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Abstract-Mitochondrial preparations from sugar beet leaves are shown to catalyse the aerobic oxidation of 
the carotenoid glycoside, crocin. Thii oxidation has maximal activity at pH 3.6 and is different from the 
oxidation catalysed by chloroplasts which has an optimum near pH 7.5. The oxidation is partially inhibited 
by a variety of compounds including KCN and is stimulated by I-hydroxyquinoline. A lipoperoxidase system 
may be involved but only as a small fraction of the overall activity of the mitochondria. After treatment of 
the mitochondrial pellet with Triton-X-100 an extract and a residue are obtained, each of which will separately 
catalyse crocin oxidation. Evidence is presented that this treatment has separated two independent crocin 
oxidizing systems in the mitochondria. 

INTRODUCTION 

THE BULK of the destruction of carotenoids which occurs when detached leaves are damaged 
is presumed to be caused by an enzymic oxidation. 1 During investigations into the enzyme- 
catalysed destruction of endogenous p-carotene in leaf homogenates and chloroplasts of 
sugar beet, preliminary evidence was obtained for a carotenedestroying system in the chloro- 
plast, and possibly a second system outside the chloroplast.2 This evidence was confirmed 
using crocin, a water-soluble carotenoid glycoside, as added substrate.3s 4 

In this paper we report experiments which show that particulate preparations from sugar 
beet leaves, which contain mitochondria, actively catalyse crocin destruction. The properties 
of this system differ in several respects from those of the chloroplast system, particularly in 
regard to pH optimum and response to inhibitors. A preliminary report of this work has 
already appeared.5 

RESULTS AND DISCUSSION 

Demonstration of Crocin-destroying Activity Outside the Chloroplast 

(a) Mitochondria. The preparation which sediments at 20,000 g is called “mitochon- 
drial”. It is green in colour but differs considerably in its protein/chlorophyll ratio from the 
chloroplast preparation (sedimented at 1000 g) and moreover we have shown that there is 
succinate dehydrogenase activity in the “mitochondrial” fraction which is absent from the 
chloroplast fraction. 

1 V. H. Roorrr,J. Sci. FoodAgric. 11, 8 (1960). 
s J. FRIEND and T. 0. M. NAKAYAMA, Nature 184,615 (1959). 
3 J. FRIEND and A. M. MA~R, Biochim. et Biophys. Acta 41,422 (1960). 
4 J. Fatarm, Production and Application of Enzyme Preparations in Food Manufacture, p. 160. Society for 

Chemistry and Industry, London (1961). 
5 J. FRIEND and J. W. DICK~, B&km. J. 88,37P (1963). 
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In preliminary experiments comparison was made between the crocin-destroying acti\ itres 
of the resuspended mitochondria and resuspended chloropfasts which showed that at pH 7-3 
the chloroplasts were more active than the mitochondria. However. when the sctivitiel wre 
measured at pH 4.7, in the pH range reported to be optimal for destruction of cndogenous 
carotenoids in green leaf tissue ’ it was found that the mito~hondri~l were more actne th,m 
the chIoroplasts4 More carefui examination of the pH range revealed th,tt the mitochondrra 
were most active at pH 3%. There was a second peak of nctivitb at pH 7.5. at which pH the 
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chloroplasts were most active (Fig. la) and this was assumed to be enused by the contamlna- 
tion of the mitochondrial fraction with chloroplast fragments. The justificatton for this 
assumption is that if the crocin destruction of chloroplasts and mitochondria is compared on 
the basis of chlorophyll content (Fig. I b) and not as activity per mg protein (Fig. la). it ma? 
be seen that the activity of the mitochondria at pH 3.6 is three times that of the chloroplasts. 

The chloroplast fraction also shoas a peak of activity at pH 36 which has about 60 per 
cent of the activity measured at pH 7.5. The suggestion IS made that this lo\\ pH acti\ It> 01 
the chloroplast fraction is c;tused by cross-contamination of the chloroplssa with mno- 
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chondria.6, ’ Some experimental evidence for this assumption is that chloroplasts purified 
by density-gradient centrifugation show less crocin destruction at pH 3-6 compared with the 
chloroplasts used in these experiments (Friend and Acton, unpublished). 

