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INTRODUCTION 

Of lho many oxidative reactions taking part in plant- respiration, "termi
nal oxida!ion" has been .studied more i han any other. It is here that elec
trons from substrate oxidation are at last combined with oxygen and II'1' 
ions to yield water. Enzymes catalyzing the final reaction are called utermi
nal oxidase*," and these bear a major responsibility for the nil. i mate con
sumption of oxygen. 

In animal tissues evidence heavily favors an iron-porphyrin protein, 
cytochrome oxidase2, us the probable catalyst in the overall reaction: 

2 cytochrome A3 ~ (Fe**) f 211+ + H 02 > 2 cytochrome A:{ - (Fea+) f H20 

Two molecules of reduced cytochrome A3 furnish electrons needed for 
reduction of one oxygen atom, and two protons are required to balance 
the reaction (8} p. 221)1. More specifically, a series of cytochromes is be
lieved to react in sequence. Cytochrome B is the first reduced. Then follows 
cytochrome d , cytochrome C, and finally cytochrome A4. 

The mechanism of terminal oxidation is less clearly understood in higher 
plants. A number of oxidases have been suspected on the basis of varying 
requirements among different plant species and tissues (6', p. 200, t$). 
Peroxidase, ascorbic acid oxidase, tyrosinase, and cytochrome G oxidase 
have all been considered as potential catalysts. 

Initial work at this laboratory has revealed a cytochrome C reductase 
in leaves of sugarcane, but. no clear evidence of cytochrome G oxidase 
could be found (/). More recently, cane peroxidase (3) and tyrosinase (4) 
have been studied in an effort to clarify relationships between sugar con
tent and respiratory reactions. Much of the importance attributed to these 

1 Associate Plant Physiologist, Agricultural Experiment Station, University of 
Puerto Rico, Río Piedras, P.ll. 

3 Cytochrome oxidase is also commonly designated cytochrome As . 
3 Italic numbers in parentheses refer to Literal tire, Cited, pp. 144-5. 
1 Even today the nature and functions of the cytochromes are not clearly under

stood, yet ironically these pigments were known long before biologists were ready to 
accept them as having significant roles. MacMunn studied them from 1882 to 1880 
but his views were not accepted. According to Vruton and Simmunds (/#, p. 340), in 
a book published posthumously, MacMunn wrote "A good deal of discussion has 
taken place over this pigment, and the name of Tfoppe-Seyler has prevented the 
acceptance of the writer's views. The chemical position is undoubtedly weak, but 
doubtless in time this pigment will find its way into the text-books". 
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enzymes was based on the assumption that no cytochrome oxidase was 
active in cane. This paper concerns a water-soluble cytochrome O oxidase 
which has recently been extracted from roots of immature sugarcane. 

M AT Kit IA LS A NI) M ETIIOI )S 

PREPARATION OF ENZYME 

Cytochrome C oxidase was prepared with root tissues from 8-month-old 
plañís of the sugarcane variety P.Ti. 980. The canes had been grown in 
quartz sand contained in 3-gaIIon, polyethylene containers, each of which 
received I liter of "complete" fi nutrient solution every second day, arid 1 
liter of tap water on alternate days. Root, tissues were obtained by removing 
the nearly pot bound plant cluster from the container, and trimming the 
fresh root growth which was now readily accessible. Hoot samples consisted 
of the young, white, turgesceut segment extending 2 or 3 inches back from 
the growiug point15. 

After thorough washing, about 50 gm. of root material were blended for 
2 minutes in 125 ml. of distilled water and crushed ice. The mixture was 
then expressed through four layers of absorbent, gauze, chilled to 1°C, 
and clarified by ccutrifuging for 10 minutes at 3,500 r.p.m. A few drops of 
0.25 A' NaOTI was used to bring the supernatant liquid to pfi 7. Sufficient 
solid ammonium sulfate was them added to achieve 80-percent saturation. 
The salt was added slowly with constant stirring over a 30-minute period. 
Each sample was then refrigerated for 3 hours at 2°C. to increase protein 
yield. 

