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Abstract. Mitochondri;a were prepared from the spadices of skunk cabbage (Symplocarpus
foetidus) whose respiratory rate with succinate and malate showed 15 1% to 30 % sensitivitv
to cyanide inhibition, and which showed respiratory control by added ADP. The observed
respiratory control ratios ranged from 1.1 to 1.4. The change in pH of the mitochondrial
suspension was recorded simultaneously with oxygen uptake: alkalinization of the medium,
expected for phosphorylation of ADP, coincided with the period of acceleration in oxygen
uptake caused by addition of an ADP aliquot. The ADP/O ratios obtained were 1.3 for
succinate and 1.9 for malate. In the presence of 0.3 mm cyanide, the ADP/O ratio for
succinate was zero, while that for malate was 0.7. These results are consistent with the
existence of an alternate oxidase which interacts with the flavoprotein and pyridine nueleotide
components of the respiratory chain and which, in the presence of cyanides allows the first
phosphorylation site to function with an efficiency of about 70 %. In the absence of respira-
tory inhibitors, the efficiency of each phosphorylation site is also about 70 %. This result
implies that diversion of reducing equivalents through the alternate oxidase, thereby bypassing
the 2 phosphorylation sites associated with the cytochrome components of these mitochondria.
occurs to a negligible extent during the oxidative phosphorylation of ADP or State 3.

Addition of ADP or uncoupler to skunk cabbage mitochondria respiring in the controlled
state or State 4, results in reduction of cytochrome c and the oxidation of the cytochromes b,
ubiquinone and pyridine nucleotide. A site of interaction of ADP with the respiratory chain
between cytochromes b and cytochrome c is thereby identified by means of the crossover
theorem. Flavoprotein measured by fluorescence is also oxidized upon addition of ADP or
uncoupler, but flavoprotein measured by optical absorbance changes becomes more reduced
under these conditions. Depletion of the mitochondria by pretreatment with ADP and
uncoupler prevents reduction of most of the fluoreseent flavoprotein by succinate. These
results indicate that skunk cabbage mitochondria contain both high and low potential flavo-
proteins characterized by different fluorescence/absorbance ratios similar to those demonstrated
to be part of the respiratorv chain in mitochondria from animal tissues.

Recent improvements in the techniques for iso-
lating mitochondria from plant tissues (2) have
made it possible to obtain preparations which meet
the criteria for a high percentage of intact mito-
chondria (17). Chief among these criteria is con-
trol of respiratory rate by added ADP (9, 10).
Such preparations have made it possible to measure
ADP/O ratios for different substrates in plant mito-
chondria (16) and to locate points of interaction of
ADP with the carriers of the plant respiratory chain
(3), using the crossover theorem (8). Mitochon-
dria isolated from the spadix of the skunk cabbage,
which usually show a low degree of sensitivity to
inhibition of respiratorv rate by cyanide (4, 13, 14),
are also usuallv loth to show control of respiratory
rate by ADP. Hackett and Haas (14) investigated
the phosphorylation of ADP in skunk cabbage mito-
chondria respiring with a-ketoglutarate as substrate
by determining the disappearance of inorganic phos-
phate from the reaction mixture which contained
glucose and hexokinase. They obtained P/O ratios
by this method ranging between 2.6 and 3.6 for this
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suibstratte. The ratio was depressed by 0.1 mM
DNP' to 0.3, but was 1. to 1.6 in the presence of
either 0.5 mM cyanide or 10 mm azide. No meas-
urements were reported for malate or succinate.

As part of a kinetic study of the electron trans-
port system in skuink cabbage mitochondria, which
is reported in an accompanying paper ( 18), we
made mitochondrial preparations which regularly
showed energy-linked reduction of pyridin,e nucleo-
tide with succinate, using the method of Bonner (2)
with some minor modifications. A number of these
preparations showed respiratory control of oxvygen
uptake with ADP, particularly those made from the
spadices of freshly collected skunk cabbage flowers
which bad not been subjected to sudden frosts during
their period of growth. In this paper, we report
ADP/O ratios for succinate and malate in th,e
presence and absence of cyanide, the observation of
a crossover point with ADP, and the effect of
uncoupling on the steady state redox levels of pyri-
dine nucleotide, flavoprotein, and ubiquinone.
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Experimental Procedures

Mitochondria were prepared from excised spa-

dices of skunk cabbage (Symplocarpus foetidus)
flowers as described in our previous paper (18).
Bis (hexafluoroacetonyl) -acetone, designated "1799',
was the uncoupler generally used in this study: it
was kindly supplied by Dr. P. Heytler of E. I.