(b) Supernatant. The supematant remaining after centrifugal removal of the mito- 
chondria showed little crocindestroying activity at either end of the pH range. However, 
it was found that addition of supematant to mitochondria markedly stimulated the destruc- 
tion of crocin catalysed by the mitochondria. This feature is discussed more fully in a later 
section of the paper. 

It was concluded from these results that there is an active crocin-destroying system outside 
the chloroplasts and that it is located in that fraction which contains the mitochondria. 

Properties of the Crocin-destroying System in Mitochondria 

(a) pH optimum. Measurements of mitochondrial activity between pH 3 and pH 4 
confirmed that cm&i-destroying activity was maximal at pH 3.6. 

(b) Effects of linoleate addition. The coupled oxidation of carotenoids in the presence of 

TABLE 1. THE IZFFXCT OF ADDED LINOLFATE ON CROCIN DF.STRUCTION BY 
MITOCHONDRIA IN THE PRESENCE AND ABSENCE OF EDTA 

Crocin destruction 
(% of control activity) 
Linoleate (1 x 10-J M) 

r , 
None Aged* Fresh 

Control 
Anaerobic conditions 
+ lo-3 M EDTA 
+5xlO+MEDTA 

100 im 100 
0 

88.5 8i.5 15 
87.4 92.3 - 

* Linoleate hydroperoxide determined spectrophotometrically gave 
a final concentration of 1 x 10-h M. 

unsaturated fatty acids is well documented and forms the basis of several assay methods for 
oxidation of unsaturated lipids.8 Since it has been found that one such oxidation, namely a 
“lipoperoxidase” reaction utilizing pm-formed linoleate hydroperoxide has an optimum 
near pH 3~8,~ it was decided to examine the effect of linoleate addition on crocin destruction 
by mitochondria. 

Addition of a freshly prepared suspension of sodium linoleate to mitochondria had no 
effect on crocin destruction whereas there was about 20 per cent stimulation upon addition 
of an “aged” linoleate solution which showed a hydroperoxide content of approximately 
1 per cent (Table 1). The stimulation by the partially peroxidized linoleate was abolished by 
the addition of EDTA to the reaction mixtures; EDTA also inhibited crocin oxidation by 
mitochondria to which no additions had been made, or to which freshly prepared sodium 
linoleate had been added. The stimulatory effect of the linoleate hydroperoxide pointed to the 
probable involvement of a system utilizing partially peroxidized linoleate for a coupled 

6 W. 0. JAMES and V. S. R. DAS, New Phytol. 56,325 (1957). 
7 R. M. LSECI-I and R. J. ELLIS, Nature 190,790 (1961). 
* J. A. BLAIN, J. HAWTHOUN and J. P. TODD, J. Sci. Food Agric. 4,580 (1953). 
9 J. A. BLAIN and E. C. C. STYLES, Nature 184,1141(1959). 
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oxidation of crocin, possibly of the lipoperoxidase type. However, the lihelihood of thi4 bort 
of enzyme being concerned was lessened by the finding that there was complete inhibition of 
crocin destruction under anaerobic conditions, even when partial11 peroxidized linoleatr wa\ 
added (Table I). Furthermore. pre-incubation of the mitochondna for two hour\ with added 
ascorbate. a procedure which was expected to mcrcnse the peroxidation of the cndogenoub 
lipid.“’ not only did not increase the amount of crocm destructlon but actually caused a 
greater inhibition of crocin destruction than adding ascorhate ju\t prior to the assay (Table 3: 
compare the result in Table 3). 

TAHLI 2. THL FFrkC I OF PRE-IUCUH\~ION CJE MITOWO~LJKI~ i\r HI ttrR ox c ROI I--. 