Following removal of the 0 to 80-percent protein fraction by centrifuge, 
more ammonium sulfate was slowly added until the solution was 95-per
cent saturated. The suspension was refrigerated for 3 additional hours. 
The 80- to 9."> percent protein fraction was removed by centrifuge, taken 
up in 5 nil. of distilled water, and the protein suspension was again clarified 
by centrifuge at 3,500 r.p.m. ¡Most of the root cytochrome C oxidase activity 
was present in the protein concentrate, which, in turn, was refrigerated 
ontil dilutions were required just prior to running individual assays. 

ASSAY OP CYTOCHROME C OXIDASE 

The cytochrome C oxidase procedure employed here was based on the 
method of Coopers Loin and Lazarow (9), and of Webster (i$), in which 

6 Nutrient, concentrations, expressed a.s miUicquivalonts per liter, wen! provided 
as follows: Nitrate, 10; phosphate, 6; potassium, 5; calcium, 3; magnesium, 2; and 
sulfate, 2. Microelements, expressed as parts per million, were supplied in the follow
ing concentrations: Boron, 0.05; copper, 0.02; manganese, 0.50; zinc, 0.05; molyb
denum, 0.0J; and iron, 1.0. The tetter M is used in this paper as an abbreviation for 
"molar ." 

"These roots are equivalent to the "shoot, roots" described by Van Oillewijn {22% 

pp.53 4). 
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the decrease in optical density of a standard digest containing reduced 
cytochrome O is measured at ññO m/i. "Reduced cytochrome C is pink and 
possesses visible absorption bands near 550 and 415 nu¿, while oxidized 
cytochrome C is yellow and has a visible absorption band at: 400 m/i. 
Figure 1 illustrates the absorption spectra of reduced, ox heart cytochrome 
C7 before and after being acted upon by the cane-root enzyme. 

Other methods suitable for cytochrome C oxidase include the manóme trie 
technique of Srot-z, el al, (80,19) t requiring hydroquinone as a secondary 
substrate, and the colorimefric method of Smith and Stotz (18), in which a 
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FIG. 1.—Absorption spectra of reduced and oxidized cytochrome C from ox heart. 
Reduced spectrum was obtained before exposure to cane cytochrome C' oxidase, and 
oxidized spectrum was derived after 4 hours action by the sugarcane enzyme. Cyto
chrome C concentration was 1.5 X 10"2 /*mol/ml. 

lenco dye is oxidized to its colored form. The assay described below for cane 
oxidase was selected because of its relative speed and precision. 

Cytochrome C oxidase was measured directly in duplicate, 1-cm. Pyrex 
cuvettes, employing a Beckman .Model B spectrophotometer. Each cuvette 
received 1.0 ml, of 0.2-M acetate buffer (pll 4.5), O.o ml. of enzyme 
preparation, and 0.5 ml. of additive solution or distilled water. One milli
liter of wntcr was added to the control vessel and the optical density reading 
at 550 ixuí was adjusted to 0. One milliliter of reduced cytochrome G solu
tion was then placed in the test cuvette, optical density was measured and 
a stopwatch started immediately. Optical density was again recorded after 

'' Supplied by the Nutritional Biochemicals Corp., Cleveland, Ohio. 
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()0 seconds had passed. Sufficient cytochrome C was used to make a final 
concentration of 0,1 /¿mol/ml. of digest, and all tests were conducted al 
laboratory temperature (22°C). One cytochrome O oxidase unit was 
arbitrarily defined as (lie amount of enzyme causing" an optical density 
decrease oí' 0.10 par minute. Protein content of the enzyme preparations 
was determined by the method of Sutherland el al. (81), and oxidase 
action was subsequently expressed as specific activity (units per milligram 
of protein). 

iu;si:i;is AM) DISCISSION' 

KXTHAC'HON AM) [USTIU HUTION A .11 O.N <¡ CANE TISSUES 

It now appears thai our earlier Indure lo detect cytochrome (• oxidase in 
cant» was due io inter fere tice, by tyrosinase, and to the fact that only leaf 

T A 111. K 1 ('jftuciminu! (' os it luxe activity anion tj <l ijfc rent fixKiit.s 
of (0 -month old a ugurcatie' 
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1 Variety P.It. 980. The standard assay procedures were employed throughout as 
described under Materials and Methods above. 

ii.ssue was «tudied, Webster {23) pointed out that the high in vitro activity 
of certain copper oxidases will usually mask the activity of other oxidative 
enzymes. This investigator avoided tyrosinase by capitalizing on the rela
tive insolubility of cytochrome C oxidase. He localized the latter enzyme in 
a particulate fraction of his plant nuil erial s, sediment cd between !,000 and 
10,000 X g, while tyrosinase remained soluble in the supernatant liquid. 
Our own attempts to isolate cytochrome O oxidase among particulate 
fractions were negative, fío we ver, we did obtain from metis I em extracts 
a weak oxidase activity by fractionating with ammonium sulfate, and 
subsequently discarding the tyrosinase-bearing portion which was precipi
tated between 0 and 80-percent saturation. 

