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Few reports concerning the identity or relative activity of
the terminal oxidase enzymes of the sugar beet root have been
published. Phenol oxidase has been shown to be active in the
leaves of the sugar beet by Arnon (1)?, and Dawson and Tarpley
-(4) also detected laccase activity. Bhagvat and Hill (2) included
the sugar beet root in an extensive list of plants tested spectro-
photometrically for cytochromes and cytochrome oxidase. [he
bands of cytochromes a, b, and ¢ were observed but no cytochrome
oxidase activity was detected.

Stout and Spikes (10) described the effects of various chem-
ical inhibitors on the oxygen consumption of sugar beet root
tissue discs. TLack of inhibition by 8-hydroxyquinoline, coupled
with inhibition by cyanide and azide led the authors to the pre-
sumption that respiration in the sugar beet root is mediated by
wiy of a cytochrome oxidase or polypheno]ase rather than by
ascorbic acid oxidase. No direct evidence of cytochrome oxidase
participation was present, however.

The experiments described below were designed to investi-
gate the active terminal oxidases of the sugar beet root through
Qo. effects of particular inhibitors and substrates added to a
standard respiratory medium, the use of carbon monoxide in-
hibition, and spectrophotometric techniques for the detection
of cytochrome oxidase activity.

Materials and Methods

Sugar beet seed, SKE-R-11 (supplied by the British Columbia
Sugar Refining Company, Vancouver, B. C.) was sown in flats
in the greenhouse on February 23, 1957 and uniform seedlings
planted in the field May 11, 1957. Beginning July 15, beets
whose diameters were five inches or over, were taken at random
for the oxidase studies.

After the roots had been cleaned and trimmed, a trans-section
3.75 em. in height was cut from each root ]mt below the region
of greatest diameter. T rans- slices one mm. in thickness were
cut from these cylinders by a Spencer hand microtome and from
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these slices discs one ¢m. in diameter were cut by a steel cork
borer, avoiding the periphery and the core of the beet. The
discs (one cm. in diameter, one mm. thick) were thoroughly
mixed in distilled water and after 30 minutes removed and
rinsed with 50 ml. of the medium described below.

Twenty discs (average fresh weight ca 1.62 g.. dry weight
ca 0.29 g.) were blotted dry, quickly weighed, cmd placed in a
Warburg vessel containing a total of 4.0 ml. of solution whose
composition was 0.4 M sucrose, 0.05 M phosphate buffer at pH
6.8, and 0.04 M KCI. Inhibitors, sclected from those suggested
by James (8), when used, were included in'the medium. Sub-
strates, when used, were placed in the sidearm and added
zero time. Carbon dioxide was absorbed by 0.2 ml. of 20 per-
cent KOH (or of 2.0 M. KCN in the cyanide inhibition trials)
on fluted filter paper in the center well.

After 15 minutes equilibration, the oxygen consumption at
25¢ C. was determined at 20 minute intervals for periods up to
two hours. The rate of shaking was 120 strokes per minute.
Respiration rates were computed as microliters of oxygen con-
sumed per hour per gram fresh and per gram dry weight of the
discs. Because of their parallelism. the rates are reported on the
fresh weight basis only.

In the determinations of carbon monoxide inhibition the
gas atmosphere of the reaction fasks was changed using the
evacuation method of Burris (3). An auncsphere of 959, CO
and 59, O. was used and the rate of respiration in the carbon
monoxide was compare(l with that obtained in a mixture of
959, N. and 59, O.. Since CO is absorbed in small amounts
by I\OH, a control containing no tissue was used.