DwrRL( 110h 

Crocm de\tructlon 
I I’,, of contrc~l aotn IQ J 

Control 
Mtochondrla* pre-mcubatcd at 30 for 2 hr with butTer 
Mltochondrla* prc-Incubated at 30 for 2 hr alth ascorbic 

acid. sllfficrrnt to gl\e a final concentration after addl- 
non of subslmte ofl I IO- 3 M 

100 
Yl 
2-l 

* The mltmhondrla. buffer and ascorbic acid. when added. were shahcn at 30 C fiv 
2 hr; the flasks were then cooled. substrate added and then mcuhatcd as uw,d fm a~! 

of crocm destructlon. 

Compound added 
fall at a final cnncn. of I 1 IO- ’ M) 

Crocln destructIon 
( ‘I,, of control activity) 

Control (no oddltlons) 
Qumol 
Potassmm cyanide 
Ascorbic acid 
Sodium diethyl dlthlocarbamate (DIECAl 
Sodmm azlde 
u-Phenanthrolmc 
Thlourca 
Salicqlaldoxlme 
X-h)droxyqulnolmc 

The finding that these stimulations by added peroxidized linoleate were abolished b> 
EDTA and that there was only between 10 and 15 per cent inhibitIon of’ mltochondrlal 
oxidation of crocin at even higher concentration\ of EDTA led us to assume that if coupled 

systems involving linoleate were concerned in crocin oxidation by mltochondrla they could 
only represent between I O-l 5 per cent of the total mitochondrial actlvltb. 

(c) .&fi~cts of’idrihitors. In order to obtain some clue ;I\ to the nature of’ the o\ldlrlnp 
enzyme system involved, the effects of a variety of inhibitors were euamrned (Table 3). 

Hydroquinone (quinol) was found to be the most potent mhibltor of crocin oxidation. 
This compound k knoti n to inhiblt carotene oxidation durrng e\tractlon from leaf tkue mtn 
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organic solvents l1 and probably acts as an antioxidant. Ascorbic acid also probably acts as 
an antioxidant although it does not appear to be as effective as hydroquinone. The inhibitions 
by cyanide and axide suggest the possibility of involvement of a metallo-enxyme of the 
haematin type since o-phenanthroline and sodium diethyl-dithiocarbamate (DIECA) were 
not such effective inhibitors. The stimulatory effect of the metal chelating agents salicyl- 
aldoxime and 8-hydroxyquinoline should be noted; although these might appear puzzling at 
first sight, it should be borne in mind that 8-hydroxyquinoline stimulates oxalic acid oxidase, 
a tlavoprotein oxidase, in Bougainvillea chloroplasts. l2 Since a flavoprotein oxidase would 
theoretically produce hydrogen peroxide which can oxidize crocin, and because it has been 
reported that oxalic acid oxidase is associated with a “particulate” fraction from sugar beet 
leaves l3 the effect of addition of oxalic acid and a variety of other substrates for flavoprotein 
oxidases was examined (Table 4). None of these compounds greatly affected crocin oxidation 
by the mitochondria. Even if a flavoprotein oxidase requiring one of these compounds as 
substrate were involved, the concentration of substrate may not have been a factor limiting 
crocin destruction. 

TABLE 4. THE EFFECT OF THR ADDITION OF COMPOUNDS WHICH ARE 
POSSIBLESUBSTRATBSFOR FLAVOPROTRINOXtLWSBSONCROClNDESlRUC- 

TlONBYbIlTOCHONDRIA 

Compound* 
Crocin destruction 

(‘A of control activity) 

Control 100 
Glycollic acid 110 
~Glycine 93 
~-Glutamic acid 103 
L-Lactic acid 110 
Oxalic acid 82 
D-Glucose 80 
DL-Alanine (2 x 10-3 M) 89 

* Concentration= 1 x 10-3 M unless otherwise indicated. 

Extraction of Crocin-destroying Activity from the Mitochondria 

After resuspension of mitochondria in 0.05 M phosphate buffer pH 7.0, or solutions of 
either 1% sodium deoxycholate or 1% digitonin in the same buffer, followed by centrifuga- 
tion, only a small part of the crocin-destroying activity of the mitochondria remained in the 
supernatant. 