The meristem oxidase was not sufficiently strong to suggest real biochemi
cal importance. The search was therefore extended to other tissues. Table 
! shows that of the various tissues studied, only roots contained strong 
activity, although some cytochrome C oxidase activity was found in sheath 
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and iiod(! preparations. Salt fractionation of root ox (rae Is produced (ho 
most active precipítales above 7o-percent saturation (fig. 2), 'J1!lis is 
interesting in thai tyrosinase is precipitated almost entirely below 7/5-
pereent saturation (4), although in roots there is little evidence of any 
tyrosinase at all. 

PROPERTIES OP CANE CYTOCHROME C OXIDASE 

Stability 

Cytochrome C oxidase preparations gradually lost activity during pro
longed storage under toluene (table 2). The enzyme was slightly more 
stable in dilute cysteine-HOl solution. Since these preparations were not 

40 

H 
•-4 
> 
Ü 
< 
O 

20 
h 
O 
W 

a* 
w 10 

0 

Oto 30 40 50 60 70 80 90 

PERCENT SATURATION BY AMMONIUM SULFATE 

Kt<;, 2.-- Cytochrome C oxidase activity among protein incretnenis precipitated 
from extracts of sugarcane roots. 

adversely a Hoc led by freezing, the usual procedure was to freeze a series of 
fresh aliquots and to thaw sufficient enzyme for a given day's work. The 
enzyme did not recover activity following inaclivation by boiling. 

Optimum pH and Temperature 

Optimum pli for cytochrome C oxidase was found to tie between 4.0 and 
4.5 (fig. 3,A). This value is unexpectedly low and accounts, m part, for our 
not detecting the enzyme during earlier work. Cooperstein and Lazarow 
(9) measured rat cytochrome C oxidase at pl i 7,4, while Stotz et al. (20,19) 
and Hass et aL (14) assayed the enzyme at pH 7.2 and 7..3, respectively. 
The only other known sugarcane enzyme having such a low pH preference 
is an «-amylase which we encountered in leaf preparations while studying 
the Q enzyme (#). 
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Ten iperatu re dice t s were de Í enni i led w i ti i 11 íe ai d of a eo n s Uu 11 - temj >era-
ture water bath, in a maimer similar to that described for peroxidase (8) 
and tyrosinase (/,). No great precision is claimed, since, unlike the standard 
assay which is run directly within the spectrophotometer, it was first neces
sary to transfer active reaction mixtures from the water bath to cuvettes 

TJ\HI,K 2.—Specific activity decline of cane cytochrome C oxidase stored at room, 
laboratory, and refrigera/or temperatures1 

S lo ruge tempera hi rr ("('.) 

lioom (28° 2!)°) 
Laboratory (21° 22°) 
Refrigerator (2o) 

Results for indicated days following preparation 

(I 

2S.0 
28.0 
28,0 
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15.0 
21.0 
22.0 
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M.0 
15.0 
15.5 

(i.O 
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12.4 

1 Standard assay procedure vvn.s employed as described under Malcriáis find 
Methods, pp. 110-7. 
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Fia. .'i.—A, Effects of variable pH on cytochrome C oxidase from augúrame roots; 
B, effects oí variable temperature. The standard assay was used in ooujunelion with 
indicated treatments. 

before measuring optical density. Nevertheless the results are relat ive and 
indicate that optimum temperature for the enzyme is about 36 to 40°C. 
(fig. 3,B). 

