phylloquinone by boron triflourideeeth- 
erate-catalyzed condensation of the hydroquinone with 
phytol. As shown in Table 111, the reaction proceeded 
without loss of isotope. 

SYNTHESIS OF P H Y L L O Q U I N O N E - ~ - ~ ~ ~ .  By a simple per- 
mutation of the previously described exchange sequence, 
menadione predominately labeled in the 1 position was 
obtainable. If uniformly 180-labeled menadione were 
available, then a washing-out procedure with water 
would yield the desired enrichment. Test studies of ex- 

SYNTHESIS OF PHYLLOQUINONE-4-180. Menadione-4- 

6 Theoretical for complete exchange was 81 %, i.e., exchange 2322 proceeded to 91 % of completion. 
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TABLE 111: Analysis of Quinones-l*O by Pyrolysis to 
co. 

1 8 0  Found I 8 0  Theor 
Compound (%>a (%) 

Menadione-4- I8O 37.5 zt 0 . 2  
Phylloq~inone-4-~80b 37.6 + 0 . 2  37.5 i 0 .2  

a Average of five determinations per sample. * Syn- 
thesized from the 37.5% menadione-l80. 

change conditions indicated that tetrahydrofuran- 
water-sulfuric acid exchange conditions were insuffi- 
cient to reach equilibrium at the hindered positions; 
however, exchange of both oxygen functions in the mol- 
ecule was complete after 3 hr in refluxing tetra- 
hydrofuran with boron trifluoride-therate as catalyst. 
Using this process and HZ1*0 (9773, menadione uni- 
formly labeled to the extent of 76.0% l 8 0  was prepared. 
This was subsequently exchanged twice with water under 
the conditions of the kinetic study. Calculation of the 
isotope distribution in the resulting quinone (39.5% l80) 

was again accomplished by simultaneous consideration 
of the previously established rate ratio for hindered to 
unhindered carbonyl exchange and the initial and final 
1 8 0  contents;a at position 0-1, per cent I8O = 74.8 and 
per cent label = 94.7; at position 0-4, per cent l80 = 
4.2 and per cent label = 5.3. The menadione was then 
converted into the corresponding phylloquinone with- 
out loss of isotope as assayed by pyrolysis to carbon 
monoxide. 

SYNTHESIS OF PHYLLOQUINONE-1 ,4-l8O2. For those ex- 
periments in which the added sensitivity gained by using 
specifically labeled quinone was deemed unnecessary, 
uniformly labeled phylloquinone was used. Because of 
the poor yield involved in synthesis from menadione, 
the most efficient means of preparation of this com- 
pound might be cia direct exchange on phylloquinone 
itself. Since both carbonyls are hindered, conditions at 
least as severe as those used to prepare uniformly labeled 
menadione were necessary. To achieve maximum solu- 
bility, the solvent was changed to dioxane, and using 
Hzl*O (-873 exchange was found to be complete after 
3 hr at reflux. Although some decomposition oc- 
curred the product phylloquinone (7.0% IXO) was ob- 
tainable pure after chromatography. 

Results 

The values for phosphate fixation coupled to oxida- 
tion in the isotope experiments are presented in Table 
IV and the extent of retention of 1 8 0  label is found in 
Table V. 

6 A small difference between the distribution of label in these 
quinones as presented here and in the preliminary communica- 
tion results from a slightly different interpretation of the rate 
data. 
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TABLE IV: Oxidative Phosphorylation with Intact and Light-Inactivated Reconstituted. Extracts* of M .  phlei. 
~~ 

02 
AP, (p- 

Exptc System Extract Quinone Added Duration (pmoles) atoms) P/O 

1 Warburgd 

Macro. 