However, treatment with Triton-X-100 was found to be an effective method of extracting 
activity. The mitochondrial pellet was macerated at 0” C with 1% Triton-X-100 in 0.005 M 
phosphate buffer pH 7-O and left to stand for 30 min. Although suspensions of the mito- 
chondria in Triton solution showed a slightly inhibited crocin destruction, after centrifuging 
the suspension for 30 min at 75,000 g, about 80 per cent of the activity remained in the 
supernatant fraction (Table 5). The arithmetical sum of the activities of the supernatant and 
residue show an increase in total activity of over 30 per cent compared with the suspension 
of mitochondria in Triton-X-100. Since a further increase in activity of the residue was found 

11 V. H. BOOTH, Carotene: Its Determination in Biological Materials. Heffer, Cambridge (1957). 
I2 S. K. SRIVASTAVA and P. S. KRISHNAN, Biochem. J. 8!5,33 (1962). 
13 B. J. FINKLE and D. I. ARNON, Physiol. Plant. 7,614 (1954). 
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after resuspending it in buffer and re-sedimenting. presumably due to removal of occluded 
Triton-X-100, the total crocin-destroying activity which can be revealed after disruption in 
the detergent is almost double that of the original mitochondria (Table 5). 

TABLE 5. THE DISTRIBLI~ION or AND INCRLASE IN CROC IN-DESTROYING 4C ‘WI? Y M rf R 1 RE \IAlt~vuI OI 

tmroc HOUDRP. WITTY TRITO?.-X-I(H) 

Treatment 
Crock destructron Protem 

f *I(, of 71 I “‘, of ‘1 

R&we specific 
actiwt> kroctn 

Jcslructicm protein) 

I. Nlltochondrla suspended 
m O-4 M sucrose 

2 Mttochondrla suspended 
m I “,, Triton-X-100 

3. Supematant after 
ccntrlfu~atlon of 2 

4. Residue after centrlfugation of 2 
resuspended m I “(, Trlton-Y-IO0 

5 Restduc after centrlfugatron of 2 
washed and resuyxnded m buffer 

Sumof3-tI 
Sumof Q-5 

Since no additional activity could be extracted from the residue by a second treatment 
with Triton-X-100. it seemed probable that the activity in the extract and that in the residue 
represented two different enzyme systems each of which could catalqse the o\ldation of 
crocrn. Several features of the two systems were compared to \ee whether this hypothek 
could be Tubstantiated. 

(a) Ejects of 8-lt?‘n~o.‘~quitI(,li?le ad cydtke. It was decided to exmnmc the effect of two 
compounds M hich had opposite effects on crock oxidation by mitt~ch(~ndri~~. namely X- 
hjdroxyqumoltne and potassium cyanide (Table 6). ~-Hydrox~qujnolinc hat distinctly 
different effects on the extract and the washed reuduc. inhibiting the former slightly and 
stimulating the Iatter about 2+5-foid. Although there is a difference in the action of cyanide 
on the residue and on the extract, this reagent is not so useful for dibtmgulshing tuo beparate 
actlvltres since 16 effect is obviou4y much more modified by the presence ot’ Triton-S-IOI) 

1. Mltochondrla suspended In 0.4 M sucrose 
2. k%nochondrta suspended in I O,, T&on-X-100 
1. Supernatant after ~ntr]fu~tIon of 

,uspenslon tn (21 
4. Reslduc after centrifugatlon of suvpenslon 

rn (2) resuspended m I Oc, Trrton-X-l00 
5 Residue from fJ) washed and resuspended 
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than is the effect of 8-hydroxyq~noline. This feature may be seen when the first and second 
lines of Table 6 are compared. 

The effect of I)-hydroxyquinoline was examined at lower concentrations (Table 7) and it 
can be seen that even at 50 PM it stimulated the activity of the washed residue. However, at 
the lowest con~n~ation there is no inhibition of the activity of the su~~a~nt. 