Cane cytochrome O oxidase activity could be plotted as a first-order 
reaction both with reference to enzyme concentration (fig. i,A) and time 
(fig. 4,B). The reaction rate is constantly decreasing, or, in other words, 
the reaction proceeds as if there were insufficient substrate to saturate the 
enzyme. This behavior appears to have been due to a slight "deficiency" 
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FIG. 4.—Optical-density decline of reduced eytociiroine G in the presence of cane 
cytochrome C oxidase: A, proportionality of the reaction with enzyme concentration; 
B, proportionality with time. The standard cytochrome C oxidase assay was used 
throughout in conjunction with the variables indicated above. 
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FIG. 5.—Effects of variable substrate concentration on the activity of sugarcane 
cytochrome O oxidase. 

of iron (Fe), since in each instance the incorporation of additional Fe, 
rather than increased cytochrome, brought about the normal diphasic 
activity response. 

Substrate Concentration, Km 

Cytochrome C oxidase was measured with substrate concentrations 
ranging from 0.01 to 0.30 /¿mol/ml. of digest (fig. 5). Maximum velocity 
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was recorded a. I 0.00 /uno I/ml. Km is thereto re about 4.5 X JO !> mol of 
reduced cytochrome O per .lifer. 

Actinal i on and Inhibition. 

Merc my and cysteine- FT 01 mark (idly stimulated cytochrome G oxidase 
at the concent ration 2.0 /nnols/mi. of digest (table 3). Boron and nitrate 
slightly stimulated (lie reaction at the same concentration, while ON 
caused total inhibition. Subsequent trials showed that ON inhibition was 
easily mensurable with only 0.02 /nnol of ON present, per milliliter (tig. 0). 

Ourbon monoxide (CO) was tested as a possible inhibitor by bubbling 
the gas through a. standard cytochrome C oxidase preparation for 30 min-

TABLE 3.—Effects of aihliiims on cytochrome C oxidase from roo Is of sntjurvaiuA 

Additive 

Control (+H20) 
Kg 
Mo 
Zn 
As 
Br 

Specific 
activity 

.18.0 
29.0 

2 

10.8 
21.0 
18.0 

Add i five 

F 
B 
Cn 
M« 
Cu 
1 

Specific 
activity 

18 
2» 
17 
20 

Í 

19 

Additive 

CN 
Thiourea 
Hydroquinono 
Cysteine-HOI 
^-glycerophosphate 
Nitrato. 

Spue if u: 
activity 

0 
21 
18 
:« 
17 
2+ 

1 The standard digest was employed throughout in conjunction with a final addi
tive concentration of 2 /¿mol/ml. of digest. The following additive sources were 
u.scd: Calcium chloride, magnesium chloride, boric acid, sodium fluoride, sodium 
bromide, potassium iodide, cuprie sulfate, sodium arsenate, zinc sulfate, potassium 
cyanide, sodium ^-glycerophosphate, and sodium nitrate. 

a The presence of Mo caused a precipitate to form upon incorporation of cyto
chrome C. 

3 Copper induced a rapid hut noiionssymatie decline of optical density readings. 

ules. Oarbon monoxide was generated by passing concentrated H2S04 

into a 2 Ar solution of formic acid. No effect was noted upon oxidase ac
tivity, although the GO treatment was carried out under normal light 
conditions of the laboratory. I t has long been known that light reverses 
the GO-inhibition of respiratory enzymes (7,15), and it is possible that any 
GO effect upon the cane enzyme was reversed before an assay could be 
carried out.* Isolation of cane cytochrome G oxidase in roots would nor
mally minimize any potential light effects. 

Dialysis Effects; Essentiality of Fe 

An almost immediate activity decline was observed when cytochrome 
C oxidase preparations were dialyzed against; distilled water (Jig. 7). 

8 Similar CO treatment of cane tyrosinase preparations caused almost 100-per cent 
inhibition of that enzyme. 
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Over 70 percent of the activity was lost within 2 hours, and only a trace 
of the reaction could be detected after 44 hours. 

Subsequent attempts to reactivate dialyxed oxidase were successful with 
cysleine-HClj and particularly so with Fe (table 4). With added Fe the 
dialyzed preparation was far more active than the undialyzod control. As 
little as 2 X 10~6 //.mols of Fe per milliliter of digest caused partial reactiva
tion (table 5), while 2 X 10"2 /¿mol s of Fe restored activity to the predial y sis 
level 

Iron, of course, is a known essenlial component of the cytochrome C 
oxidase system. However, I ho dialysis .studies have shown, as evidenced 
by the much greater activity of ''el caned-up" preparations, that this en-

.Í.0 

CYANIDE 
(MIGROMOI.ES PER MILLILITER OF DIO EST) 

Via. ü.—Cy.'Hiiilo inhibition of siigiucuno cytochrome O oxidase. 

aymc must be bound with other ions which retard the effect of Fe without 
themselves serving to activate the catalyst. This might also be true of the 
enzyme in viro, which would help explain the apparent effects of certain 
nutrients and nonessential factors upon the cytochrome oxidases of plants 
grown under experimental conditions. 