2 Warburg 

Macro 

3 Warburg 

Macrof 

4 Warburg 

Macro 

Standard 
Inactivated 
Inactivated 
Inactivated (76 ml) 

Standard 
Inactivated 
Inactivated 
Inactivated (100 ml) 

Standard 
Inactivated 
Inactivated 
Inactivated (91 ml) 

Standard 
Inactivated 
Inactivated 
Inactivated + KCN 
Inactivated + KCN 

(38 ml) 

None 
None 
Phylloquinone-4- lSO 
Phylloquinone-4- I8O 

None 
None 
Phylloquinone-1 - 1 8 0  

Phylloquinone-1 - l a 0  

None 
None 
Phylloquinone-l,4- I8O2 
Phylloquinone-l,4- 'go2 

None 
None 
Phylloquinone-l,4- I8O2 
Phylloquinone-l,4- 180z 
Phylloquinone-1 ,4-1802 

12 min 
12 min 
12 min 
1 . 5  hr 

12 min 
12 min 
12 min 
2.5 hr 

12 min 
12 min 
12 min 
3 hr (N2), then 

12 min 
12 min 
12 min 
12 min 
24 hr 

3 hr ( 0 2 )  

10.1 
3 .9  

11.8 
620 

10.0 
2 .6  
8 .8  

1170 

8 .7  
1 . 8  
5 . 2  

180 
750 

16.2 
8 .1  

14.0 
3 . 0  

130 

11.4 1 . 0  
4 . 0  1 . 0  

10.9 1 .1  

10.2 1 .0  
1 . 2  
7 . 0  1 .3  

12.6 0.7 
2 .1  0 . 9  
7 .7  0 . 7  

15.0 1 .1  
9 .2  0 .9  

14.2 1.0 
0 

5 Extracts (20-28 mg of protein/ml) at 0" were inactivated by 25-min exposure to two 15-W General Electric black 
lights (long-wavelength ultraviolet). Phylloquinone (1 mg/ml) was incorporated as an emulsion formed by sonication 
in a portion of light-inactivated extract at 0". b All systems in each experiment were aliquots of the same bulk cell-free 
bscterial extract; inactivated systems were aliquots of a light-treated portion of this bulk extract. c Substrate was 
pyruvate in expt 1, 2, and 4, and malate in expt 3. d Warburg systems contained components described previously 
(Brodie and Gray, 1956) (extract volume 2.4 ml). e Same components as above in amounts proportional to indicated 
volume; the reaction flask was shaken at 30". The reaction was followed by periodic phosphate analyses and terminated 
by centrifugation to separate particles and supernatant and addition of 95% ethanol. f Proceeded anaerobically for 
3 hr in a nitrogen atmosphere, then aerobically for 3 hr. 

Several observations should be made before reaching 
any conclusions from the results. Examination of Table 
IV will show a time discrepancy between the macro and 
Warburg system in that the macro system usually took 
five to ten times as long to consume the same fraction of 
phosphate as did the Warburg system. This difference 
is ascribed to a smaller surface to volume ratio requiring, 
in the macro system, that aeration proceed at a slower 
rate than in the Warburg. This should not be detrimen- 
tal since presumably the phosphate is fixed by the same 
time-independent mechanism in both cases and may 
even be advantageous in that it would allow more time 
for phylloquinone exchange at the active site. 

The anaerobic-aerobic experiment was performed 
using uniformly '80-labeled phylloquinone since the 
fraction of quinone involved was expected to be great 
enough (-2073 so that added sensitivity gained from 
selective labeling was unnecessary. It should be noted 
that during the anaerobic portion of the cycle, 15-20z 
of the available phosphate was consumed; this phos- 
phate uptake could have occurred uia electron transport 
because of the availability of substrate amounts of phyl- 

loquinone to act as an electron acceptor, thus allowing 
part of the oxidative phosphorylation cycle to proceed. 
A similar observation can be made for the potassium 
cyanide control (expt 4). 

Although not reported in Table IV, no difference in 
rate of oxidative phosphorylation activity could be ob- 
served for the 180-labeled phylloquinones relative to 
phylloquinone itself. The possibility of a discriminatory 
isotope effect in these experiments was felt to be negli- 
gible. 