Concentration of 
S-hydroxyquinoline 

W-0 

Crocin destruction 
(% of control) 

I -a 
Washed residue Extract 

0 (Control) 

1: 
1000 

(b) Interaction with the solublefraction of the homogenate. The differences between the 
two fractions were further emphasized by a study of the effect of the soluble fraction of the 
leaf homogenate; we have already mentioned that addition of leaf supematant to mito- 
chondria stimulated the destruction of crocin. In a comparison of the addition of supematant 
to mitochondria, Triton extract of mitochondria and washed residue, it was found that leaf 
supernatant had no effect on the Triton extract but that it stimulated the washed residue 
~~0~~ not to quite the same extent that it stimulated the untreated mit~hond~a (Table 8). 

TABLE& ~EFPECTOFADDIT~ONOFTHE~~NATANTFROM~~BEETLBAFHOMO- 
GENATE (-CELL .50LUBL,E FIuClwJN”) ON CROCIN DBSXltWXION BY -0NDRiA AND 

~M~~~L~~O~ 

Addition of 
fiupematant containing 

O-43 mg protein 
( % stimulation) 

Mikxhondria suspended iu O-4 M sucrose 
Supernatant from Triton extract of mitochondria 
Residue from Triton extract of etch, washed 

and resuspended in buffer 

-i-260 
0 

+176 

(c) Time course of crocin destruction catalyzed by the extracted enzyme system and by the 
rnito~ho~~~r~~~e. When the amount of crocin destroyed at different time intervals using 
either the extract or residue as catalyst was compared, it was found that the two time curves 
were distinctly different. A linear relationship was maintained for at least 30 min with the 
residue, during which time 34 % of the original crocin was destroyed. In contrast to this, the 
initial reaction velocity of crocin destruction catalysed by the Triton extract was maintained 
for only about 2 min, after which there was a decrease of the rate of reaction to almost zero 
after 15 min. Seventeen per cent of the crocin had been destroyed after two minutes, and it is 
possible, although not very probable, that this reduction in level of substrate may have been 
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1 limiting factor for the overall activity shown by the extract and so have caused the observed 
reduction of the reaction rate. Even so, the rate of activity catalysed by the residue did not 

alter after 17 per cent of the crocin had been destroyed (15 min), and this difference in 
behaviour emphasizes still further the difference in the catalytic activity of the two enzyme 
fractions. 

(d) pH-.-fctiviry relatioml~ip. An examination of the pH-activity relationship for crocin 

oxidation by the extract and by washed residue derived from the same mitochondrial pellet 
revealed a small but significant difference between these two fractions. In Fig. 2 it may be 
seen that the residue IS similar to untreated particles m that maximum actlvitl IF found at 
pH 3.6. whereas in the extract an optimum IS observed at pH 4-l and there is also considerable 
activity at pH 52. 

010. 

008. 

00 .I 

3 4 5 
PH 

FIG. 2. EFFECTOF pH ON CROCIN DESIRLCTION BY WASHED KESIDU AVU EXTILWTOBSAIWJ AFTER 

TKIT~N IRFATMNTOF CHLOKOPLASIF. 

.-..- Washed reudue. 
-.-f-r_ Extract 

CONCLUSION 

The oxidation of carotenoids which occurs in a subcellular fraction other than the chloro- 
plasts has now been shown to be associated with the fraction containing mitochondria. Since 
the activity of the mitochondrial preparation is greatly stimulated by addition of the super- 
natant fraction from the leaf homogenate, it is reasonable to assume that this combined 
activity of mitochondria and supernatant will be responsible for carotenoid oxidation in 
damaged leaves. 
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The two sub-fractions of the mitochondria which were separated by treatment with 
Triton-X-100 have been shown to differ in respect of their response to selected inhibitors, in 
the effect of the soluble fraction from the leaf homogenate, in the rate at which they catalyse 
crocin destruction and in their pH-activity relationships. From these findings it is postulated 
that there are two separate enzyme systems in the mitochondria each of which will catalyse 
croein destruction independently of the other when separated. It is interesting to note that, 
of the two fractions separated by treatment with Triton, it is the residue which has properties 
corresponding to those of the untreated mitochondria. Since the residue, after washing, has 
73 per cent of the ~~in~~~o~ng activity of the mitochondria, it is possible that the 
activity shown by the mitochondria is mainly that of the residue. The activity of the extract 
may therefore be partially inhibited by the residue and only be displayed after separation of 
the extract and residue since tbe increase in total activity after Triton treatment is only 
revealed when the extract and residue are separated by centrifugation. 