SIGNIFICANT*; OF CYTOCHROME C OXIDASE IX SUGARCANE 

Cytochrome (.: oxidase undoubtedly plays an important role in animal 
respiration, yet its importance in higher plants is clouded by the presence 
of other enzymos capable of performing the tasks of a terminal oxidase. 
Sugarcane cert aim1 y is no exception, for wc can obtain peroxidase and 
tyrosinase far more readily from cane than cytochrome 0 oxidase. The 
tissues themselves seem to determine a predominant oxidase. High tyro-
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stnu.se levels in jueristem contrast markedly with cytochrome C oxidase 
localization iu the roots, especially so since the former has a pIT preference 
of 7.4 (4), and the hitter a p l i of 4.5. Peroxidase is distributed abundantly 
among leaf, sheath, and morí stern tissues (3). 
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FIG. 7. -Declino of cytochrome C oxidase activity following dialysis of the enzyme 
against distilled water. Enzyme «imples were dialyzed at 2° C. for the indicated pe
riod of time. Afterward they were stored at 2° C. until the 'I I-hour treatment had 
been completed. Each sample was then assayed according to the standard procedure. 

TABLE -I.—Rend haling effects of different additives upon dialyzed cytochrome 
C oxidase, preparations1 

Data classification 

Specific, nativity 

Uiuliulyzcri 
(control) 

1 9 . 5 

Treatment of cytochrome C Oxidase preparations 

Dialvzetl 
plusifiO 

Fe 

32.0 

Oialyzcii 

H» 

0 

i l l! •Í l.OjUllH 

It 

9.0 

>l/m|.of— 

! 

(5.0 ! 

Cvsleine 
' HC1 

22.5 

1 The treatment enzyme preparation was dialyzed for 18 hours ¡tgainst '.\ changes 
of distilled water. Both control and treat men I samples were refrigerated at 2°C. 
during the dialysis period. Standard assays were then run with undialyzed oxidase, 
and with the dialyzed enzyme in the presence of additives. 

The relative activities of these two catalysts, as we have thus far studied 
them, are not sufficient to state which one is of greatest importance. Ty
rosinase undoubtedly is able to mask the action of its iron-bearing counter
part and, furthermore, the water extraction of these enzymes dot's not 
necessarily give a fair picture of their content or activity. The relative in
solubility of cytochrome C oxidase has been pointed out by several investi
gators (8, p. 220, 23$), whereas tyrosinase is readily soluble in water. The 

http://stnu.se
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most that wo can say al t he moment is i hut ty ros inase p robab ly m e d i a t e s 
t e rm i iitil oxida t ion in mer i s t em, and that cy toch rome C oxidase can do so 
in roofs. More information could be gained by comparing gross respiratory 
activity among difieren! cane tissues. By determining which respiratory 
inhibitors are most effective (i.e., those retarding the iron-porphyrin sys
tem or those acting upon the copper proteins), the predominate terminal 
oxidase in any tissue would be confirmed. 

Yet even if cytochrome C oxidase did not count for much in termina] 
oxidation, its potential vole in other biochemical processes would still be 
formidable. "Oxidative phosphorylation"9 is a good example. According 
to Fniton and Simmonds (1$, p. 381), numerous workers have shown that 
aerobic respira!ion of ceils and tissue preparations is associated with in-

TAHIJO 5. iStimululiny rffccfx of aOihd iron upon- wujarc&ne cytochrome (• oxidase. 
following inacfination by dial if ¡t i.1 again si flisfiffe.fi wafer1 

I TrviilmtMit of cytochrome C oxídase piepa ral ions 
1 

I Ma classification j I DialvzcrJ mzvim*. plus I'c at indica lei] conci'tilrnlions 
! Undialvml ! ' fomol/ml. of dip-sO (control) 