duPont de Nemours Company. Two other un-

couplers were also used: FCCP and TCTFB. All
3 compounds have been shown in this laboratory to
be effective uncouplers of plant mitochondria at a

concentration of 6 ,.uM.
Redox levels of the respiratory carriers were

determined with dual wavelength spectro,photometer
(5). The wavelength pair 549 to 540 mu was uised
for cytochrome c, the pair 560 to 575 mu for the
cytochrome b complex, the pair 275 to 290 my or

282 to 295 my for uibiquinone, and the pair 468 to
488 mMu for flavoprotein. The selection of these
wavelength ipairs for monitoring the kinetics of the
carriers is discussed in our previous paper (18).
Changes in fluorescence of pyridine nucleotide and

fluorescent flavoprotein were followed with an

Eppendorf fluorimeter fitted with a Heraeus ST-75
mercury arc lamp, appropriate primary and secondary
filters, and a scale expander constructed in these
laboratories ( 11 ).

Simultaneous recording oif changes in oxygen

concentration, pyridine nucleotide fluorescence, and
c\tochromes b and c absorbance was carried out in
stirred mitochondrial suspensions in a covelred
cuvette 4 cm wide, 2 cm deep, with a 1 cm optical
path. attached to the dual wavelength spectropho-
tometer, kindly provided by Dr. L. Salganicoff of
these laboratories. A Clark electrode was mounted
on 1 side of the cuvette with a vibrating stirrer next
to it; the stirrer was inserted through a narrow

slit to minimize back diffusion of oxygen. The
middle part of the cuvette was kept clear for
absorbance measurements. The side of the cuvette
away from the electrode was illuminated with a

small mercury arc lamp, whose 366 mu emission
line was used to excite pyridine nucleotide fluores-
cence. This was detected by an adjacent photo-
multiplier tube equipped with a guard filter passing

light between 400 mg and 500 mu. The photomulti-
plier tube of the spectrophotometer was protected
with a filter transmitting between 500 m,u and

3000 myn.
Simultaneous oxvgen consumption rates and pH

changes were measured in a stirred cuvette con-

taining a Clark electrode and a standard glass
electrode connected to a pH meter (Radiometer.
Copenhagen) equipped with a scale expander.

1 Abbreviations: DNP: 2,4-dinitrophenol; FCCP:
p-trifluoromethoxy carbonyl cyanide phenylhydrazone;
TCTFB: Tetrachlorotrifluoromethyl benzimidazole;
1799: bis- (hexafluoroacetonyl) -acetone.

Results
A simultaneous recording of the oxygen concen-

tration and the pH in a suspension of skunk cabbage
mitochondria with succinate as sutbstrate is shown
in figure 1. Upon addition of 0.13 mM ADP to
the respiring mitochondria, there is an acceleration
of oxygen consumption and, after an initial addition
artifact, an alkalinization of the medium. Upon
exhaustion of the added ADP, the respiratory rate
reverts to its former value, and the alkalinization
ceases. Respiratory control by added ADP is thus
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FIG. 1. Simultaneous recording of oxygen concentra-
tion and pH of a suspension of skunk cabbage mitochon-
dria. The reaction volume is 3.9 ml, and the mitochon-
drial concentration is 0.35 mg protein/ml. Addition of
0.13 mM ATP causes a rapid downward deflection of the
pH trace due to the acidity of the ATP solution. The
rate at which the deflection occurs is a measure of the
response time of the system; the time to 90 % deflection
is about 5 sec. Rates of oxygen consumption in n atom
0/min-mg protein are shown. At the point indicated
oIn the lower trace, the recorder pen is reset to the
middle of the chart, and 0.26 mM HCl is added to the
suspension for calibration.

observed to be synchronous with the uptake of
hydrogen ion from the medium expected for the
phosphorvlation of ADP to ATP. The respiratory
control ratio of 1.4 is low compared to that observed
with mitochondria from etiolated mung bean hypo-
cotyls (16). The lack of acidification of the medium
on anaerobiosis implies that this low ratio is not the
result of ATPase activity. The ADP/O ratio of
1.3 with suceinate is also low, ibut still quite com-
parable to the ratio of 1.6 observed with mung bean
mitochondria (16). ADP/O ratios determined for
both succinate and malate in skunk cabbage mito-
chondria bv means of simultaneous oxygen consump-
tion and alkalinization measurements are listed in
table I. In the presence of cyanide, the ADP/O
ratio with succinate falls to zero, but a value of
0.7 is obtained writh malate. These results are con-
sistent with the value of 1.6 obtained by Hackett
and Haas for a-ketoglutarate in the presence of
cyanide (14), since the substrate phostphorvlation
site should not be affected by cyanide.
A simultaneous recording of oxygen concentra-

tion, fluorescence of pyridine nucleotide, and differ-
ential absorbance of cytochrome c at 18° is presented
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Table I. Oxygen Consutmption Rates, Respir(atoryl Cont-
trol Ratios and ADP/O Ratios Obtaiced With
Succinate or Malate as Substrates, for Skhunk
Cabbage Mitochondria in the Prescnce and