The desirability of the spectroscopic method of ‘determining
cytochrome oxidase activity has been re-emphasized by Fritz and
Beevers (5). Cytochrome ¢ was dissolved in 0.03 phosphate buffer
(pH 7.3) at the rate of 0.5 mg./ml., and reduction was accom-
plished by adding sodium hyposulfite. The excess hyposulfite
was oxidized by intermittent shaking of the solution for 20
minutes. Sugar beet root tissue was homogenized in a Potter-
type homogenizer with an equal weight/volume of cold 0.03 M
phmphatc bufter (pH 7.3). The homogenate was centrifuged at
1000 g for five minutes and the supernatant used as the enzyme
source. To 2.5 ml. of the reduced cytochrome ¢ solution 0.5
or 0.05 ml. of the enzyme preparation was added. Measurement
of absorbance at 550 mp was made at room temperature with
a Beckman Model B spectrophotometer.
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Ihe cffect of pH upon ascorbic acid oxidation was followed
in an attempt to determine whether an increase in oxygen con-
sumption obtained by the addition of ascorbic acid as substrate
to sugar beet root tissue discs were the result of increased activity
of laccase or of ascorbic acid oxidase. Root tissue was homogen-
ized in an equal weight/volume ol cold 0.4 M sucrose and cen-
trifuged at 1000 g for five minutes. The supernatant was used
as a source of enzyme. To 2.9 mls. of a 5.0 mM solution of
ascorbic acid in 0.03 M phosphate buffer over a range of pH
values from 4 to 8, 0.1 ml. of the enzyme preparation was added.
_The changes in optical density were followed at 265 mp with a
Beckman Model DU spectrophotometer at room temperature.

Results
Manometric determinations were replicated up to four times.
At least four respirometers were used for each treatment at each
replication. The average Qo. and percentage inhibition or acti-
vation in each replication 1s given in the tables, but analysis of
variance involved all the individual readings of the respirometers.

Inhibitors

The results obtained with the inhibitors at a concentration
of 0.01 M are given in Table 1.

Cyanide and azide: In the respiratory medium containing
cyanide, the oxygen uptake by the sugar beet tissue slices was
reduced 92.2 percent. The inhibitions, as determined by four
replications involving different beets, were 90.4, 89.9, 91.1, and
87.4 percent. The average inhibition obtained with sodium
azide was 85.0 percent. C yamde and azide strongly affect metal-
containing enzymes, particularly the iron-containing cytochromes
and the copper-containing oxidases. Ascorbic acid oxidase,
however, appears insensitive to azide. The high sensitivity to
cyanide and azide suggests that metallo- oxidases are the ones
primarily active in the respiration of sugar beet root.

Diethyldithiocarbamate (Dieca): Dieca is a powerful inhibitor
of the copper enzymes. The average inhibition produced by the
presence ol dieca in the respiratory substrate was 37.7 percent.
This is positive evidence that copper enzymes are active.

Resorcinol: Resorcinol, which is a competitive inhibitor of
phenolase, (polyphenoloxidase) produced a reduction of 22 per-
cent in oxygen consumption, compared with the respiration of
discs in the control medium. The value is significant at the 0.01
level.

T hiourea: In two replications, involving five respirometers
each, the presence of thiourea resulted in a lowering of the



Table 1l.—Effect of Inhibitors on the Respiration of Sugar Beet Root Tissut Discs.

Respiration (Microliters 0:/Hour/Gram Fresh Weight)

Replicates

1 2 3 4
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g £2 £ L= =2 = 52 = S -2 =] s
sr 3 = £ B Z 2 == g == = § =£ = 0.8
g § &8 & S ES= 3 =8 8 S BA ®&E 45
Cyanide 7.4 74 90.4 85.0 8.6 80.9 84.3 7.5 91.1 69.5 8.8 87.4 92.2
Azide 67.7 11.2 83.4 72.8 10.7 R5.5 77.9 13.7 86.2 85.0
Dicca 54.5 32.8 100 62.3 39.0 374 60.4 386 36.1 37.8
Resorcinol 61.4 166 24.1 60.6 18.6 20.0 22,0
Thiourea 68.1 65.1 it 60.6 56.4 7.0 5.7
8-hydroxyquinoline 66.0  65.8 0.2 64.0  63.0 1.6 0.9
CO (light) [ 57.5 14.0 36.4 28.4 22.0 &1.1 71.9 11.0 G6.9 57.8 13.0 15.0
CO (dark) 7.0 60.9 9.1 36.4 27.0 26.0 81.1 68.1 16.0 66.9 '57.6 14.0 13.8

CO (light vs. dark)

| Level of
i Significance

.00
001
001
.01
N.sa
N.S.
.01
01
N.S.