X 10-*' 2 X HJ •» 2 X 10 s | 2 X i»"2 2 X I» ' 2 X 10 o 

Specific a c t i v i t y j 17.0 0 ; 7.5 8.2 I 100 | 17.2 j 31.4 ! 28.7 

1 The treatment enzyme preparation was dialysced for 48 hours against 3 changes 
of distilled water. Both coat rol and treatment preparation were refrigerated at 
2°C. during the dialysis period. Standard assays were then run with undialyjsod oxi
dase, and with the dial y zed enzyme in the presence of iron additive. 

organic phosphate uptake. It, was found that, respiration was responsible 
for the formation of the pyrophosphate bonds of ATP. Considerable evi
dence is now available indicating that one equivalent of A T P is formed per 
atom of oxygen consumed in the oxidation of cytochrome C by ()•> (17, 
11). Conn and Stumpf (8, p. 223) have used the diagram presented in 
figure 8 to illustrate the chain of electron transport during a reaction se
quence which includes a mitochondrial source of enzymes, inorganic phos
phate, FAT) (flavin adenine dinuclcotide), N A D (nicotinamide adenine 
di núcleo tide), and cytochrome C. 

Phosphorylation is believed to take place as a pair of electrons makes 
its way along the pathways of electron transport. One such reaction occurs 
when reduced cytochrome C is oxidized by molecular oxygen. The other 

9 "Oxidative phosphorylation" is associated with reactions of electron transport. 
This is distinguished from "substrate level phosphorylation," in which phnsphoryU 
ated or thioester forms of substrate react with A DP to form ATP, as in certain reac
tions of the glycolytic and Krehs-cycle pathways. 

http://flisfiffe.fi
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I wo phosphorylations are accomplished when a pair of electrons makes its 
way from XADM to cyiochrome ('. Such reaelions have been studied with 
mitochondria preparations oí both plants and animals, and it is presumed 
that identical sequences would exist in sugarcane. 

Kinally, one cannot overemphasize the fact that the importance of cyto
chrome C oxidase lies not in its role as a single catalyst, but as an integral 
part of an extremely complex series of mitochondrial enzymes.1" This 
combination of enzymes includes catalysts of the tricarboxylic acid cycle, of 
oxidative phosphorylation, of fatty acid oxidation, and enzymes involved 
in synthesis of specif i c cell materials. This physiological "machine", of 
which cyiochrome. C oxidase is an important component, is an excellent 

J?Qs 

NADH 

m 4 

NAD 4 

FAD. H 2 0 

PADH 

2H7 

Fig. 8.—Diagram:!tie summary of oxidative phosphorylation, as illustrated by 
Conn nnd Stumpf (8). 

example of the integrated multienzyme action which is indispensable for 
the maintenance of living matter. 

SUMMARY 

A study was made of the distribution and properties of cytochrome C 
oxidase in sugarcane. The enzyme was extracted from fresh root tissues of 
variety P.I?.. 980 with water and precipitated with ammonium sulfate. 
Cytochrome C oxidase wns assayed spec trophot orne tricaily at 550 inju by 
measuring the optical-density decline of a buffered solution of reduced 
ox-heart cytochrome C and enzyme. 

10 Mitochondria arc rod- or spherical-shaped bodies found in nearly all plant and 
animal cells. Intact mitochondria seem to act as complete biochemical units. Inter
mediates of the tricarboxylic acid cycle and fatty acid oxidation are usually oxidized 
without adding cof actors, and, in like manner, complete compliments of cytochromes 
needed for electron transport are found in the mitochondria. It is interesting to note 
I hat ext mots of rat-liver mitochondria have been found to contain particles which 
in themselves perforin oxidative phosphorylation (10, fit), 
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Fractionation oí cano extracts with ammonium su I tato showed that 
cytochrome C oxidase is precipitated primarily between 80- and Of)-percent 
saturation. This corresponds to the range of little or no tyrosinase precipi
tation, indicating that tyrosinase may act to mask the action of cytochrome 
C oxidase in crude cane preparations. Richest source of the oxidase was root 
tissue, although moderate activity was also present in the 80- to 9.5-percent 
fraction of meristem extraéis. Borne activity was likewise obtained with 
sheath and node preparations. 