Absence of Cyanide

Substrate Oxygen uptake ADP
(+ Inhibitor) Rate, State 3 Resp. Control 0

p.atom 0/min-
mg protein ratio1 'ratj)'

7 mM Succinate 0.18 1.4 1.3
7 mM Succinate 0.11 0 0
(+ 0.3 mM KCN)
25 nms Malate 0.15 1.3 1.9
25 tllm Malate 0.11 1.1 0.7
(+ 0.3 mM KCN)

Rate in state 3 to that in state 4.
2 Moles ADP phosphorylated to gram

sumed.
atoms 0 con-

in figure 2 for a suspension of skunk cabbage mito-
chondria showing respiratory control and 17 %
inhibition of the state 4 respiratoryr rate by 0.3 mm
KCN. Upon addition of succinate, there is a slow
reduction of pyridine nucleotide to the state 4 steady
state; cytochrome c is quite rapidly reduced. but
then is slowly reoxidized to its state 4 steady state
level. Addition of 0.26 mM ADP inicreases the rate
of oxygen constumption by a factor of 1.2; pyridine
ntucleotide becomes more oxidized. buit cvtochrome c

f S.C.M 13mg Prot_/ml 180C
(+0.13mM ATP - 2min

290M ..

02 t.i2min k

Conc (92) +
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FIG. 2. Simultaneous recording of oxygen consump-
tion, change in pyridine inucleotide fluorescence, and
change in absorbance due to cytochrome c showing res-

piratory control with ADP in skunk cabbage mitochon-
dria. Pyridine nucleotide fluorescence centering at 450
m,u is excited with light at 366 m,; absorbance changes
of cytochrome c are measured with the dual wavelength
spectrophotometer at 549 to 540 m,u. Oxygen concentra-
tion is monitored with a Clark electrode. Further ex-

perimental details are given in the text. Oxygen rates
in n atom 0/min-mg protein are given by the figures
in parentheses.

becomes more reduced. The effect with cytochrome
c is small, but is consistently reproducibl,e. Upon
exhaustion of the ADP, the oxygen consumption
rate reverts to its former value, and the pyridine
nucleotide and cytochrome c resume their previous
state 4 values. The ADP/O ratio in this experi-
ment is 1.2. Upon anaerobiosis, both components
become more reduced, cytochrome c more rapidly
than pyridine nucleotide. Addition of malate in

anaerobiosis has no effect on cytochrome c, outside
of a pulse of oxidation brought about by the oxygen
dissolved in the added malate solution. There is a

further reduction of pyridine nucleotide, however,
caused by the added malate. This "extra" pyridine
nucleotide linked to malate, but not reducible in
coupled mitochondria by succinate, is consistently
observed with skunk cabbage mitochondria and
makes up some 30 % to 40 % of the total reducible,
fluorescent pyridine nucleotide. Addition of malate
alone to coupled mitochondria gives full reduction
<and suibsequent addition of succiniate has no effect.

The companion record to that shown in figure 2
is shown for the cvtochrome b complex in figure 3.

S.C.M 1.2mg Prot./ml
+ 013mM ATP - 2min 18°C

2905,M

~(72)-.
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366-450 mow
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Red 0.26 mM 0 ;t' t

e 7mM Malate-
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FIG. 3. Simultaneous recording of oxygen consump-

tion, change in pyridine nucleotide fluorescence, and
change in absorbance due to cytochrome b as measured
at 560 to 575 mu, showing respiratory control with ADP.
Reaction conditions are identical to those in figure 2.
Figures in parentheses give oxygen consumption rate in
n atom 0/min-mg protein.