' Almost significant at the .05 level.
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respiratory rate. The two avevage inhibition values were 4.4 and
7.0 percent, giving an over-all average of 5.7 percent. This 1s
almost, but not quite, significant at the 0.05 level. Thiourea 1s
an inhibitor of such copper enzymes as ascorbic acid oxidase,
phenolase, and laccase.

§-hydroxyquinoline: In the rwo replications 8-hydroxyquino-
line did not reduce the rate ol oxygen consumption. The aver-
age increase ol 0.9 percent lacked significance. This inhibitor
Is active against ascorbic acid oxidase. ['he result obrained, which
is similar to that reported by Stout and Spikes (10), casts doubt
‘on the presence oy activity of ascorbic acid oxidase. -

Carbon monoxide: Respiration rates in an atmosphere of
959, N, and 59, O, did not differ significantly Irom the rates
in air. Compared with vates in the 95%, N./5%, O, atmosphere
the mixture 959, CO/59, O, produced an average decrease in
Yespiratory yate ol 15 percent in light, and 13.8 percent in the
dark. Both values are signficant at Lhc 0.01 level. No significance
exists between the mhibition in light and in darkness. The
results tend to question the participation of cytochrome oxidase
in the respiratory sequence,

Taken together, the results obtained with the inhibitors sug.
gest 1.y metallo-oxidases are volved in sugar beet root respira-
ton, 2.) ascorbic acid oxidase is non-active or absent, 3. there
is no evidence of cytochrome oxidase activity and 4.) the active
oxidases arc probably copper-containing enzymes,

Substrates

The substrates were added to the yespivatory medimn at the
vate of 0.5 or 1.0 mg./ml. The clHects on oxygen uptake by sugar
beet root discs arc given in Table 2.

‘The laccase substrates, hydroquinone and ppmnylencdu
nmine, increased the rate of oxygen utilization by an average of
11.5 and 30.5 percent, respectively. The values are §1gn1hmnt
at the 0.05 and 0.01 levels

The addition of protocatechuic acid and tyrosine, substrates
for phenolase, did not result In as great increments in oxygen
consumption.  Although  the avemge increase occasioned by
protocatechuic acid was 11.5 percent, this value just lacked
significance at the 0.05 level. he average increase, 5.0 percent.
produced by the addition of tyrosine was significant at the 0.05
level. Catechol, which serves as a suhstrate {or both laccase and
phenolase, produced an average increase ol 32.7 percent in res-
piration. This was swm[u‘am at the 0.01 level
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Table 2.—FEffect of Substraies on the Roespiration of Sugar Beet Root Tissue Discs.

Respirvation (Micrslivers 8:/Hour/Gram Fresh Weight)
Replicates
i 2
g £ g E O E L%
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Substrate = S Z2& = < z2& 4 - - &
Hydroquinone 0.3 G 700 7.0 63.8  73.9. 16.0 1.3 .03
p-phenylencdiaming 0.5 605 RTE 340 63.8  81.2 270 30.5 01
Protocatechuic acid 1.0 876 906 [4.0 705 76 9.0 TS NS
Tyrosine U.5 67.0  72.9 9.0 4.0 Rt
Catechol 1.0 87.6 85,1 8.0 0.5 1108 57.0 327 Ul
Glveolic adid 1.0 735 7 -3.2 38.1 LN B P 4 NS
Lactic acid t0 VR ! 70.7 ~5.1 824 Bi i 1.2 3,7 NS
Asgarbic acid 17 3.4 U85 TIRD B7.6 0 1664 G0.0 {04.0 1

L Almiost significant at the 03 Tovel,

The above results, coupled with those obtained when inhib-
itors were used, strongly suggest that laccase and phenolase arc
active in the root of the sugur beet

The changes in respiratory rate, a decrease of 9.2 percent
with glycolic acid and a decvease of 3.7 percent with lactic acid,
lacked significance. The probable absence ol glycolic acid oxidase
[rom the voou tssue was thus indicated.