Cytochrome C oxidase was stable for about 24 hours when maintained 
in dilute cysteine-1 i CI solution at 2°0. More than 50- percent of the activity 
was lost after 9 days. The enzyme was not adversely a (Tee led by freezing, 
it was totally inactivated by boiling for 5 minutes. 

Optimum temperature lay in ihe range of 36° to 40°C. Optimum plf 
was about 4.3. Cytochrome C oxidase activity was plotted as a first-order 
reaction with reference both to enzyme concentration and time. Iron 
appeared to be a limiting factor in the standard root preparations. Km was 
4.5 X lO-5 mo is of reduced cytochrome .0 per liter. 

Both mercury and eysteine-HCl stimulated the enzyme at the concentra
tion 2.0 ¿tmols/ml. of digest. Boron and nitrate stimulated to a lesser extent 
at the same concentration, and cyanide caused total inhibition. Carbon 
monoxide did not inhibit when tested under normal light conditions. 

Dialysis against distilled water caused 70-percent activity decline within 
2 hours, and almost total inactivation by 44 hours. Cysteine-.!ICl served 
to reactivate the enzyme. Iron, increased activity of the dialyzcd prepara
tion over that of the undialyzed control, indicating that this element is 
essential for maximum activity. 

Significance and potential roles of cytochrome C oxidase in sugarcane 
were discussed. 

RESUlYfHN 

Se hizo un estudio do la distribución y propiedades de la citocroma C 
oxidasa- en la cana de azúcar. La enzima se extrajo con agua, de tejidos 
frescos de la raíz y se precipitó con sulfato de amonio. La prueba se hizo 
con un espectrofo tome tro a 550 m/u, midiéndose la disminución en densidad 
óptica de una solución amortiguada y reducida de citocroma C, preparada 
de corazón de buey, y enzima. 

Al separarse por fraecionación los extractos de la caña con sulfato amó
nico la citocroma C oxidasa se precipitó principalmente cuando alcanzó 
una saturación de 80 a 95 por ciento. Esto corresponde al nivel donde hay 
poca o ninguna precipitación en el caso de la tirosinasa, indicando que 
ésta puede actuar enmascarando la acción de la citocroma C oxidasa en 
preparaciones crudas de caña. La mejor fuente de oxidasa fue el tejido de 
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la raíz, aunque también .se observó una actividad moderada en una fracción 
do 80 a 95 por ciento que se separó de los extractos morís temáticos. Asi
mismo se observó alguna actividad en las preparaciones de la yagua y ei 
nudo. 

La citoci'oma C oxidasa se mantuvo estable alrededor de 24 horas cuando 
permaneció en una solución diluida de cisteína-HCl a 2*C. Más del .50 
por ciento de la actividad se suspendió después de 9 días. La enzima no se 
afectó adversamente al congelarse, aunque se inactivo totalmente cuando 
se hirvió por 5 minutos. 

La temperatura óptima fue de 30 a M)°C. y el pH óptimo de al red odor-
de 4.3. La actividad de la ci toe roma O oxidasa se trazó como una reacción 
do primer orden con referencia tanto a la concentración en zima tica como 
al factor tiempo. El hierro pareció ser un factor limitativo en las prepara
ciones standard de la raíz. El Km fue 4.5 X 10~5 mols de ciiocroma C 
reducida, por litro. 

Tanto el mercurio como la eistcína-HCl estimularon la enzima a una 
concentración de 2.0 mols por mi. de di gesto. El boro y el nitrato la 
estimularon en menor medida a la misma concentración y el cianuro causó 
una inhibición total. El monóxido de carbono no causó inhibición alguna, 
cuando se probó bajo condiciones normales de luz. 

La. diálisis en presencia de agua destilada causó una disminución de 70 
por ciento en la actividad, en 2 horas, y la inactivación casi total en 44 
horas. La cisteína-HCl sirvió para reactivar la enzima. El hierro aumentó 
la actividad de la preparación dial izada, en contraste con la no dializada, 
lo cual demuestra que este elemento es esencial para lograr una actividad 
máxima. 

Se discute en este trabajo el significado y el papel potencial que desem
peña la fitocroma C oxidasa en la caña de azúcar. 

LITKIÍATUUI5 crriií) 

i. Alexander, A. G., Sucrose-enzyme relationships in immature sugarcane as affected 
by varying levels of nitrate nnd potassium supplied ¡n sand culture, / . Agr. 
Unto. P.R. 48(3): 165-231, 1064. 