In this experiment, the respiratory control ratio is
1.3 and the ADP/O ratio is 1.2. Addition of ADP
produces an oxidation of cytochrome b. which, while
not extensive, is always observed. UTpon exhaustion
of ADP, the oxygen consumption rate decreases to
its original value; pyridine nucleotide becomes more

reduced and returns to its state 4 redox level. The
reduction of the cytochrome b complex to its state 4
level is slow and does not reach completion before
the onset of anaerobiosis. The increase in extent
of oxidation of the cytochrome b and decrease in
extent of cytochrome c oxidation, which occur con-
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FIC. 4. A) Redox level of ubiquinone
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during the
3, then to

state 4, and finally to state 5 (anaerobiosis) as monitored
with the dual wavelength spectrophotometer using the
w-avelength pair 275 to 290 mg. The light path is 0.5
cm. The mitochondrial suspension is treated with 0.13
til\i instead of ATP prior to the addition of succinate.
B) Simultaneous recording of oxygen consumption,
change in pyridine nucleotide fluorescences, and change
in absorbance due to cytochrome c as measured at 549
to 540 m,u. The mitochondrial suspension has been
treated with 0.13 mir ADP instead of ATP prior to ad-
(lition of succinate; otherwise, reaction conditions are

tflose described in figure 2. Figures in parentheses give
t-he oxygeni consunmptioni rate in n atoni 0/mnii-miig pro-
leciii.

comitantlv with an increase in oxygen uptake on

addition of ADP, identify a point of interaction for
ADP between the cytochromes b and cytochrome c
of skunk calbbage mitochondria by means of the
crossover theorem (8). The extent of the changes

does not affect the prediction-s of this tlleorem, only

the direction of those chan-ges.
The redox level lof ubiquinone in state 3 and

state 4 cannot be ascertained in the experiments
described a-bove, in whichi ADP is added to the
mitoclhondrial suspension after addition of succinate.
because of the high absorbance of ADP belowx
300 mfL. If ADP is added to the suspension first,
the 2 beanms of the dual wavelength spectropho-
tonmeter can then be balanced in intensity, and the
absorbance of ADP is thereby compensated. The
mitochondria are then in state 2; addition of stic-
cinate tlheln indtuces a state 2 -to state 3 tranlsitionl,
followed by a state 3 to state 4 transition upon

exhaustion of ADP. This effect is shown in figure
4A for ubiquinone; the state 3 to state 4 transition
restults in reduction of ubiquiinone. A simiultanieouis
recordiing of oxygen conceintr-atioln ancd the re(lox

levels of p)yridine inucleotide alid cvtoclhronie c are

shlownI inl figure 4B for thle parallel experinient to
figulre 4Ai. I'vridine nucleotide becomie.s redulced anld
cvt,chronle c lbecomies oxi(lize(l in the state 3) to
state 4 tranisitioni. as expected fromii the recor-d shown
in figiure 2. The relox staite of uhbiquinio1ne follow,-s
that of cvtochrollie b and pyridine nutcleotide in
coupled skunk cabbage mitochondria. There is no

initial increase in oxygen consumption rate tupon
addition of succinatelto the mitochondrial suspension:
the rate increases slowrly and. theni remiiainis constalnt
at about the expected state 4 value. The state 3
induced by this order of addition of ADP and
succinate corresponds to the "first state 3" observed
by Ikuma and Bonner wvithimung bean n-mitochondria
(16). The rate in this state is lower thani that
observed if ADP is added to these miitocholndria
pretreated with ATP folloNwed by addition of stuc-
cinate; this faster rate is also achieved oni subseequent
a(lditionis of ADP to ilnling beani mlitochondria wvihicih
have cycled tllrotughi a 'first state 3." In skunik
cabbage miiitocllonidria, the rate in the "first state 3"
is a.ppareiitly sufficienitlv less thaln thla,t of the tri-e
state 3 that is indistinguishable fronm the r.ate ob-
served in state 4. Under these conditioils the
ADP/O ratio is only, 0.6, about half tlhat observed
in the experiments of figure 2 and figure 3.

Addition of uncoupler after res.piration with
succinate has been initiated produces an effect
similar to that produced by ADP, as shown ill
figure 5. The oxygen constumiption rate increases,
pv-ridinie nuicleotide becolmes milore oxidized, an(dI cv'to-

-S.C.M 1.3mg Prof./ml
+ 0.13mM ATP - 2min l8C

02

PN~~~~~ _T366-.450m5LPN Incr Fluor

7,HM 1799 ~549-540m

cyt c 7mM Molte

Red. AO.D=00005 -ncr Abs

Red _I_I_ 549m~u

FIG. 5. Simultaneous recording of oxygen consumlp-
tion, chanlge in pyridine nucleotide fluorescence and(
chanige in absorbance due to cytochrome c, showing the
effect of uncoupler added after substrate. Tnitial reac-

tion con(litiolls are i(leltical to those in figure 2. Figures
in parentheses give rates of oxygen consumiption in n

atom 0/min-mg protein.