The properties of the extract and the residue have been examined in greater detail and will 
be described in the two following papers in the series. 

Materials 
EXPERIMENTAL 

Sugar beet plants (Sharpe’s Klein Wanzleben E) were grown in a greenhouse. Leaves 
were harvested when required; occasionally they were stored in a polytbene bag in a refri- 
gerator, since it was found they they could be stored for periods of 3-5 weeks without 
deterioration. 

The method used for the isolation of the mit~hon~a was that of Mayer and Friendi 
except that the mitochondria were suspended in O-4 M sucrose. 

The method of extraction of the crocin from saffron and the preparation of stock solutions 
has been described previously.3 The substrate solutions were made more concentrated so 
that a smaller volume could be used in the reaction mixtures. Triton-X-100 was a gift from 
the Rohm & Haas Co. 

Methods 
Mit~on~i~ suspension (usually 0.5 ml), O-3 ml crocin solution, O-2 ml water or solution 

of inhibitor and O-1 M citra&phosphate buffer to give a final volume of 2 ml were shaken in 
small conical flasks for 20 min at 30”. A 1 ml sample was withdrawn and analysed for residual 
crocin by the method of Friend and Mayer. 3 To compensate for possible non-enzymic 
oxidation of crocin, boiled mitochondria were incubated with crocin under identical condi- 
tions and the crocin estimated as described above. Chlorophyll was estimated by Amon’s 
rnetl~od.~~ Protein was estimated by the method of Lowry et af.l6 

Triton-X-100 treatment of mitochondria was carried out by suspending the mitochondrial 
pellet in a solution containing 005 M phosphate buffer at pH 7.0 and 1% Triton-X-100. 
This suspension was left for 30 min at O-2”, with occasional stirring. The volume of detergent 
solution used was the same as that of 0.4 M sucrose solution used for routine preparation of 
mitochondrial suspensions. The suspension was then centrifuged for 45 min at 75,000 g 
(30,000 ~v~~n in the 8 x 50 ml rotor of an M.&E. Superspeed 50 ~ntrifu~) and gave a 

14 A. ht. MAYEIZ and J. FRIEND, J. Exptl. ht. 11,141 (1960). 
1s D. I. AWON, Plffni Pkysioi. 24,1(1949). 
16 0. E-I. LOWRY, N. J. ROSWCOUGH, A. L. FARR and R. J. Rnmuu. J. Biol. &ST. 193,265 (1951). 
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clear, green supernatant (the extract) and a firm pellet (the residue). The latter was suspended 
in an equal volume of buffered Triton solution with the aid of an all-glass homogenizer: 
particulate material was removed by pouring the suspension through a double layer of gauze. 
However, when “washed residue” was required. the pellet from the high-speed centrifugation 
was resuspended in ON)5 M pH 7-O phosphate buffer and recentrifuged. This pellet was 
finally resuspended in a solution containing O-4 M sucrose and 0305 M pH 7.0 phosphate 

buffer. since it was found that when sucrose was present the resuspended residue could be 
stored in the deep freeze (-20-j and thawed without any flocculation which otherwise 
occurred. 

Ackr?o*,/e~genlents-Some of the experunents reported were carried out by one of us (J. F.J durmg the tenure 
of a Semor Treasury Research Fellowship at the Low Temperature Research Statron. Cambridge (1958-60). 
J. W. D. was the holder of a D.S.I.R. research studentship. 