The increase in oxygen consumption, 104.0 percent, conse-
quent to the addition of ascorbic acid to the respiratory medium
of the root dics could signify either ascorbic acid oxidase or
laccase activity, or both (11}, The lack of inhibition of res
pnau(m by S-hydroxyquinoline threw doubt on the participa-
tion of ascorbic acid oxidase. To clanily dhas situanion the effect
of pH on the oxidation of ascorbic acid by voot homogenate was
determined. The results are given in Figure 1.

The optimum pH for the beet roor enzyme system capable
ol oxidizing ascorbic acid was found w be 6.6, This strongly
suggests laccase was responsible, since this enzyme has an optimum
pIl range of 6.2 to 6.8, depending on source and purity (11},
Ascorbic acid oxidase has a pH optimum of approximately 5.6
No evidence of a secondary peak in the curve at this PH was
obtained.
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The spectrophotometric determination gave no evidence of
cytochrome oxidase activity. The change in optical density at
550 My was the same in the presence and absence of enzyme
preparation, viz. 0.05 optical density units per 10 minutes.

©
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4 5 6 T 8
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Figure 1.—Oxidation of ascorbic acid as aftfected by pH ol sugar beet
tissue homogenate. Optical density changes were followed at 265 my,.

Discussion

The severe inhibition of oxygen uptake by sugar beet root
discs which resulted from the inclusion of cyanide and azide in
the respiratory medium strongly suggests that metallic oxidases
are involved in the respiration of the tissue. In spite of the low
level of inhibition obtained with thiourea, which may have re-
sulted from lack of penetration of the tissue by this inhibitor,
the marked inhibition produced by dieca indicates the activity
of copper enzymes. While Honda (7) has shown that confusing
results can be obtained with dieca, James (8) considers this
chelating agent to be the most useful for distinguishing the copper
enzymes from cytochrome oxidase in situ.

The inhibition obtained by the use of resorcinol, which acts
primarily as a competitive inhibitor for phenolase (8), suggests
that this enzyme may play a part in the respiratory process in
root discs. The addition of catechol, a substrate of both laccase
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and phenolase, resulted in a very considerable increase in res-
piration. Further evidence of the activity of these enzymes was
furnished by the activation produced by p-phenylenediamine and
hydroquinone, both of which are laccase substrates, and by tyro-
sine and protocatechuic acid, substrates of phenolase. The light
stable inhibition of respiration by CO admits the possibility
that phenolase may be present in the beet root tissue.

Ascorbic acid oxidase activity is questioned by the lack of
response to the inhibitor 8-hydroxyquinoline, as Stout and Spikes
(10) found, and to the absence of the characteristic ascorbic
acid oxidase pH optimum in the oxidation of.ascorbic acid by
root homogenate. In this instance the optimum pH observed,
pH 6.6, strongly suggests that laccase is the active oxidase.

In spite of the ubiquitous occurrence ol cytochromes in plant
tissue, as suggested by Smith and Chance (9), and others, the
techniques used in this investigation failed to identify cyto-
chrome oxidase as an active participant in the respiration of
sugar beet root tissue. It has been emphasized by numerous
writers that while light reversibility of CO inhibition of respira-
tion shows the presence of cytochrome oxidase, the absence ol
light sensitivity in CO inhibited respiration is not conclusive
evidence that an enzyme other than cytochrome oxidase is oper-
tive (6, 9). The absence of cytochrome oxidase activity in beet
root homogenate, as shown by the spectrophotometric technique,
is difficult to explain away, however.

Summary
The results obtained by the use of numerous inhibitors and
substrates of cytochrome oxidase, ascorbic acid oxidase, pheno-
lase, laccase and glycolic acid oxidase; the absence of light-sensi-
tive carbon monoxide inhibition; and the failure to detect
cytochrome oxidase activity spectrophotometrically strongly sug-
gest that, under the various conditions imposed by this investiga-
tion, the oxidases active in the respiration of mature sugar beet

root tissue are laccase and phenolase.
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