129



130 PLANT PHYSIOLOGY

chrome c is more reduced in the uncoupled steady
state. On anaerobWosis cytochrome c is rapidly
reduiced. Pyridiine nucleotide is slowly reduced in
anaeroliosis blut, in the presence of utncoulpler, a
slow reoxidCation is evidenitly also occulrring. Addi-
tioll of nmalate plroduces a fulrther increase in pyridine
uticleotide re(lilction but (loes nlot appear to suppress
conipletelv thle slow reoxidlatioln reactioln.

The effect of addilng uncouipler duIring the aerobic
steady state with succinate oni flavoprotein fluores-
cence, flavoproteini absorbance, alnld ubiquin,one ab-
sorbance is shown in figure 6. As in the previous
experiments, the mitochondria have been preincu-
bated with ATP. While there is a slight decrease
in absorbance at 468 mtc upon uncoupler addition,
signifying flavoprotein reduction (fig 6A) there is
a pronounced increase under the same conditions in
the fluorescence emission approipriate to oxidized
flavoprotein (fig 6B). Fluorescent flavoprotein is
affected by uncoupler in the same way as is pyridine
nitcleotide; this would be expected if the bulk of the
flutorescence emission comes from the flavoproteins
colnlnected with the substrate-linked NADH dehv-
drogenase and the first phosphorylation site (7, 15).
Absorbing flavoprotein behaves in the opposite man-
ner to flulorescent flavoprotein tunder these conidi-
tions: the differences between thenm 2 are discutssed
in mlolre detail below. Ubiquinone becomes oxidized
upon uncoupler addition (fig 6C), and in this re-
spect behaves similarly to cytochrome b, pyridine
nucleotide, and fluorescent flavoprotein under these
same conditions.

Flovoprotein

Absorbonce Fluorescence
468-488m/, 436-520m,u- -T

I ! SC.M 0.6mg Prot./ml
_ tAO.D. 0.0002 0.16mM ATP Decr Fluor

Decr. Abs 1j468m/i L
l87T,M 1799 !<I set0cl 24°C
8mM Succ I 4 I
S.C.M7C7M~M 1799

SC.M12mgPPro0/S Fp Red rmM Succ Fp Red[61-6-mM'ATP
sec

m uc

Ubiquinone
¢t~ I_- - 282-295mrn:

-t 2 ~~~~~~~~~~Decr,Abs
i' 4 ! AOD.=0.OI 282mp

j 3mMSucc- j
,__ + 7}M 1799 t
S.C.M 1A mg Prot/mi - UQ Red

0.14mM ATP I8°CJ60 I r--secv

FiG. 6. Effect of adding uncoupler during the aerobic
steady state with succinate on flavoprotein absorbance
(A), flavoprotein fluorescence (B), and ubiquinone ab-
sorbance (C) in skunk cabbage mitochondria. The flavo-
protein measuremenits were carried out on the same
mitochondrial preparation at 170 for the absorbance
chanige (A) and(l 240 for the fluorescence change (B).
A (lifferenit mitoclhondrial preparation was used for mea-
suremiienit of absorbance change due to ubiquinone shown
in C. The light path for the flavoprotein absorbance
measuremiienit was 1 .0 cmi; that for the ubiquinonle ab-
sorbance measurement was 0.5 cm.

-{ S.C.M 1.3mg Prot/ml 18°C
0.13mM ADP+7EzM 1799-8min

?9(VsM __\ -I20~~~(7)2 -- _

rN .1 _

Red. A0000005 __j| 0

366- 450m1A
Incr Fluor

549 -540m;o
Incr AbsI 549mi

FIG. 7. Simultaneous recording of oxygen consump-
tion, changes in pyridine nucleotide fluorescence, and
change in absorbance due to cytochrome c, showing the
effect of depletion by added ADP and uncoupler. At
the point indicated on the records, the mitochondrial
suspenisioni has been incubated with 0.13 Illm ADP and
10 sum 1799 for a total of 8 min. Otherwise, reaction
coniditions are identical to those described in figure 2.
Figures in parentheses denote oxygen conisumption as n
atom 0/min-mg proteini. The pyridine nucleotide fluo-
rescenlce is recorded at tie samiie sensitivity as inl figures
2, 3, and 4.