As can be seen from Table V, no significant loss of 
isotope occurred in expt 1, 2, or 3. The small loss ob- 
served was roughly proportional to the time of exposure 
of quinone to the aqueous medium. Using 2,3-dimethyl- 
1 ,Cnaphthoquinone and a tetrahydrofuran-water sol- 
vent system, no exchange of the hindered carbonyls 
could be detected at room temperature after a week in 
the absence of an acid catalyst. However, such results 
cannot be transferred directly to the phylloquinone-M. 
phtei system since (1) the concentration of water 
surrounding the quinone could be much greater, espe- 
cially in the case where quinone has essentially been sol- 2323 
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TABLE v:  Retention of 1 8 0  Label of Quinone during Oxidative Phosphorylation with Extracts of M .  phlei. 

Expt Quinone Isolated Duration (hr) Phase 

% Reten- 
tion of 

Purity. l8Ob 

1 Phylloquinone-4- l8O 1.5 Particles 99.5 100 
Supernatant 100.5 100 

Supernatant 100.0 99.3 

4 Phylloquinone-1 ,4-1802 24 Particles + supernatant 99.6 94.9 

2 Phylloquinone-1- I 8 0  2 .5  Particles 99.6 98.4 

3 Phylloquinone-l,4- 1802 6 Particles 100.7 98.9 
Supernatant 100.9 98.7 

a Standard deviation is =t0.4%. Both the purity and percentage retention of 1 8 0  were determined by comparison 
with a standard quinone sample which was subjected to purification procedures identical with the test quinones. 
b Standard deviation is =k0.3% ; l8O: phyl loq~inone-4-~~0,  74% ; phylloquinone-l-180, 75% ; phylloquinone-l,4- 
1802,7%. 

ubilized by the particles, and (2) some protein factors 
could act as nonspecific catalysts for this type of ex- 
change. Indeed expt 4 indicates a background exchange 
not associated with oxidative phosphorylation of a mag- 
nitude sufficient to explain that observed in the previous 
three experiments. To enhance this effect, the control 
experiment was run for 24 hr; the particulate and super- 
natant phases were not separated since by that time 
equilibration between the two phases would have oc- 
curred. Because of the uncertainities involved with the 

determinations themselves, the rate of quinone 
water exchange associated with the particles us. super- 
natant, and the rate of phylloquinone exchange between 
the two pools, it is particularly difficult to put such a 
small-order correction factor on a quantitative basis. 
However, one can easily estimate that if any quinone 
exchange is involved in expt 1, 2, and 3, it is less 
than 1 %. 

Conclusions 

The results of these experiments indicate that if qui- 
none is involved in oxidative phosphorylation in such a 
way as to require carbon-oxygen bond cleavage, it is so 
involved to an extent of <1%. To obtain an over-all pic- 
ture of the direct quinone involvement in phosphate 
fixation in oxidative phosphorylation, these results 
should be compared to the analogous findings of the pre- 
ceding paper in which carbon-hydrogen bond breakage 
of phylloquinone as measured by deuterium loss is less 
than 1 % and as measured by tritium incorporation is 
less than 0.1 %. Taken in concert these results require 
that either (1) if quinone is involved via a mechanism 
requiring carbon-hydrogen or carbon-oxygen exchange 
it must be involved to an extent of less than 1 %,7 or (2) 
quinone is involved in oxidative phosphorylation but in 

2324 
'As pointed out in the preceeding paper (Di Mari et al., 

1968) still admissible is stereospecific carbon-hydrogen bond 
cleavage with no hydrogen exchange at the side-chain /3 carbon. 

a manner not requiring carbon-hydrogen or carbon- 
oxygen bond cleavage, or (3) quinone is not directly in- 
volved in phosphate fixation in oxidative phosphoryla- 
tion. 

Of these three possibilities, the last seems most un- 
likely since, as previously discussed,2 other evidence for 
quinone involvement is strong. The possibility of only a 
very small fraction of either exogenous or endogenous 
quinone being involved in oxidative phosphorylation is 
real although the presence of a large amount of native 
quinone seems to argue for its involvement. One can 
speculate concerning the experimental detection of less 
than 1 % of quinone involvement by isotopic techniques; 
however, the difficulties involved are mammoth. This 
would require not only more sensitive isotopic analyses, 
purification techniques, and purity criteria but also more 
sophisticated controls for quinone involvement not as- 
sociated with oxidative phosphorylation. In the deute- 
rium and experiments where a difference between a 
standard and test quinone is being measured, an in- 
creased sensitivity to isotopic exchange is dependent 
upon both increased sensitivity to isotopic change and 
increased assurances of purity since the two are related 
in any isotopic analysis which is sensitive to contamina- 
tion. In attempting to push the limits of this analysis the 
need for a careful and quantitative control for irrelevant 
exchange becomes obvious as illustrated in the 1 8 0  