2. , Hydrolytio proteins of sugarcane: The Q enzyme,./. Agr. Univ. P.R. -$0(2): 
176-203, 1965. 

3. , The oxidizing enzymes of sugarcane: Peroxidase, ./. Agr. Univ. P.R. 50(1); 
36-52,1966. 

4. , The oxidizing enzymes of sugarcane: Tyrosinase, J. Agr. Univ. P.R. 60(2): 
113-30,1966. 

5. AUsclmll, A. M., Abrams, R., and Hogoess, T. It., Soluble cytochrome C oxidase, 
/ . Biol. Chcm. 130: 427-8, 1939. 

6. Bonner, •/., Plant Biochemistry, Academic Press, inc., New York, N.Y., 1950. 
7. iirown, A. H., and Cioddard, D. R., Cytochrome oxidase in wheat embryos, Amer. 

J. hot. 28; 319-24, 1941. 



OXn.)lZI.N(¡ EXZY.MES OF SUGARCANE: CYTOCHROME C OXIDA HE .14 O 

8. Conn, K. K,, and Stumpf, P. IC, Outlines of Biochemistry, John Wiley <& Sous, 
Inc., New York, N.Y., 1903. 

9. Ooopcrstoin, S. J., imd Laza row, A., A mic respect ropho to me trie method for tho 
determination «f cytochrome oxidase, J. Biol. Chcm. 189: (505-70, 1051, 

10. Cooper, C , and behriinger, A. J-., Oxidative phosphorylation by an enzyme com
plex from extracts of mitochondria, I, The span #-hydroxy bulyratc to oxygen, 
./. Mot. Chcm. '¿19: -189 500, 1050. 

11. - , Oxidative phosphorylation hy an enzyme complex from extracts of mito
chondria, 111, The upan cytochrome C to oxygen, J. Biol. Chcm. 219: 510-20, 
liJSfi. 

12. Fm ton, J. >S., and Simmonds, ft., CI ene ral Biochemistry, 2nd. cd., Jolm Wiley h 
Sons, Inc., New York, N.Y., 1903. 

13. («amble, J. L., Jr., and Lohninger, A. Í/., Activity of respiratory enaymes and 
adenosinetnpliosphatas<! in fragments of mitochondria, J. Biol. Cham. 223: 
921-33, 1050. 

14. Husa, 12., Horocker, 15. L., and Hogness, T. It., The enzymatic reduction of cyto
chrome C; A new enzyme,./. Biol. Ghent. J30: -125-0, 1030. 

15. Jjcvy, H., Hehade, A. L., Bergmann, J;., and Harris, S., Studies on the white 
potato, Arch. Biochetn. 19: 273-80, 1018. 

16. Marsh, I'. B., and Goddard, D. It., Respiration and fermentation in tUc carrot, 
Daticus carola, I, Respiration, Amar. J. Bui. 26: 724-8, 1039. 

17. Nielsen, S. O., and Lehningor, A. L., Phosphorylation coupled to the oxidation 
of ferrocytochrome C,J. Biol Chcm. 216: 555-70, 1955. 

18. Smith, F. G., and Slot/-, 1?., A ooiorimetric method for the determination of cyto
chrome oxidase, J. Biol. Chcm. 179: 801-902, 1910. 

10. Stotz, E., Sidwell, A. J.O., Jr., and Hogness, T. R., The role of the. cytochromes 
in the action of "indolcphenol oxidase", J. Biol. Chcm. Wf- 733-44, 1938. 

20. Htota, K., Altschul, A. M., and Hogness, T. lt.( The cytochrome G-cytochrome 
oxidase complex,,/. Biol. Chcm. Ity: 715 51, 1938. 

21. Sutherland, K. W., Cori, O. F., Hay nos, It., and 01 sen, N. fc>., Purification of the 
hyperglycemic-glycogenolytic factor from insulin and from gastric mucosa, 
J. IHol. Chcm. ISO: 825-33, 1949. 

22. Van Dillewijn, C , Botany of Sugar Cane, Chronica Botánica Co., Waltham, 
Mass., 1952. 

23. Webster, G. C , The occurrence of a cytochrome oxidase in tissues of higher 
plants, A wer. J. Bob. 39: 739-15, 1952. 