Incubation of the mitochonidrial suspension with
ADP and uncoupler for 6 to 10 mni results in the
depletion of energy conservation capacity. Oxida-
tion of succinate under these conditions supports the
reduction of pyridine nucleotide in skunk cahbage
mitochondria to a very limited extent (18). This
effect is shown in figtre 7. Addition of succinate
to a suspension of skunk cabbage mitochondria,
which has been treated for 8 min with 130 p.M ADP
alnd 7 .M 1/799, initiates the uptake of oxygen at a
rate comparrable to that obtained with these mito-
chondria in state 4. There is a fast, l)artial reduc-
tioln of cvtochrome c, and a very slight reduction of
pyridine niucleotide. As the reactioni piroceeds, the
rate of oxygen consutmn-ption decreases; the pvridine
nilcleoti(le slowyv becomes mlore oxiidized, ancd there
is a l)erceptible (lr-ift to a higher degree of oxidationi
bv cNtochromie c. On anaerohiosis, cvtochronme c
becomes rapidly reduced, but pvridine nucleotide
becomes reduced to less than 10 % of the extent
atchieved with sutccinate in cotupled mitochondria.
The addition of malate restults in little fuirther- re-
dutiction of pyridinie nutcleotide.

The decrease in oxygen constumption ralte ob-
served in figgure 7 is a good indication that depletion
of the energy conservation caplacity hlas been suic-
cessftul. Under coniditiolns where n1o decrease in
rate is observed after piretreatmenit of the mi,tochonl-
(lria with ADP andcl unicoupl)ler, tul) to 30 % of the
endogZenouis pyridiine lniicleotide whiclh can be re-
dutcedI with -succinate on1 anaerohiosis actutallv is
redilced. Wlhile the lenigth of time reciliredI for
plretreatmient tO produice (dehpletion varied somiewhat
fromipreparation to preparation, we fomid that at
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least 6 to 8 min were required. The more extensive
the depletion, the lower the percentage of pyridine
nucl,eotide reduced on anaerobiosis. Depletion, as
in(licated by a decreasinig oxygen uptake with suC-
cinate. was also accomplished with the uncouplers
FCCP anid TCTFB at 10 tLM, as well as with 1/799.
The oxidationi rate for malate responds similarly to
the depletioni process, but the inhibitory effect is
niiiicli miiore plronotinced thanl with succiinate.

The chaliges inl the redox level of flavoproteins
as coupled or depleted skunk calbbage mitochondria
pass from aerobiosis to anaerobiosis through the
aerobic steady state with succinate are presented in
figure 8 for the absorbing flavoproteins and fluores-
cent flavoproteins. These experiments were carried
out in parallel on the same mitochondrial prepara-
tion, but in different locations at different tempera-
tures. In the coupled condition, there is an absorb-
ance change at 468 to 488 m/, between the aerobic
and anaerobic states (fig 8A) corresponding to
0.67 nmole flavoprotein/mg protein, calculated on the
basis of a millimol;ar difference extinction coefficient
of 4 mM-' cmn' for this wavelength pair (18). The
extent of reduction in the aerobic steady state is
17 %. The fluorescent flavoproteini, however, shows
a steadxd state re(duiction level of 50 % (fig SP)).

In depleted mitochondria, the steady state reduction
level of absorbing flavoprotein is 19 % (fig 8C)
while tlle abSorbance change observed between aero-
bic anid anaerobic states is 78 % of that observed in
the same prepara.tion of coupled mlitochondria.
Flulorescenlce chan,ge observecl in depleted mitochon-
dnia is only 10 % of that observed in couipled nmito-
chondria (fig 8D), but the extent of reduction in
the aerobic steady state with succinate is still arotund
40 %. Addition of nmalate, after anaerobiosis has
been aclhieved by the oxidation of succinate, gives
little or no further change in absorbance or fluores-
cence witlh coupled skunik mitochondria. in contrast
to the observed *increase in fluorescence due to re-
duced pyridine nucleotide. There is also no further
change in absorbance with depleted mitochondria on
addition of malate, while a small, variable fluores-
cence decrease is observed under these conditions.