work. Probably the most sensitive experiments in this 
series are the studies of tritium incorporation into the 
native quinone, and the significance of the 0-0.5 ap- 
parent incorporation observed here can be challenged 
by the possibility of undetectable contamination or a 
background of de novo native quinone biosynthesis. 
Control for the latter would be particularly difficult since 
biosynthesis would require the operation of oxidative 
phosphorylation. Thus, in the face of negative results at 
the 1 % or less level, further applicability of these iso- 
topic techniques is ineffectual. 

All proposed mechanisms for quinone involvement 
require carbon-hydrogen or carbon-oxygen bond cleav- 
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age, and since our experiments cannot detect such cleav- 
age, the alternative of other mechanisms should now be 
considered. Such a possible mechanism for involvement 
of quinone as an active intermediate is outlined in reac- 
tion 2 in which inorganic phosphate adds across the P,y- 

U 

( 2 )  

double bond, migrates to the 4-oxygen upon reduction, 
and then separates as metaphosphate upon oxidation of 
the quinol to  a y-hydroxyquinone. The y-hydroxyqui- 
none can be stereospecifically dehydrated to quinone to 
complete the cycle. Since all quinone bonds remain in- 
tact through the cycle, the involvement of the 4-oxygen 
or the P-methine hydrogen could not be detected by iso- 
topic methods. 

Other consistent alternatives could involve the qui- 
none simply as a phosphate carrier which accepts meta- 
phosphate already generated from another source. Qui- 
no1 could be esterified with metaphosphate and then ox- 
idized to regain metaphosphate and quinone with the 
result that the original quinone bonds remain intact (re- 
action 3). Or similarly, quinol could be phosphorylated 

0 1 ,OH 

chemiosmotically so that the elements of water would 
be lost from the phosphate moiety (reaction 4). However 

*OH 

"0 

no evidence is presently available to support any of these 
alternatives and the answer to the question of quinone 
involvement in oxidative phosphorylation cia these and 
other yet to be envisioned mechanisms will have to await 
the application of other more sensitive and sophisticated 
techniques. 

Experimental Section 

Bacterial Test System. The preparation of extracts, 
reconstitution of light-treated extracts, methodology of 
the biological experiments, and isolation and purifica- 
tion of the added quinones were performed as before.2 

1 8 0  Analysis. OXIDATIVE PYROLYSIS TO CARBON DI- 
OXIDE. Modification using chlorine gas. Phylloquinone 
( 5  mg) or menadione (2 mg) and mercury (5  p1) were 
added to a pyrolysis tube which was evacuated to less 
than 1 p. Research grade chlorine gas (10 cc) (Matheson) 
(at atmospheric pressure) was then added by vacuum 
transfer techniques and the pyrolysis tube was sealed. 
Analysis proceeded as described (Rittenberg and Ponti- 
corvo, 1956) employing a Consolidated Electronics 
Corp. 130 mass spectrometer. 

Modification using no mercury. Phylloquinone ( 5  mg) 
was added to a pyrolysis tube and evacuated to less than 
1 p. Chlorine (6 cc) was added in cacuo and the pyroly- 
sis tube sealed. Mass spectrometric examination showed 
no excess of chlorine after pyrolysis. 