The diminution of flavoprotein fluorescence in
the presence of succinate as a result of the depletion
process is furtlher evidence that a fluiorescent flavo-
protein of low potential, similar to the FPf, pluis FP1l,
in mammalian mitochondria descril)ed by Chance
et al. (7) anld Hassineln and Chance ( 15), also exists
in plant niitochlonidria. if we assumnie that this flavo-
l)rotein comn)lex remainis conll)letely oxi(lize(d in the
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FIG. 8. Effect of depletion on absorbance and fluorescence chaniges clue to flavoproteins in skunk cabbage niito-
chondria. Conitrol experiments with coupled mitochondria are slhowni in A for absorbalnce and B for fluorescence
chaniges; in these experiments the mitochondria are treated with 0.16 tilNl ATP for 2 to 3 mnii prior to the addition
of succiniate. Mitochondria were depleted by incubation witlh 0.16 nmlrf ADP plus 7 /At 179( fol- 7 to 9 min prior to
the addition of succinate. The absorbance change mitochondria is shown in C and the corresponding fluorescence
change is shown in D.
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depleted state, then the 22 % loss in absorbance may
be attributed to it. If we make the furither assump-
tion that the difference extinction coefficient at
468 to 488 mjt% is the same for all the mitochondrial
flavoproteins, ithen this flavoproteini would be present
in sekunk cabbage mitochondria at a level of 0.15
nniole/iiig lprotein, wvhiclh is the valuie observed in
l)eef heart mIitocCholniria (7). Unlfortulnately, the
task of sorti,ng ouit the other flavoproteins of the
respiratory clhain of skulnik cabbage niitoclholndria hlas
not vet been accomplislhed, and we cannot assigin
fluorescence/absorbance (f/a) ratios (7) to them.
Most of the combinations of substrates and inhibi-
tors used by Chance et al. (7) and Garland elt al.
(12) to make these assignments for mnammalian
mitochondria do not function or function differently
in plant mitochontdria. We have shown, however,
in our kinetic study olf the respiratory chain of these
mitochondria, that both fluorescent and absorbing
flavoprotein of depleted mitochondria reduced with
succinate show the same kinetics of oxidation and
redtuction in a cycle iniitiated 1b an oxygen 'pulse
(18). Since the degree of reduiction of flavoprotein
lb suiccilnate in the aerobic stea(lv state is 40 % whlen
nleaslredl b\! fluiorescenice (fig 8D) anid 10 % wlheni
nlleasllre(d 1v absorbance (fig 8C) in depleted milito-
chiond(lr-ia. we colucitide that there ai-e 2. Ihiglh poten-
ti al flavoproteinis wllich eclufl ibrate fa.st enouigh to
belhave as a single kinetic entity. These 2 we term
FpS and FPD2, the flavoprotein of succinate dehy-
drogenase and the high potential flavoprotein of
NADH dehydrogenaise, b-y analogv with the mam-
malian system (7).

Ubiquinone is fully reduced by succinate in
depleted as well as in coupled skun(k cabbage mito-
chlndria. In the depleted condition, these mito-
chondria slhow about 20 % to 30 % redtuction of
ubiquinone in the a.erobic steadv state with 3 mM
succinate; ulndler the same conditions the extent of
re(lilctioll is abouit 50 % xvithi imiitochiond.lria in the
coupled conlditioni. Thle kinetics of ubiquilinone oxi-
dation and recdtuction in the deplete(l state (18) are
those expected fo- 1 pool of this respiratory ca-irrier.

Discussion

The values of the ADP/O ratio obtained for
oxidative phosphorylation with skunk cabbage mito-
clioidria are in accord with 2 phosphorylation sites
for succinate as substrate and 3 for malate, taking
0.6 to 0.7 as the ratio for each site. In the presence
of cyanide, 1 site is still operative witlh malate as
subs,trate, buit there is no phosphorylation withi suc-
cinate. This resuilt is consistent with the idea put
forward by Be3ndall, Bonner, and Plesn(icar (1 ) that
an alterna,te oxidase associated with the flavoprotein
and pvridine nucleotide components of the respiral-
tory chain ftunctionis in the presence of cyanide or
antimin A. Thus, the phospiorvllation site asso-
ciated with NADH-lin(ked substrates continiues to

function in the presence of respiratory inhibitors,
but the other 2 sites do not. The ADP/O ratio for
ac-ketoglutarate is calculated from our results to be
2.9 in the absence of inhibitor and 1.7 in the presence
of cyanide, asstminig 100 % efficiency for substrate
phosphoryla,tion, in good agreemenit with the data
plresented by Hackett alnd Haas (14).

\Vith succin-ate, we observe a crossover poinlt
between the cvtochronm,es b complex andcl cytochronle
c upon a(ldition of ADP. A similar resuilt has been
reported for mitochonldria from white potatoes (3).
One phosphorylation site between succinate and
oxygen can be assigned to the region between the
cytochromes b and cytochrome c in skunk cabbage
mitochondria. We do not have enough data to
assign 1 of the 3 cytochromes b to this site. The
second phosphorylation site in these mitochondria
between succinate and oxygen we place between
cytochromes a and a3, by analogy with such an
assignmen,t in black valentine belan mitochondria by
Bonner andi Plesnicar (3) an,d in rat liver Imlito-
chondria by Wilson and Chance (19) .