Modification using no Ag2S04. Menadione or phyl- 
loquinone was pyrolyzed using excess chlorine with mer- 
cury as a scavanging agent. The pyrolysate gases were 
chromatographed by gas-liquid partition chromatogra- 
phy (6 ft X 0.25 in. column of 20% n-nonane on 60-80 
mesh firebrick, - 7 8 " )  to yield pure C 0 2  which was 
assayed for l8O content. Mass spectrometric examina- 
tion of pyrolysis gases from a menadione sample before 
and after chromatography showed the same isotopic 
content, indicating no exchange associated with the col- 
umn. A similar test using an alternate column of 60-80 
mesh silica gel poisoned with 1 % dioctyl phthlate at 
room temperature showed extensive exchange. 2325 
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NONOXIDATIVE PYROLYSIS TO CARBON MONOXIDE. A 
7 X 0.9 cm Pyrex pyrolysis tube was constructed with a 
breakseal on one end and a ground-glass joint on the 
other. The quinone sample (10-20 km) was placed in the 
tube which was evacuated to less than 1 1 and sealed. 
After a 3-hr pyrolysis at 500", the cooled pyrolysis tube 
was placed in the inlet tube to the mass spectrometer, 
the breakseal was opened, and the pyrolysis gases were 
carefully frozen with liquid nitrogen. The uncondensed 
gases remaining were then admitted into the mass spec- 
trometer. The l8O content of the carbon monoxide was 
calculated from eq 5, where [30], [29], , . . are measures 

% ' 8 0  = 

1.011[30] - 0.01([29] - 0.01[28]) x 100 ( 5 )  
[281 + 1291 + P O I  + 1311 

of the relative intensities of m/e 30, m/e 29, . . . 
Synthesis of Isotopically Labeled Quinones. EXCHANGE 

RATE COMPARISON BETWEEN 1,4-NAPHTHOQUINONE AND 

2,3-DIMETHYL-1,4-NAPHTHOQUINONE. The test quinones, 
obtained commercially, were purified by sublimation 
before use. Each quinone (2.9 mmoles) was dissolved in 
dry tetrahydrofuran (5.5 ml) and HzlSO (1,67%, 1.0 ml) 
and the exchange was then initiated by the addition of 
sulfuric acid (25 11). At various intervals, aliquots (0.6 
ml) of the solutions were removed and added to petro- 
leum ether (bp 30-60") (15 ml). The petroleum ether 
phase was dried over magnesium sulfate, and then the 
solvent was removed and the quinones were purified by 
sublimation. The content of the quinones was deter- 
mined by pyrolysis to carbon monoxide. 

(1010 mg) was exchanged for 24 hr with 98% Hz180 
(0.455 ml), tetrahydrofuran (10 ml), and sulfuric acid 
(23 11). The recovered quinone was purified by sublima- 
tion to yield 960 mg (95%). The menadione-4-180 was 
condensed with phytol to yield phylloquinone-4- 1 8 0  

(Woods and Taylor, 1957). The 1 8 0  content was men- 
adione-4-IsO, 37.5 %; phylloquinone-4-180, 37.6% 

SYNTHESIS OF PHYLLOQUINONE-1- l80. A solution of 
menadione (1030 mg), 97.5% H2180 (1 g), BF3-Et20 
(0.5 ml), and tetrahydrofuran (6 ml) was refluxed for 
3 hr. The yield of menadi0ne-1,4-~80~ after purification 
was 1010 mg (98%) and its l80 content was measured as 
76.0% (theoretical, 78.7%). The product was then sub- 
jected to a washout procedure in which it was dissolved 
in tetrahydrofuran (11 ml), water (2 ml), and sulfuric 

SYNTHESIS OF PHYLLOQUINONE-4- 180, Menadione 

acid (50 pl) and allowed to stand at room temperature 
for 24 hr. The quinone was then reisolated and resub- 
jected to the same treatment. The quinone was purified 
(yield, 975 mg, 97 %) and its l8O content measured (% 
' 8 0  = 39.5). 

SYNTHESIS OF PHYLLOQUINONE-1 ,4-I8O2. A solution of 
phylloquinone (1 g), 8.0% Hz180 (1 g), BF3-Etn0 (0.5 
ml), and dioxane (10 ml) was refluxed for 3 hr. The qui- 
none was recovered and purified by chromatography on 
Kiesel gel (eluent: 10% Et2O in petroleum ether) to yield 
750 mg (757J of pure phylloquinone-1,4-~802 (% I8O 
= 7.0). 
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