The phosphorylatioln efficiency of the flavoprotein
p)hosphorylation site should be given by the ADP/O
ratio obtained with nalate in the presence of cyanide,
wliclh is 0.7; the phosphorylation efficiency is thlen
70 %. If all sites have this efficiency, theni the
ADP/O ratio with succinate is calculated to be 1.4
and with malate to be 2.1 in the absence of cvanide.
These ratios are close to the values observed. In-
deed, if the efficiency is taken to be 65 % at each
site, the agreement between calculated and observed
ADP/O ratios is nearly exact. We conclude that
electron transport through ithe alternate oxidase
pathway, which would bypass the phosphorylationi
sites associated with the cytochromes, is negligible
in skunk cabbage mitochondria in the absen,ce of
cyanide. Reducin,g eqtuivalents, passing through the
respiratory chaini of plant mitochondri a havinllg a
functional alternate oxidcase, appear to select the
cytochrolmie pathway to oxygen over the alter-lnate
oxidase patlhwav in state 3. The percentage of the
total flux passing through tlhe cvtoch romle plath way
in the absence of cyaniide we define as the "selec-
tivity" of a branched respiratorv chaini witl 2
terminal oxidases. In the case of skuink cabbage
mnitochondria in state 3, the selectivity appears to
be 100 %. The cyanide "sensitivity" is defined as
the percent inhibition of the total respiratory rate
in state 3 b1 that inhibitor. foth these paramieters
are uiseful in describing the oxidative activity of
plant mitoclhondria. WVe (1.o not kinow as vet whether
high selectivity in state 3 is a property clharacter-istic
of all plant mitochonidria showNinig partial or nil
cvanide sensitivity, or wlhat degree of selectivity is
showni in state 4.

The responses of the redox level of uibiquinone
to ADP and uncouplers parallels those of pyridine
nticleotide and highly fluiorescenit flavoprotein. This
inipl)ies that uibiqutiinone particip.ates in those enere-v
conserving processes by which pyridin-e nutcleotide
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is reduced in coupled skunk cabbage mitochondria by
the oxidation of succinate. One possibility is that
reduced ubiquinone acts as the pool of reducing
equivalents which then pass to pyridine nucleotide
by an energy-linked process in reversed electron
transport, as suggested by Chance (6). Ubiquinone
could perform this function by interactin,g with
FPD2 which, while in rapid equilibrium with FP,, is
taken to be part of the first energy conserving site
in conjunction with FPDI (7). The results of our
kinetic study showed that ubiquinone initeracts on a
s'idepath with this pool of flavoprotein (18). Re-
versed electron transport from reduced ubiquinone
would then occur through this site to FPnl with the
expenditure of energy, and thence to pyridine
ii icleotide.

A proposed scheme for electron transport in
coupled skunk- cabbage mitochondria is shown in
figure 9. The pathway between succinate and oxv--
gen is essentiallv that dedtuced from our kinetic
study of uncoupled mitochondlria (18). but we pro-
pose that the flow of reducing equivalents directly
from the branch point Y to cvtochrome c is severely-
inhibited or not functional in cotupled mitochondria.
Placement of the flavoprotein follows the scheme of
Chance et al. (7) as discussed in the previous section
of this paper, andlubiquinone is shown on a side path
interacting with FPT.-. The additional NAD shown
associated wiith malate dehvdrogenase is to explain
the fuirther reduction of pvridine ntucleotide bh
malate over that achieveld by succinate in anaero-
hiosis, as shown in figure 2 and 3. Sites of energy
conservation. and hence sites of oxidative phos-
p)horvlation. are designated by the traditional
"gsquizgle". The desivniation of the cvtochrome b
complex bv the single letter b is required by otur
Present ignorance of ho-w these comnonents differ
and how these differences contribuite to their ftunction.

Malate-MDH

NAD Succ

1 1 1
Fp0 " FpD2bFps=y=b . c=aao 2

NAD 0 X 02

FIG. 9. Proposed scheme of electron transport in
coupled skunk cabbage mitochondria. Sites of energy
conservation are denoted by the symbol ".". The sym-
bol Y is used for the branch point and the symbol X
is used for the alternate oxidase. The dashed line be-
tween Y and cytochrome c denotes the path of electron
transport which predominates in depleted mitochondria
(18).
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